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After decades of research and development, piezoelectric
materials have been applied in a wide range of applications,
ranging from household appliances to industrial equip-
ments. In areas such as precision and acoustic engineering,
piezoelectric material is well accepted to be one of the leading
functional materials. Today, due to the high demand, par-
ticularly from the electronic, energy, and biomedical indus-
tries, researchers are driven to the exploration of new mate-
rials and device configurations for new applications. At the
same time, engineers are making continuous effort to im-
prove the existing technologies. As the scope of the area is
vast, it is necessary to provide an overview on different
branches of piezoelectric materials. We would like to thank
all the authors who submitted their papers to this special
issue. We also hope that this special issue can give an insight
on the current research and development status of piezoe-
lectric materials community. We further expect that this issue
could stimulate the generation of new ideas and technolo-
gies for advanced future applications.

This special issue accepted sixteen papers from indus-
tries, research institutes, and universities worldwide. The
topics touched include failure analysis, thin film, nanotech-
nologies, materials synthesis, fabrication technique, model-
ing, nondestructive testing, sensors, actuators, transducers,
ultrasonics, cleaning, vibration suppression, energy harvest-
ing, and characterization techniques.

In the paper “Local fatigue evaluation in PZT thin films
with nanoparticles by piezoresponse force microscopy,” a PZT
film was fabricated and the local switching polarization
behavior of the film during fatigue was investigated using
scanning piezoelectric microscopy. It was found that the

introducing of barium titanate (BT) nanoseeds has signifi-
cantly improved the fatigue performance.

In the paper “Redirection of Lamb waves for structural
health monitoring,” Lamb wave based structural health moni-
toring was proposed and its benefits were explored. This
technique can potentially be used to improve the detectabil-
ity of defects in difficult-to-inspect locations.

In the paper “A surface acoustic wave ethanol sensor with
zinc oxide nanorods,” a surface acoustic wave ethanol sensor
using ZnO nanorods was developed and tested. It has shown
that the nanorod structure can increase the frequency shift of
the sensor.

In the paper “Damping analyses of structural vibra-
tions and shunted piezoelectric transducers,” an experimental
method was used to calculate the damping energy in a me-
chanical system. Both piezoelectric damping and structural
damping were analyzed. This method is meaningful for vi-
bration suppression and control.

In the paper “Static electric force and measurement prin-
ciple of material constants in electrostrictive material,” a mod-
el regarding the electric force acting on the material and
method to measure the electrostrictive coefficients were pro-
posed. Factors affecting the measurement accuracy were also
discussed based on the proposed model.

In the paper “Electromechanical and dynamic charac-
terization of in-house-fabricated amplified piezo actuator,” a
diamond-shaped amplified piezo actuator was fabricated and
tested. Essential parameters such as displacement and block
force were measured.

In the paper “Fabrication of simple and ring-type piezo
actuators and their characterization,” the fabrication and
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characterization of a piezoelectric multilayer structure were
illustrated. The procedure was introduced in detail. The
obtained actuator can be used for fluid flow control in space
vehicles.

In the paper “Modeling hysteresis with inertial-dependent
Prandtl-Ishlinskii model in wide-band frequency-operated pie-
zoelectric actuator,” the hysteresis and nonlinear effect of a
piezoelectric actuator was modeled and characterized. The
results are useful for enhancing the controlling capability of
an actuator.

In the paper “Comparison of analog and digital self-pow-
ered systems in multimodal vibration suppression,” the meth-
ods of digital and analog vibration suppression were pro-
posed and compared. It shows that both methods are effect-
ive in improving damping performance. Also, the self-pow-
ering feature makes the methods useful in various applica-
tions.

In the paper “Active vibration control of a microactuator
for the hard disk drive using self-sensing actuation,” a microac-
tuator was combined with sensing function, which can then
be used for hard disk vibration control. The work has also
demonstrated that the method is effective in suppressing the
vibrational modes.

In the paper “Infra-through ultrasonic piezoelectric acous-
tic vector sensor particle rejection system,” an ultrasonic clean-
ing system was developed to remove the dust from a sensor
filament. Therefore, it helps to improve the cleanness and
hence maintain the measurement accuracy of the sensor.

In the paper “Solid state adaptive rotor using postbuckled
precompressed, bending-twist coupled piezoelectric actuator
elements,” a piezoelectric actuator was developed, which can
be integrated on a solid stator adaptive helicopter rotor. This
method is promising on the performance enhancement of
the helicopter by reducing part count, increasing reliability,
and allowing for decoupled individual blade control of rotor
blades.

In the paper “Synthesis and characterization of
Pb(Zr0.53Ti0.47)O3-Pb(Nb1/3Zn2/3)O3 thin film cantilevers
for energy harvesting applications,” a PZT-PZN thin film
cantilever was fabricated for the purpose of energy harvest-
ing. The dielectric properties of the film were characterized.
The generated electric signal of the cantilever harvester was
studied and simulated under various conditions.

In the paper “Epitaxial piezoelectric Pb(Zr0.2Ti0.8)O3 thin
films on silicon for energy harvesting devices,” PZT thin film
was fabricated. Its microstructure and electrical properties
were investigated. As an energy harvester, it was compared
with other devices and its energy harvesting potential was
examined.

In the paper “Time-dependent piezo-electro-magneto-
elastic fracture behavior of conducting cracks in a half-space
under anti-plane mechanical and in-plane electric and mag-
netic impact,” piezo-electro-magneto-elastic materials under
transient loads were modeled and discussed. One of the
important findings in this paper is that there exists a strong
coupling between stress and electrical and magnetic field
near crack tips.

In the paper “Exact solution for an anti-plane inter-
face crack between two dissimilar magneto-electro-elastic

half-spaces,” the fracture behavior of a piezo-electro-mag-
neto-elastic composite was modeled. Fourier transform was
applied. Some important parameters, such as electric dis-
placement and magnetic induction, were determined and
discussed.

Tao Li
Jan Ma

Mohammed Es-Souni
Peter Woias
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This paper investigated the fracture behaviour of a piezo-electro-magneto-elastic medium subjected to electro-magneto-
mechanical loads. The bimaterial medium contains a crack which lies at interface and is parallel to their poling direction. Fourier
transform technique is used to reduce the problem to three pairs of dual integral equations. These equations are solved exactly. The
semipermeable crack-face magneto-electric boundary conditions are utilized. Field intensity factors of stress, electric displacement,
magnetic induction, cracks displacement, electric and magnetic potentials, and the energy release rate are determined. The electric
displacement and magnetic induction of crack interior are discussed. Obtained results indicate that the stress field and electric and
magnetic fields near the crack tips exhibit square-root singularity.

1. Introduction

Mechanics of magneto-electro-elastic solid has gained con-
siderable interest in the recent decades with increasable wide
application of piezoelectric/piezomagnetic composite mate-
rials in engineering, particularly in aerospace and automotive
industries. Recently, much attention has been paid to dis-
location crack and inclusion problems in magneto-electro-
elastic solids, which simultaneously possess piezoelectric,
piezomagnetic, and magnetoelectric effects. Therefore, it is
of vital importance to investigate the magneto-electro-elastic
fields as a result of existence of defects, such as cracks, in these
solids.

The mode III interface crack solution for two dissimilar
half-planes has been analyzed by Li and Kardomateas [1]
while for two dissimilar layers by Wang and Mai [2] and by Li
and Wang [3]. Li and Kardomateas [1] solved corresponding
plane problem by means of Stroh’s formalism and complex
variable methods. Li and Wang [3] investigated the problems
involving an antiplane shear crack perpendicular to and
terminating at the interface of a bimaterial piezo-electro-
elastic ceramics. Wang and Mai [2] investigated the mode
III-crack problem for a crack at the interface between
two dissimilar magneto-electro-elastic layers. Extension of

those investigation problems interested in fracture theory,
on dielectric and magnetostrictive crack behaviour, is very
important, and results and conclusions could have applica-
tions in the failure of PEMO-elastic devices and in smart
intelligent structures [4].

However, to the authors’ best knowledge, no researches
dealing with the interface-dielectric crack in PEMO-elastic
two-phase composite have been reported in literature. When
subjected to mechanical, electrical, and magnetic loads in
service, these magneto-electro-elastic composites can fail
prematurely due to some defects, namely, cracks, holes
and others, arising during their manufacturing process.
Therefore, it is of great importance to study the magneto-
electro-elastic interaction and fracture behaviours of PEMO-
elastic materials.

In mechanic where two-phase composites have twelve
material constants only exact solutions are useful. This
is motivation for this study. For electrical, magnetic, and
mechanical loads (two cases of electrical and magnetic
excitations) and semipermeable electrical and magnetic
boundary conditions at the interface crack, exact analytical
solutions are obtained here for full field interesting in
fracture mechanics.
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2. Basic Equations

For a linearly magneto-electro-elastic medium under
antiplane shear coupled with in-plane electric and magnetic
fields, there are only the nontrivial antiplane displacement w

ux = 0, uy = 0, uz = w
(
x, y

)
(1)

strain components γxz and γyz

γxz = ∂w

∂x
, γyz = ∂w

∂y
(2)

stress components τxz and τyz, in-plane electrical and
magnetic potentials φ and ψ, which define electrical and
magnetic field components Ex, Ey , Hx and Hy

Ex = −∂φ

∂x
, Ey = −∂φ

∂y
,

Hx = −∂ψ

∂x
, Hy = −∂ψ

∂y

(3)

and electrical displacement components Dx, Dy , and mag-
netic induction components Bx, By with all field quantities
being the functions of coordinates x and y.

The generalized strain-displacement relations (2) and (3)
have the form

γαz = w,α, Eα = −φ,α, Hα = −ψ,α, (4)

where α = x, y and w,α = ∂w/∂α.
For linearly magneto-electro-elastic medium, the cou-

pled constitutive relations can be written in the matrix form

[ταz,Dα,Bα]T = C
[
γαz,−Eα,−Hα

]T , (5)

where the superscript T denotes the transpose of a matrix,
and

C =

⎡

⎢
⎢
⎢
⎣

c44 e15 q15

e15 −ε11 −d11

q15 −d11 −μ11

⎤

⎥
⎥
⎥
⎦

(6)

is the material property matrix, where c44 is the shear
modulus along the z-direction, which is direction of poling
and is perpendicular to the isotropic plane (x, y), ε11 and
μ11 are dielectric permittivity and magnetic permeability
coefficients, respectively, e15, q15, and d11 are piezoelectric,
piezomagnetic, and magneto-electric coefficients, respec-
tively.

The mechanical equilibrium equation (called as Euler
equation), the charge and current conservation equations
(called as Maxwell equations), in the absence of the body
force electric and magnetic charge densities, can be written
as

τzα,α = 0, Dα,α = 0, Bα,α = 0, α = x, y. (7)

Subsequently, the Euler and Maxwell equations take the form

C
[∇2w,∇2φ,∇2ψ

]T = [0, 0, 0]T , (8)

where ∇2 = ∂2/∂x2 + ∂2/∂y2 is the two-dimensional Laplace
operator.

Since |C| /= 0, one can decouple(8)

∇2w = 0, ∇2φ = 0, ∇2ψ = 0. (9)

If we introduce, for convenience of mathematics in some
boundary value problems, two unknown functions

[
χ − e15w,η− q15w

]T = C0
[
φ,ψ

]T , (10)

where the matrix C0, a principal submatrix of C, is

C0 =
⎡

⎣
−ε11 −d11

−d11 −μ11

⎤

⎦, (11)

then

[
φ,ψ

]T = C0
−1
[
χ − e15w,η− q15w

]T
, (12)

where

C0
−1 = 1

ε11μ11 − d2
11

⎡

⎣
−μ11 d11

d11 −ε11

⎤

⎦ =
⎡

⎣
c1 c2

c2 c3

⎤

⎦. (13)

The relevant field variables are

τzk = c̃44w,k − αDk − βBk,

φ = αw + c1χ + c2η,

ψ = βw + c2χ + c3η,

Dk = χ,k,

Bk = η,k, k = x, y,

(14)

∇2w = 0, ∇2χ = 0, ∇2η = 0. (15)

The two last equations (15) are equivalent to (9) since
c1c3 − c2

2 = 1/(ε11μ11 − d2
11) /= 0. In (14) the material

parameters are defined as follows:

c̃44 = c44 + αe15 + βq15,

α = μ11e15 − d11q15

ε11μ11 − d2
11

= −(c1e15 + c2q15
)
,

β = ε11q15 − d11e15

ε11μ11 − d2
11

= −(c3q15 + c2e15
)
.

(16)

Note that c̃44 is the piezo-electro-magnetically stiffened
elastic constant.

Note also that the inverse of a matrix C is defined by
parameters α, β, c̃44 and c1, c2, c3 as follows:

C−1 = 1
c̃44

⎡

⎢
⎢
⎢
⎣

1 α β

α α2 + c̃44c1 αβ + c̃44c2

β αβ + c̃44c2 β2 + c̃44c3

⎤

⎥
⎥
⎥
⎦

(17)

and is the matrix generalized compliances of PEMO-elastic
material. These material parameters will be appear in our
solutions.
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Figure 1: The interface crack under antiplane mechanical and in-plane electric and magnetic load. Inside the crack the unknown
electromagnetic fields d0 and b0 appear. (a) Perturbation problem, (b) Elementary solution for bimaterial without the crack (19) and (20).

3. Formulation of the Crack Problem

Let the medium I occupy the upper half-space and medium
II be in the lower half-space; the interface crack is assumed to
be located in the region from −a to +a along the x-axis. The
two-phase composite is subjected to electric, magnetic, and
mechanical loads applied at infinity. These are (τ0,D0,B0)
or (τ0,E0,H0). Under applied external loading, the crack,
filled usually by vacuum or air, accumulated an electric and
magnetic field, denoted by d0 and b0, would be built up. By
the superposition principle, the interface crack problem is
equivalent to the one under the applied loading on the upper
surface (Figure 1):

τzy(x, 0±) = −τ0, Dy(x, 0±) = −D + d0,

By(x, 0±) = −B + b0; |x| < a,
(18)

where

Dy = D

=

⎧
⎪⎪⎨

⎪⎪⎩

D0, case I

e15

c44
τ0 +

(

ε11 +
e2

15

c44

)

E0 +
(
d11 +

e15q15

c44

)
H0, case II

(19)

By = B

=

⎧
⎪⎪⎨

⎪⎪⎩

B0, case I

q15

c44
τ0 +

(
d11 +

e15q15

c44

)
E0 +

(

μ11 +
q2

15

c44

)

H0, case II.

(20)

Similarly is for lower crack surface, where the material
parameters and electro-magnetic loadings are denoted by
prime.

To guarantee the continuity of physical quantities at
the perfectly bonded interface, applied electro-magnetic
loadings E and H must obey the relations from which the

loadings of upper material, namely, E0 and H0 may be
determined by means of loading of lower material, namely,
E′0 and H′

0, using (19) and (20). Of course, D0 = D′0 and
B0 = B′0 in Case I of loading and E0 = E′0 and H0 = H′

0

for homogeneous medium only.
At the interface y = 0±, we have the conditions

⌊∣∣
∣τzy

∣
∣
∣
⌋
= 0,

⌊∣∣
∣Dy

∣
∣
∣
⌋
= 0,

⌊∣∣
∣By

∣
∣
∣
⌋
= 0, |x| <∞,

[|w|] = 0,
[∣∣φ

∣
∣] = 0,

[∣∣ψ
∣
∣] = 0, |x| ≥ a,

(21)

where the notation [| f |] = f +− f − and f + denotes the value
for 0+ while f − for 0−.

The electric displacement d0 and magnetic induction b0

inside the crack are obtained from semipermeable crack-face
boundary conditions [5]. For two different magnetoelectric
media: PEMO-elastic material I and notch space, we have
the continuity condition of electric and magnetic potential
in both materials at interfaces, similarly for interface between
second PEMO-elastic material and crack interior. The semi-
permeable crack-face magnetoelectric boundary conditions
are expressed as follows:

d0 = −εc
[∣∣φ

∣
∣]

2δ(x)
, b0 = −μc

[∣∣ψ
∣
∣]

2δ(x)
, (22)

where δ(x) describes the shape of the notch, and εc, μc are the
dielectric permittivity and magnetic permeability of crack
interior. If we assume the elliptic notch profile such that

δ(x) = δ0

a

√
a2 − x2, (23)

where δ0 is the half-thickness of the notch at x = 0, we obtain
that

2d0
δ0

aεc

√
a2 − x2 = −[∣∣φ∣∣],

2d0
δ0

aμc

√
a2 − x2 = −[∣∣ψ∣∣]; |x| ≤ a.

(24)
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Equations (24) form two coupling linear equations with
respect to d0 and b0 since [|φ|] and [|ψ|] depend linearly
on these quantities as shown boundary conditions (18) and
(21).

4. The Solution for Two-Phase Medium with the
Discontinuity at Interface

Define the Fourier transform pair by the equations

f̂ (s) =
∫∞

0
f (x) cos(sx)dx, f (x) = 2

π

∫∞

0
f̂ (s) cos(sx)ds.

(25)

Then (15) are converted to ordinary differential equa-
tions and their solutions

ŵ
(
s, y

) = A(s)e−sy , y ≥ 0,

ŵ
(
s, y

) = B(s)esy , y ≤ 0,

χ̂
(
s, y

) = C(s)e−sy , y ≥ 0,

χ̂
(
s, y

) = −C(s)esy , y ≤ 0,

ψ̂
(
s, y

) = D(s)e−sy , y ≥ 0,

ψ̂
(
s, y

) = −D(s)esy , y ≤ 0.

(26)

These solutions satisfy the regularity conditions at
infinity and the conditions of vanishing jumps of electric
displacement and magnetic induction at interface and crack
surfaces.

From (21)1 we obtain that

B(s) = − c̃44

c̃′44
A(s) +

α− α′

c̃′44
C(s) +

β − β′

c̃′44
D(s). (27)

The material parameters of the lower material are
denoted by prime.

The mixed boundary conditions on the crack plane and
outside lead to

∫∞

0
s

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

A(s)

C(s)

D(s)

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭
cos(sx)ds =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

τ0 + α(D − d0) + β(B − b0)
c̃44

D − d0

B − b0

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

,

|x| < a

∫∞

0
s

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

A(s)

C(s)

D(s)

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭
cos(sx)ds =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0

0

0

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭
, |x| ≥ a.

(28)

Using the integrals

∫∞

0
J1(as) cos(sx) = 1

a

⎧
⎪⎪⎨

⎪⎪⎩

1; |x| < a

a− |x|√
x2 − a2

, |x| ≥ a

∫∞

0

J1(as)
s

cos(sx) =

⎧
⎪⎪⎨

⎪⎪⎩

0; |x| ≥ a
√
x2 − a2

a
, |x| ≤ a

(29)

we see that the solutions of (28) are

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

A(s)

C(s)

D(s)

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭
= a

s
J1(as)

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

τ0 + α(D − d0) + β(B − b0)
c̃44

D − d0

B − b0

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

. (30)

We calculate that

[
[|w|],

[∣∣φ
∣
∣],

[∣∣ψ
∣
∣]]T = 2

π

√
a2 − x2

[
C−1 + C

′−1
]

×[τ0,D − d0,B − b0]T ,
(31)

where C−1 is defined by the matrix (17) and C
′−1 by the same

matrix with material parameters of second material.
From the condition (24), we obtain that

[d0, b0]T = −1
2

⎡

⎣
ε0 0

0 μ0

⎤

⎦
[
C−1

1 + C
′−1
1

]
[τ0,D − d0,B − b0]T ,

(32)

where

ε0 = 2
π

a

δ0
εc, μ0 =

2
π

a

δ0
μc, (33)

C−1
1 = 1

c̃44

⎡

⎣
α α2 + c̃44c1 αβ + c̃44c2

β αβ + c̃44c2 β2 + c̃44c3

⎤

⎦ (34)

and similarly for C
′−1
1 (second material).

5. Field Intensity Factors

The singular behaviour of τzy , Dy , and By at y = 0, |x| → a+

are:
[
τzy ,Dy ,By

]T = 2
π

|x|√
x2 − a2

[τ0,D − d0,B − b0]T . (35)

Defining the stress, electric displacement and magnetic
induction intensity factors as follows:

[Kτ ,KD,KB]T = lim
|x|→ a+

√
2(|x| − a)

[
τzy ,Dy ,By

]T
, (36)

we obtain that

[Kτ ,KD,KB]T = 2
π

√
a[τ0,D − d0,B − b0]T . (37)
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Furthermore, we obtain the displacement, electric and
magnetic potentials intensity factors

[
Kw,Kφ,Kψ

]T = lim
|x|→ a−

1
2
√

2(a− |x|)
[
[|w|],

[∣∣φ
∣
∣],

[∣∣ψ
∣
∣]]T .

(38)

In view of results (31) and (37), we have
[
Kw,Kφ,Kψ

]T = 1
2

[
C−1 + C

′−1
]

[Kτ ,KD,KB]T . (39)

The energy release rate is defined as

G = 1
2

(
KτKw + KDKφ + KBKψ

)
(40)

and is the following:

G = 1
4

[Kτ ,KD,KB]
[
C−1 + C

′−1
]

[Kτ ,KD,KB]T (41)

or in explicit form

G

= 1
π2

a

{(
1
c̃44

+
1
c̃′44

)

τ2
0

+

(
α2

c̃44
+
α
′2

c̃′44
+ c1 + c′1

)

(D − d0)2

+

(
β2

c̃44
+
β
′2

c̃′44
+ c3 + c′3

)

(B − b0)2

+ 2

(
α

c̃44
+

α′

c̃′44

)

τ0(D − d0)

+ 2

(
β

c̃44
+

β′

c̃′44

)

τ0(B − b0)

+2

(
αβ

c̃44
+
α′β′

c̃′44
+ c2 + c′2

)

(D − d0)(B − b0)

}

.

(42)

For fully impermeable case, we have d0 = 0 and b0 = 0,
and the solutions are obtained from (37) and (39). For fully
permeable case, we have ε0 → ∞ and μ0 → ∞ and

D − d0 = 1
2

(
e15

c44
+
e′15

c′44

)

τ0, B − b0 = 1
2

(
q15

c44
+
q′15

c′44

)

τ0.

(43)

The energy release rate is

G = 1
π2

(
1
c44

+
1
c′44

)

τ2
0a. (44)

Note that energy release rate (44) for fully permeable
crack problem is defined by the harmonic mean of the shear
moduli of both materials, that is,

G = 2
π2

τ2
0a

c∗44
;

1
c∗44

= 1
2

(
1
c44

+
1
c′44

)

. (44a)

The remaining field intensity factors are obtained, in this
case, as follows:

Kτ = 2
π
τ0
√
a, KD = 1

π

(
e15

c44
+
e′15

c′44

)

τ0
√
a,

KB = 1
π

(
q15

c44
+
q′15

c′44

)

τ0
√
a.

(45)

In particular, for fully permeable crack between two
PEMO-elastic materials polarized in opposite directions, we
have KD = 0 and KB = 0, since e15 = −e′15 and q15 = −q′15 in
this case.

For electrically impermeable and magnetically permeable
crack, the solutions are independent of the applied magnetic
field (d0 = 0 and B − b0 is independent on B for ε0 → 0 and
μ0 → ∞ as shown in (32)).

Alternatively, the solutions for the electrically permeable
and magnetically impermeable crack are independent on the
applied electric displacement.

In practical applications the following cases appear:

(i) Let ε0 tends to infinity and μ0 is finite.

Then

K
perm·μc
D = K

perm·imp
D

[
1− f1

(
μ
)]

+ K
perm·perm
D f1

(
μ
)
,

K
perm·μc
B = K

imp·imp
B

[
1− f1

(
μ
)]

+ K
perm·perm
B f1

(
μ
)
,

(46)

where

f1
(
μ
) = 1

1 + μ
, μ = π

2
δ0

a

1
μc

1
2

(

μ11 +
q2

15

c44
+ μ′11 +

q′215

c′44

)

.

(47)

(ii) Let μ0 tends to infinity and ε0 is finite.

Then

K
εc·perm
D = K

imp·imp
D

[
1− f2(ε)

]
+ K

perm·perm
D f2(ε),

K
εc·perm
B = K

imp·perm
B

[
1− f2(ε)

]
+ K

perm·perm
B f2(ε),

(48)

where

f2(ε) = 1
1 + ε

, ε = π

2
δ0

a

1
εc

1
2

(

ε11 +
e2

15

c44
+ ε′11 +

e′215

c′44

)

.

(49)

The functions of permittivity (εc) and permeability (μc)
approaches zero as εc and μc tend to zero and are unity as εc
and μc tend to infinity. The solution perfectly matches exact
solution in both limiting cases, namely, permeable and/or
impermeable electric and/or magnetic boundary conditions.

In above equations the notation Kperm·imp denotes the
intensity factor for electrically permeable and magnetically
impermeable crack boundary conditions.

The electric displacement d0 and magnetic induction b0

in the crack region depend on the matrix

C
−1
1 = 1

2

(
C−1

1 + C
′−1
1

)
(50)
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as well as KD, KB, Kφ, Kψ , and Kw depend on the matrix

C
−1 = 1

2

(
C−1 + C

′−1
)

, (51)

where again “−1” denotes the inverse matrix.
Thus,

C =

⎡

⎢
⎢
⎢
⎣

c44 e15 q15

e15 −ε11 −d11

q15 −d11 −μ11

⎤

⎥
⎥
⎥
⎦
=
[

1
2

(
C−1 + C

′−1
)]−1

(52)

is the matrix of material property of equivalent homoge-
neous material after homogenization in our problem. The
generalized effective electroelastic compliances of bi-material
system are obtained as arithmetically mean of compliances of
single materials constituents. If the lower medium and the
upper medium have the same properties but are poled in
opposite directions, then α = −α′ and β = −β′ (see (16)).
In consequence from (17), we have

C
−1 = 1

c̃44

⎡

⎢
⎢
⎢
⎣

1 0 0

0 α2 + c1c̃44 αβ + c2c̃44

0 αβ + c2c̃44 β2 + c3c̃44

⎤

⎥
⎥
⎥
⎦
. (53)

Then

C = c̃44

Δ

⎡

⎢
⎢
⎢
⎣

Δ 0 0

0 β2 + c3c̃44 −(αβ + c2c̃44
)

0 −(αβ + c2c̃44
)

α2 + c1c̃44

⎤

⎥
⎥
⎥
⎦

,

Δ = (α2 + c1c̃44
)(
β2 + c3c̃44

)− (αβ + c2c̃44
)2
.

(54)

Magneto-electro-elastic materials usually comprise alter-
nating piezoelectric material and piezomagnetic material.
If upper material is piezomagnetic and lower material is
piezoelectric (or otherwise), we have

C =

⎡

⎢
⎢
⎢
⎣

c44 0 q15

0 −∞ 0

q15 0 −μ11

⎤

⎥
⎥
⎥
⎦

, C′ =

⎡

⎢
⎢
⎢
⎣

c′44 e′15 0

e′15 −ε′11 0

0 0 −∞

⎤

⎥
⎥
⎥
⎦
. (55)

The bi-material matrix C
−1

defined by (51) has the form

C
−1 = 1

2

[
μ11 0 q15

0 0 0
q15 0 −c44

]

c44μ11 + q2
15

+
1
2

[
ε′11 e′15 0
e′15 −c′44 0
0 0 0

]

c′44ε
′
11 + e′215

. (56)

In the solutions also appears electric and magnetic field
components

[
Ey ,Hy

]T = −C−1
1 [τ0,D,B]T in case I,

Ey = E0, Hy = H0 in case II,
(57)

where the matrix C−1
1 is defined by (34). Of course, for lower

material, we have C
′−1
1 matrix (the material parameters are

denoted by prime). This states that, in general, electric and
magnetic fields are also singular. The electric and magnetic
field intensity factors KE and KH are related to Kτ , KD, and
KB, as shown (57)1. In particular, for a fully permeable crack
between two materials polarized in opposite directions, we
have KD = 0 = KB and

KE = α

c̃44
Kτ , KH = β

c̃44
Kτ. (58)

The particular solutions

w
(
y
) = γy, w

′(y) = γ′y,

φ
(
y
) = −Ey y, φ

′(y) = −E′y y,

ψ
(
y
) = −Hy y, ψ′

(
y
) = −H′

y y

(59)

with

γ = 1
c̃44

(
τ0 + αD + βB

)
, γ′ = 1

c̃′44

(
τ0 + α′D + β′B

)

(60)

complete the full fields in both materials.

6. Numerical Results

The basic data for the material properties selected here are
similar to those in Sih and Song [6, 7]. These constants
read as: c44 = 43, 7 × 109 N/m2, e15 = 8, 12 C/m2, ε11 =
7, 86 × 10−9 C/Vm, d11 = 0, 0, q15 = 165, 0 N/Am, and
μ11 = 180, 5× 10−6 N/A2 for first material and c44 = 44, 6 ×
109 N/m2, e15 = 3, 48 C/m2, ε11 = 3, 42 × 10−9 C/Vm, d11 =
0, 0, q15 = 385, 0 N/Am, μ11 = 414, 5× 10−6 N/A2 for second
material.

Using these properties of both materials, the material

property matrix C
−1

is obtained as (the matrix of generalized
“compliances”):

C
−1 =

⎡

⎢
⎢
⎢
⎣

19, 88× 10−12 m2/N 20, 38× 10−3 m2/C 18, 33× 10−6 Am/N

20, 38× 10−3 m2/C −1, 89× 108 Vm/C 18, 78× 103 Am/C

18, 33× 10−6 Am/N 18, 78× 103 Am/C −3, 96× 103 A2/N

⎤

⎥
⎥
⎥
⎦
. (61)
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The matrix of generalized stiffness is obtained as follows:

C =

⎡

⎢
⎢
⎢
⎣

45, 08× 109 N/m2 4, 89 C/m2 231, 8 N/Am

4, 89 C/m2 −4, 77× 10−9 C/Vm 1, 36× 10−12 C/Am

231, 8 N/Am 1, 36× 10−12 C/Am −251× 10−6 N/A2

⎤

⎥
⎥
⎥
⎦
. (62)

Therefore, the properties of composite, obtained by
averaging the properties of single-phase materials using its

volume fractions, as in the literature (see [8]) gives erroneous
result, since give (if ratio is roughly 50 : 50)

Caver =

⎡

⎢
⎢
⎣

44, 15× 109 N/m2 5, 80 C/m2 275 N/Am

5, 80 C/m2 −5, 64× 10−9 C/Vm 0

275 N/Am 0 −297, 5× 10−6 N/A2

⎤

⎥
⎥
⎦. (63)

The nonzero material constants for BaTiO3-piezoelectric
and CoFe2O4-magnetostrictive medium are given in Table 1
[9].

The bi-material matrix C
−1

defined by (51) is (“compli-
ance” matrix)

C
−1 =

⎡

⎢
⎢
⎣

20, 00× 10−12 m2/N 94, 13× 10−4 m2/C 10, 17× 10−6 Am/N

94, 13× 10−4 m2/C −6, 28× 109 Vm/C 0

10, 17× 10−6 Am/N 0 −1, 01× 105 A2/N

⎤

⎥
⎥
⎦. (64)

The matrix C is obtained as follows: (“stiffness” matrix)

C =

⎡

⎢
⎢
⎢
⎣

49, 96× 109 N/m2 74, 82× 10−3 C/m2 5, 04 N/Am

74, 82× 10−3 C/m2 −1, 59× 10−10 C/Vm 7, 55× 10−12 C/Am

5, 04 N/Am 7, 55× 10−12 C/Am −9, 91× 10−6 N/A2

⎤

⎥
⎥
⎥
⎦
. (65)

Using the mixture rule [6], κc = κVf + κ′(1 − Vf ), for
Vf = 0, 5, where κ with superscripts c without prime or
prime denotes the corresponding constants c44, e, ε, q, μ, d

of the composite, first and second material, respectively, and
Vf is the volume fraction of the first material (piezoelectric),
we obtain that

C
∗ =

⎡

⎢
⎢
⎢
⎣

44, 15× 109 N/m2 5, 80 C/m2 275 N/Am

5, 80 C/m2 −5, 64× 10−9 C/Vm 0

275 N/Am 0 −297, 5× 10−6 N/A2

⎤

⎥
⎥
⎥
⎦

(66)

which completely differs from C.
Note that in both examples the sums of corresponding

material parameters are constant. In consequence the matrix,
Caver and C

∗
have the same elements. Of course, the matrices

of generalized stiffness are dissimilar in both bi-material
composites.

Due to the absence of magnetoelectric coupling coef-
ficient in a single-phase piezoelectric and piezomagnetic
material, the magnetoelectric constant d11, existing only in
the piezoelectric/piezomagnetic composite as a significant
new feature, cannot be determined by the above mixture
rule. Therefore, based on the analysis of micromechanics,
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Table 1: The material constants for BaTiO3 and CoFe2O4.

properties BaTiO3 piezoelectric CoFe2O4 piezomagnetic

c44 (109 N/m2) 43,00 45,30

e15 (C/m2) 11,60 0,00

ε11 (10−9 C/Vm) 11,20 0,08

q15 (N/Am) 0,00 550,00

μ11 (10−6 N/A2) 5,00 590,00

d11 (10−9 C/Am) 0,00 0,00

this coefficient is obtained as d11 = 1, 36 × 10−12 C/Am
for first combination of materials and 7, 55 × 10−12 C/Am
for barium titanate-cobalt iron oxide bi-material. This is
magnetoelectric coupling effect in composite of piezoelectric
and piezomagnetic phases.

7. Conclusions

The mode III interface crack in a bi-material magneto-
electro-elastic medium subjected to mechanical, electrical,
and magnetic loads on the surfaces is studied in this paper,
and the following points are noted.

(i) Closed form solution has been obtained for a
crack between two dissimilar PEMO-elastic mate-
rials. Expressions for the crack-tip field intensity
factors, the electromagnetic fields inside the crack,
are given. The semipermeable crack-face magneto-
electric boundary conditions are investigated.

(ii) The energy release rate can be explicitly expressed
in terms of the external loadings (by (42)). It is
affected by electric-magnetic properties of the two
constituents of the bi-material media.

(iii) Applications of electric and magnetic fields do not
alter the stress intensity factor of mode III. The values
of SIF are identical for any kind of crack-face electric
and magnetic boundary condition assumptions. In
other words, the crack-face electric and magnetic
boundary conditions have no effects on SIF.

(iv) For electrically impermeable and magnetically per-
meable crack, the solutions for field intensity factors
are independent of the applied magnetic field. Alter-
natively, these solutions for the electrically permeable
and magnetically impermeable crack are indepen-
dent on the applied electric displacement.

(v) For fully permeable crack between two PEMO-
elastic materials polarized in opposite directions,
the electric displacement and magnetic induction
intensity factors vanish. In this case electric and
magnetic field intensity factors KE and KB are related
to Kτ (by (58)).

(vi) The matrices of “generalized” compliances or stiff-
ness cannot be determined by the mixture rule since
it is a significant new feature in interface crack
problem considered in this paper.

(vii) From the reviewing of literature dealing with inter-
face crack, problem may be concluded that the
characterization of bonded dissimilar materials with
interface crack is still an open problem.
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We report on the properties of ferroelectric Pb(Zr0.2Ti0.8)O3 (PZT) thin films grown epitaxially on (001) silicon and on the perfor-
mance of such heterostructures for microfabricated piezoelectric energy harvesters. In the first part of the paper, we investigate the
epitaxial stacks through transmission electron microscopy and piezoelectric force microscopy studies to characterize in detail their
crystalline structure. In the second part of the paper, we present the electrical characteristics of piezoelectric cantilevers based on
these epitaxial PZT films. The performance of such cantilevers as vibration energy transducers is compared with other piezoelectric
harvesters and indicates the potential of the epitaxial approach in the field of energy harvesting devices.

1. Introduction

In the last decade, studies on epitaxial ferroelectric thin films
have led to many interesting results and exciting discoveries
[1]. The possibility of tailoring or even enhancing some phy-
sical parameters via epitaxial strain engineering [2–4] has
suggested the idea of the exploitation of such thin films
for several technological applications [5]. Nevertheless, the
benefits of the epitaxial approach on the performances of
ferroelectric thin film-based devices have to compensate the
hurdles related to the epitaxial growth on industrial sub-
strates such as silicon, the modern technological platform.
It is in fact well known that the basic requirements for the
epitaxy, that is, a good lattice match between substrate and
film and a reciprocal chemical stability, are not easily fulfilled
in the case of oxide growth on silicon. Beside the difference
in lattice parameters and thermal expansion coefficients, the
main problem is the surface reactivity of silicon to oxygen,

with the formation of an amorphous layer of silicon dioxide
that hints any further epitaxy. Moreover, the cations of most
ferroelectric compounds interdiffuse into the silicon subs-
trate, forming spurious extra phases at the interface [6]. In
order to overcome such difficulties, a suitable buffer layer
is needed that acts as a barrier for cations migration and
as a structural template for the growth of the ferroelectric
epitaxial film [7–9].

PZT is one of the most investigated ferroelectric materi-
als, due to its high values of remnant polarization and piezo-
electric coefficients. In the bulk form, it displays a complex
phase diagram versus the Ti/Zr content: for the stoichiom-
etry of our choice, that is, Pb(Zr0.2Ti0.8)O3 (PZT 20/80), it
is ferroelectric with a tetragonal structure up to a transition
temperature of 460◦C [10]. It is worth stressing that for
ferroelectric materials the mechanical boundary conditions
may affect substantially the ferroelectric properties because
of the strong strain-polarization coupling present in these
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compounds [11–13]. Thus, the epitaxial strain often makes
the properties of ferroelectric thin films substantially differ-
ent from the bulk counterpart.

2. Heterostructure Growth
and Characterization

The investigated epitaxial heterostructure is composed of a
ferroelectric PZT layer grown on top of a metallic SrRuO3

(SRO) film, used as bottom electrode. This bilayer is depo-
sited onto a thin SrTiO3 (STO) film epitaxially grown on a 2-
inch (001) silicon wafer. The choice of STO as buffer layer is
determined by the fact that it has the same crystalline struc-
ture (perovskite) and a good lattice match with SRO and
PZT. STO also acts as a barrier for Pb diffusion into the
silicon wafer [14–16]. The STO layer can reach a very high
degree of crystalline perfection on silicon when the growth
is performed by molecular beam epitaxy through a complex
multistep process, where fixed amounts of the elemental
materials have to be carefully deposited at specific condi-
tions of substrate temperature and pressure. The deposition
process we used is detailed in [17, 18]. In situ Reflection
High Energy Electron Diffraction (RHEED) is the key tool
in order to monitor and control the whole deposition pro-
cedure, since every step of the deposition corresponds to
a specific diffraction pattern linked to a particular surface
reconstruction. Figure 1 shows the evolution of the RHEED
pattern during the growth of a STO film on silicon.

The SRO and PZT layers are subsequently grown by
rf magnetron sputtering as described in [19]. In the fol-
lowing, a detailed investigation of the crystalline struc-
ture of a PZT(100 nm)/SRO(30 nm)/STO(6 nm)/Si stack
is given. X-ray structural characterization of the het-
erostructure has been performed with a high-resolution
PANalytical X’Pert diffractometer, equipped with a four-
bounce asymmetric Ge(220) monochromator for Cu Kα1

radiation. Through θ-2θ and φ-scan diffractograms, the
following out-of-plane orientation and cube-on-cube arran-
gement of the oxides stack on silicon have been deter-
mined: PZT[001]//SRO[001]//STO[001]//Si[001] and PZT
[100]//SRO[100]//STO[100]//Si[110] (see also [13]).

Transmission electron microscopy (TEM) characteriza-
tion, performed on a JEOL JEM2010 microscope, shows at
the silicon-STO interface the presence of an amorphous layer
of SiO2, which clearly did not affect the epitaxy of the oxides
multilayer (Figure 2).

Most likely then, the formation of this SiO2 layer occurs
after the growth of the STO/Si interface template through
oxygen diffusion, thus not hindering the epitaxy [20–22].

Interestingly, the TEM investigation also revealed the
presence in the PZT layer of crystallographic domains with
the c-axis aligned in the plane of the film, so-called a-do-
mains. Figure 3 shows that their width is about 20 nm. We
note that the overlap of the more intense (00l) SRO reflec-
tions with the diffraction peaks of the PZT a-domains most
probably prevents their detection in the X-ray θ-2θ scans.
The origin of the formation of these domains can be related
to the strain arising from the lattice and thermal mismatch

of the film with the substrate during the cool-down across
the ferroelectric transition [23, 24]. Figure 3(a) shows a pat-
tern of domains in the PZT layer: they repeat periodically
every ∼105 nm. The domain wall between a and c domains
runs along the diagonal of the tetragonal unit cell and the
difference between the a and c axis (c/a = 1.046) [13] gives
rise to a distortion of the neighboring lattices on each side of
a 90◦ domain wall. The misalignment of the growth planes
between a and c domains is clearly visible in Figure 3(c) and
can be estimated to be ∼3◦, in good agreement with the
calculated value of ∼2.6◦.

Due to the different polarization orientations of the c
and a domains, respectively, perpendicular and parallel to
the film-substrate interface, we can detect their presence by
piezoelectric force microscopy (PFM). In PFM, a conducting
tip is scanned in contact with the surface while an ac voltage,
lower than the coercive field of the material, is applied bet-
ween the tip and the sample. From the detection of the in-
phase and out-of-phase deformation signals in the vertical
(V) and lateral (L) PFM modes [25], it is possible to map the
presence of a and c domains.

Figure 4(a) shows a topography scan of a PZT surface,
revealing a nRMS roughness of 5 nm. The V-PFM scan
shown in the middle panel is sensitive to the polarization
direction of the c-domains of the film, here shown as reddish
area, while the yellowish lines correspond to a-domains,
with zero contrast. Conversely, through L-PFM it is possible
to detect the piezoelectric response of a-domains, with the
restriction that domains parallel to the scan direction cannot
be detected, as clearly shown in Figure 4(c). Combining the
V-PFM and L-PFM measurements, the PZT film appears to
be a very dense network of small a-domains embedded in a
matrix of c-axis domains. As can be seen, the phase response
detected in the V-PFM and L-PFM is unrelated to the topo-
graphic features detected simultaneously by the AFM scan.
Figure 5 shows a detail of the PZT a-domains network, on a
1 × 1 μm2 area.

According to some reports, applying an electric field
induces a lateral motion of thin a-domains [26–33]. Even
though some of these results are still under debate, such a
motion would give rise to an extrinsic contribution to the
piezoelectric response of the material and an enhancement
of the conversion coefficients. a-domains switching would
indirectly enhance the strain state in the film and its piezo-
electric response. Indeed, while the estimation of the PZT
d33 coefficient by PFM measurement yields a value of about
50 pm/V (in agreement with the data reported for bulk PZT
20/80), the indirect estimation of d31 from the deflection of a
microfabricated piezoelectric cantilever gives a higher value
(details in the next section).

We investigated the ferroelectric behavior of these epi-
taxial films grown on silicon through a series of polarization
hysteresis measurements, performed by a TF analyzer 2000.
To perform the measurements, Cr/Au top electrodes were
prepared with a size of 100 × 100 μm2. The polarization ver-
sus voltage loop, shown in Figure 6(a), reveals a remnant
polarization of about 70 μC cm−2 and no significant leakage
current up to 16 V. Figure 6(b) displays the measurement of
the capacitance versus applied bias, revealing the dielectric
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(a) (b) (c)

(d) (e) (f)

Figure 1: Evolution of RHEED pattern during the growth of a STO layer. The patterns shown are taken with the electron beam along the
[100] direction. (a) As-received Si wafer (001), the diffuse background indicates the presence of a native amorphous layer of SiO2; (b)
crystalline Si surface after a thermal treatment in vacuum: the appearance of fractional spots (0,1/2) due to Si dimers indicates the complete
removal of SiO2, (c) 2× surface reconstruction corresponding to the deposition of half monolayer (ML) of Sr in vacuum at high temperature,
(d) 3× reconstruction corresponding to the deposition of half ML of Sr in vacuum at low temperature, (e) 1 ML of SrO, (f) 3 ML of crystalline
STO.

SRO

STO

SiO2

Si3 nm

Figure 2: Cross-sectional TEM image, revealing the presence of
4.5 nm of amorphous SiO2 located between the silicon substrate and
the epitaxial oxide stack.

tunability of our epitaxial PZT. In the approximation of a
plane capacitor, we estimate a dielectric constant at zero field
to be about 150.

3. Energy Harvesting Devices

The development of transducers allowing energy from
mechanical vibrations to be generated has advanced rapidly
during the past few years. Several review articles [34, 35]
discuss the principles and advantages of each conversion
method. Among these, piezoelectricity based devices have
received large attention due to their high power density and

(a)

(b) (c)

Figure 3: (a) Cross-sectional TEM image, revealing the presence of
periodic a-domains, (b) HRTEM of a single a-domain surrounded
by a c-axis oriented regions. (c) Details of the 90◦ domain wall.

ease of integration compared to other transduction tech-
niques [36–38]. Several piezoelectric silicon micromachined
energy scavengers have been proposed so far, most of these
devices being based on polycrystalline PZT (poly-PZT) or
aluminum nitride (AlN) films. Energy harvesting devices
involving epitaxial PZT thin films are however less common
[39–41]. In this study we report on the characteristics of
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Figure 4: (a) Topography scan on a 20 × 20 μm2 area, (b) V-PFM and (c) L-PFM: phase response of the vertical and lateral PFM measure-
ments on the same area and schematic of the corresponding detected domains.
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Figure 5: V-PFM scan on a 1 × 1 μm2 area: zoom of the a-domains
network.

MEMS based vibrations energy scavengers made of an epi-
taxial PZT film on silicon cantilevers.

A typical device is shown in Figure 7: it is based on a
cantilever fabricated using micropatterning techniques opti-
mized for the oxide layers deposited on silicon. The details of
the microfabrication process are presented in [19].

The d31 piezoelectric coefficient has been estimated from
the displacement at the free end of a cantilever. The deflec-
tion of this cantilever, coated with 100 nm thick epi-PZT
films, has been measured as a function of dc voltage using
an interferometric profiler (Wyko NT110). The piezoelectric

coefficient value is estimated to be 135.4 ± 7.1 pm/V [19].
For a PZT thickness of about 500 nm, we measure a residual
stress after the film growth of about 60 MPa, according to
stress measurement performed using a Tencor FLX-2320A
system. In order to evaluate the performance of our device,
the cantilever’s resonant frequency has been determined
using a Polytec MVS-400 laser Doppler vibrometer, obtain-
ing a value of 2.3 ± 0.1 kHz. The power generation perfor-
mance of the device has been investigated with a shaker
(Bruel and Kjaer type 4811) driven by a vibration exciter
control (type 1050) and a power amplifier (type 2712) by
applying an acceleration as a mechanical input. The device
is connected with various resistive loads (RL) and the current
generated under different acceleration levels is recorded with
a multimeter (Agilent 34411A). The corresponding average
power is calculated by the relation: Pave = I2

rmsRL. The output
current, average power, and voltage as a function of resistive
loads are shown in Figure 8.

In order to compare this performance with other MEMS
energy harvesters, these output data are normalized as fol-
lowing: the output power per square acceleration (g2), the
current and voltage per acceleration (g). From a single device
with an optimal resistive load of 4.7 kΩ, a maximum output
power of 14 μW/g2 with 60 μA/g output current is obtained,
thus resulting in an output voltage of 0.28 V/g. The max-
imum power density is as high as 105 μW/(g2 mm3). As
shown in details in [41], the comparison of the electrical
output characteristics between this epitaxial-PZT energy har-
vester and other piezo-harvesting devices based on poly-
PZT and AlN films [42–46] shows that the former provides
higher current at smaller resistive load. Usually, energy har-
vesting devices with a low optimal load resistance are highly
desirable because they can generate high output current,
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Figure 6: (a) Polarization versus applied voltage (PE loop) (full red
circle) and corresponding switching current (empty blue circle). (b)
Plot of the capacitance versus applied bias. The difference in the
coercive field in the PE loop measurement and in the capacitance
cycle is due to a different electrical configuration, top-top contacts
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Figure 7: Optical image of an epi-PZT cantilever (1000 × 2500 ×
7 μm3) with a Si proof mass (1000 × 500 × 230 μm3). The inset
shows the Si proof mass on the back side of the cantilever. The
effective volume of the final device is 0.1325 mm3.
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Figure 8: (a) Average power, (b) output current, and (c) corre-
sponding output voltage of an epi-PZT harvester versus resistive
load.

and also because their impedance can be easily matched to
standard electronic devices. Energy harvesting devices based
on poly-PZT and AlN films demonstrated useful power gen-
eration, but their high impedance limits the output current.
Moreover, even though the power generated by the epi-PZT
is similar to that of AlN, the epi-PZT harvester exhibits
the highest power density, which is of high interest when
realizing miniaturized devices. Unlike the polycrystalline film
based devices, the device reported here can generate high
power and current with usable voltage, while maintaining
low optimal resistive load. For piezoelectric energy harves-
ters, the expressions for the figure of merit for the power,
voltage and current are, respectively: PF = e2

31, f /εr , VF =
e31, f /εr , IF = e2

31, f , where e31, f is the effective piezoelectric
coefficient. From the measured piezoelectric coefficient d31,
it is possible to estimate a value of 18.2 ± 0.9 C m−2 [47], a
value which is significantly higher than what has been re-
ported in the past [48]. Such large piezoelectric coefficient
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together with a low dielectric constant is among the key para-
meters to realize high performance piezoelectric energy har-
vesters.

4. Conclusions

This paper reports on the structural and physical properties
of epitaxial PZT thin films deposited on silicon and on the
electrical performance of cantilevers microfabricated from
such heterostructures. We have shown that the PZT thin
films exhibit excellent ferroelectric characteristics with a
remnant polarization of 70 μC cm−2. The structural micro-
scopic investigation by TEM and PFM has revealed the pre-
sence of a-domains embedded in a mostly oriented c-axis
film. This coexistence of domains with different crystal-
lographic orientation could be at the origin of the large
piezoelectric response estimated from the electromechanical
behavior of the cantilevers. The performances of our epitax-
ial piezo-transducers fabricated for energy harvesting indi-
cate that these generate higher power and current with usable
voltage requiring lower optimal resistive load as compared to
piezoelectric harvesters realized with polycrystalline PZT or
AlN films.
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A complete analysis of the morphology, crystallographic orientation, and resulting electrical properties of Pb(Zr0.53,Ti0.47)O3−

Pb(Nb1/3, Zn2/3)O3 (PZT-PZN) thin films, as well as the electrical behavior when integrated in a cantilever for energy harvesting
applications, is presented. The PZT-PZN films were deposited using sol-gel methods. We report that using 20% excess Pb, a
nucleation layer of PbTiO3 (PT), and a fast ramp rate provides large grains, as well as denser films. The PZT-PZN is deposited
on a stack of TiO2/PECVD SiO2/Si3N4/thermal SiO2/Poly-Si/Si. This stack is designed to allow wet-etching the poly-Si layer to
release the cantilever structures. It was also found that the introduction of the poly-Si layer results in larger grains in the PZT-PZN
film. PZT-PZN films with a dielectric constant of 3200 and maximum polarization of 30 µC/cm2 were obtained. The fabricated
cantilever devices produced ∼300–400 mV peak-to-peak depending on the cantilever design. Experimental results are compared
with simulations.

1. Introduction

The ability to retrofit systems with power consuming elec-
tronics without having to consider issues associated with
providing an independent power source offers a significant
advantage for devices in hard to reach locations [1].

In the past few years there has been an increase in
research on small wireless electronic devices [1–3]. Mechan-
ical vibrations have received attention as a potential source
of power for sensors and wireless electronics in a wide
variety of applications [4]. To accomplish this, improving the
piezoelectric material used in the cantilever is of paramount
importance [5].

Piezoelectric materials are widely used for various devi-
ces, including multilayer capacitors, sensors, and actuators

[2, 3, 6]. By the 1950s, the ferroelectric solid solution
Pb(Zr1−x Tix)O3 (PZT) was found to have exceptionally high
dielectric and piezoelectric properties for compositions close
to the morphotrophic phase boundary (MPB) [7, 8].

Research to improve the PZT properties, from the
material and electrical standpoint, has been mainly accom-
plished by doping conventional PZT with different elements
to “relax” the material [5, 9]. Previous investigations on
the dielectric and electrical properties of many ceramic
systems, such as barium titanate (BT), lead zirconate titanate
(PZT), lead magnesium niobate (PMN), lead titanate (PT),
PMN-PT, PZT-BT, and PMN-PZT have demonstrated the
importance of the subject [10–13]. Recently, there has
been a great deal of interest in the lead zirconate titanate-
lead zinc niobate Pb(Zr0.53Ti0.47)O3-Pb(Zn1/3Nb2/3)O3 or
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Figure 1: Schematic cross-section of PZT-PZN thin film on the cantilever stack.
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Figure 2: Schematics showing the cross-section of the PZT-PZN thin film stack subjected to the 4-step photolithography process, (a) metal
deposition (50 nm Cr/500 nm Au), (b) PECVD SiO2encapsulation, (c) deposition of 50 nm Cr/500 nm Au for packaging-bonding, and (d)
release step. The cantilever is operating in the d33 mode.

(a) (b)

(c) (d)

Figure 3: Optical micrographs and SEM pictures of; (a) and (b) “linear-shaped” cantilever, respectively, and (c) and (d) “snake-shaped”
cantilever.
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(a) (b)

Figure 4: Micrographs of the cantilever device mounted and wire-bonded to the chip carrier.
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Figure 5: (a) SEM picture showing a dense PZT-PZN film with large grain size using optimum conditions (20% excess Pd, fast ramp rate,
and PT nucleation layer), (b) X-ray diffraction pattern of the PZT-PZN film on the cantilever stack, and (c) AFM image of the PZT-PZN
thin film on the cantilever stack having a roughness of 12 nm, due to the poly-Si layer needed for wet-etch processing.

(PZT-PZN) system because of its high dielectric, piezoelec-
tric, and ferroelectric properties [14–16]. It is important
to have not only a good material, but also a device design
that matches the material properties. For this reason, the
search for different device designs is of great interest. The

cantilever structure is the most efficient structure that has
been reported to date [2, 4].

In this paper, the synthesis and characterization of the
PZT-PZN thin films for energy harvesting applications are
presented. The films were subsequently integrated using
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Figure 6: Electrical characterization of the PZT-PZN film on the released cantilever. (a) Capacitance versus Voltage curve, (b) calculated
dielectric constant versus voltage curve, and (c) polarization versus voltage hysteresis curve.

silicon-compatible microfabrication techniques to fabricate
cantilevers using a wet-etch release process.

Additionally, packaging and electrical characterization
such as capacitance, polarization, and dielectric constant
versus voltage were performed. Experimental voltage output
at the resonance frequencies of the cantilevers is compared
with simulations.

2. Experimental

The solutions used for the fabrication of PZT-PZN films
were prepared using a sol-gel process that we previously
described for Pb(Zr1−x,Tix)O3 [17, 18]. The starting precur-
sors, zirconium (IV) butoxide, titanium (IV) isopropoxide,
and niobium (V) ethoxide, were reacted in acetic acid (95%)
and methanol. Lead (IV) acetate and zinc acetate dihydrate
were added, and the solution was heated to 85◦C to dissolve
the acetates. The final PZT-PZN solution has a concentration
of 0.4 M. A nucleation PbTiO3 (PT) layer was also prepared
in a similar manner, but with using titanium (IV) iso-
propoxide and lead (IV) acetate. The Pb1.2(Zr0.53,Ti0.47)O3-
Pb(Zn1/3,Nb2/3)O3 films were deposited from the solution

using a spin-coating technique at 3000 rpm for 30 s, followed
by a soft bake on a hot plate at 300◦C for 10 min to
evaporate the solvents. Finally, the crystallization step is done
at 675◦C for 30 min in a tube furnace in an air atmosphere,
as previously described [9].

The PZT-PZN polycrystalline thin film was grown on
a stack consisting of 3 µm of poly-Si, 100 nm of thermal
SiO2 and 350 nm of Si3N4 deposited using LPCVD, 500 nm
of PECVD SiO2 and 50 nm of sputtered Ti (Figure 1). The
entire stack is annealed at 1000◦C for 30 min in O2 to com-
pletely oxidize the Ti to TiO2. Next, the stack is subjected to a
4-step photolithography process to fabricate the cantilevers.
The first step is the metallization shown in Figure 2(a). The
second step is the encapsulation of the device with 100 nm
of PECVD SiO2, Figure 2(b); the third step is the deposition
of 50 nm Cr/500 nm Au for packaging-bonding purposes,
shown schematically in Figure 2(c). Finally the fourth step
is the release of the cantilever as shown in Figure 2(d). The
release is carried out using 20% HF to etch the PZT-PZN,
TiO2 and SiO2 layers. Next, a RIE plasma-etch step is used to
remove the Si3N4 and the poly-Si layer is etched using 20%
KOH at 50◦C. This last step releases the cantilever. Images
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Figure 7: (a) Schematic of the “linear-shaped” cantilever, (b) C-V curves of the cantilever device mounted on the chip carrier, showing the
results before and after poling. (c) Schematic of the “snake-shaped” cantilever, (d) C-V curves of the cantilever device mounted on the chip
carrier, showing the results before and after poling.

Figure 8: Picture of the shaker setup used to measure the voltage-output from the cantilever device.
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Figure 9: Oscilloscope images showing the voltage-output of (a) “linear-shaped” cantilever at its resonance frequency (960 Hz), (b) same
structure but at a frequency below the resonance frequency (869 Hz), (c) same “linear-shaped” structure at a frequency above the resonance
frequency (1400 Hz), (d) “snake-shaped” cantilever at resonance frequency (875 Hz), (e) same structure at a frequency below the resonance
frequency (800 Hz), and (f) same “snake-shaped” structure at a frequency above the resonance frequency (1200 Hz). The yellow signal, or
top trace, is the voltage output from the cantilever, and the blue signal, or bottom trace, is the frequency sensor output signal showing the
time correlation between the shaker and the cantilever.

of the resulting cantilevers are shown in Figure 3, where
(a) and (c) are optical microscopic images of two different
cantilever designs, and Figures 3(b) and 3(d) are SEM
micrographs of the same cantilever designs. The released
cantilevers were mounted and wire-bonded to a chip carrier
for poling and output voltage measurements, as show in
Figure 4.

3. Results and Discussion

3.1. Material Characterization. The deposition of PZT-
PZN films on the TiO2 buffer layer was optimized by
varying the lead content, ramp rate, and insertion of
a nucleation layer between the film and the underlying
TiO2, as shown in Figure 1. Optimum conditions were
20% excess of Pb, direct sample insertion into the furnace
previously heated to 675◦C using what we call “a fast ramp
rate” (a few seconds to insert the samples manually into
the preheated furnace), and the use of a PbTiO3 (PT)

nucleation layer between TiO2 and the PZT-PZN [9, 19,
20].

SEM results shown in Figure 5(a) indicate a dense
film and large grains size (150 nm), which is a difficult
characteristic to achieve in PZT-PZN thin films, but is
essential for optimal electrical performance. A typical XRD
diffraction pattern for the PZT-PZN is shown in Figure 5(b).
XRD results demonstrate the absence of pyrochlore, but
show a preferred perovskite orientation in the (110) plane.

AFM results (Figure 5(c)) show that the average rough-
ness of the PZT-PZN films is 12 nm. The increased roughness
is due to the poly-Si layer. However, the poly-Si layer is
required for the wet-etch release of the cantilever. The results
using the optimum conditions could be understood as a
competition between two effects: lead loss and perovskite
phase crystallization [9].

3.2. Electrical Characterization. The electrical characteriza-
tion of the PZT-PZN thin film was done using interdigitated
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Figure 10: Simulation images based on the finite element method (FEM) (COMSOL package) showing the areas of highest stress in the film
of (a) “linear-shaped” cantilever and (b) “snake-shaped” cantilever.

electrodes (IDE) on the released cantilevers. Capacitance
versus voltage (C-V) measurements were performed on
the PZT-PZN films to calculate the dielectric constant. C-
V results are shown in Figure 6(a), where the maximum
capacitance (20 pF) is observed at 5 V. The calculated dielec-
tric constant for PZT-PZN is shown in Figure 6(b). These
calculations were based on studies previously reported [21,
22]. The maximum dielectric constant calculated was 3200 at
5 V. Polarization measurements were also performed on the
relaxor thin film and the results are shown in Figure 6(c). The
films show a maximum polarization value of 31.2 µC/cm2

and a remnant polarization of 28.5 µC/cm2.
It is well known that a larger grain size can improve the

dielectric constant of perovskite materials [23]. Therefore,
the high dielectric constant and polarization results are
attributed to the larger grain size observed in the PZT-PZN
thin films.

In order to measure the output voltage due to vibrational
excitation, the films were exposed to a poling step. The
poling is accomplished by applying an electric field across the
material at elevated temperatures; for thin films, longer pol-
ing times are typically required compared to bulk ceramics
[24, 25].

The poling was performed after mounting and wire-
bonding the devices to a chip carrier, as shown in Figure 4.
The poling conditions were 200 kV/cm at 200◦C for 50 min.
C-V measurements before and after poling are shown
in Figure 7. Two device structures are shown in this
figure, “linear-shaped” (Figure 7(a)) and “snake-shaped”
(Figure 7(c)) cantilevers. C-V results from both cantilevers
increased after wire bonding because of an increase in
contact area. If we compare both C-V measurements, we
find that the capacitance for the “snake-shaped” cantilever
is higher than for the “linear-shaped” cantilever. This may be

explained because the contact area is higher in the “snaked-
shape” cantilever.

The C-V curve after poling shifted by an average of 5 V
from the original position, as show in Figures 7(b) and 7(d).

The cantilevers were subsequently tested by mounting
the packaged device to a mechanical shaker (Bruel and Kjaer
Instruments Inc. Model Type 4810). The force generated
by the shaker is proportional to the acceleration, which is
controlled by the applied voltage to a power amplifier (Pyle
PLA2200). The amplifier was driven by a 12-V power supply
and signals from the PC frequency generator. The output
voltage from the cantilever was monitored using a Tektronix
digital oscilloscope (TDS 210), as shown in Figure 8.

Voltage-output results for the two cantilever designs
shown in Figure 7 are presented in Figure 9, where (a) is
for the “linear-shaped” 2000 µm long cantilever, and (b)
is for the “snake-shaped” cantilever. The “snake-shaped”
cantilever shows an output voltage value of 400 mV peak-
to-peak while the “linear-shaped” cantilever shows a 300 mV
p-p output voltage at the resonant frequencies of 875 Hz
and 960 Hz, respectively. The differences are consistent with
simulation-based results using the finite element method
(FEM). The results shown in Figure 10 show that for the
“linear-shaped” cantilever (a), the area of highest stress is
near the tip area, while for the “snake-shaped” cantilever (b),
there is more stress distributed across the structure.

The FEM (COMSOL) package was used also to model the
structural deformation and the voltage output at the reso-
nant frequency, as determined from experimental analysis of
the tested cantilevers. Results are shown in Figure 11, where
(a) and (c) are the results of the simulated deformation at
the respective resonant frequencies; for the “linear-shaped”
cantilever a deformation of 104.6 µm at 960 Hz and 47.1 µm
at 875 Hz for the “snake-shaped” cantilever.
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Figure 11: Simulation results using the finite element method (FEM), (COMSOL package). (a) Schematic showing the deformation of
the “linear-shaped” cantilever, (b) simulated voltage versus frequency plot for the “linear-shape” cantilever, (c) Schematic showing the
deformation of the “snake-shaped” cantilever, and (d) simulated voltage versus frequency plot for the “snake-shaped” cantilever.

For the “linear-shaped” cantilever the experimental
results show an output voltage of 300 mV over a range of
frequencies of 983 to 1053 Hz. Comparing this result to the
simulation shown in Figure 10(b), we find that there is a
2% of difference between the experimental and calculated
results. For the “snake-shaped” cantilever the experimental
result showed a maximum voltage of 400 mV from 858
to 890 Hz with a difference of 2% between the simulated
and experimental results, as shown in Figure 11(d). We
believe that the voltage output can be improved by adding

a weight at the end of the cantilever to reduce the resonant
frequency and improve the deflection of the cantilevers, and
consequently increase the voltage output [26].

4. Conclusions

PZT-PZN thin film and microcantilever fabrication pro-
cesses have been developed to harvest vibrational energy.
Integrated cantilevers were successfully fabricated using a
wet-etch process to release the cantilevers. The properties of
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the relaxor films were optimized to yield the desired phase
on the cantilever devices. A dielectric constant of 3200 and
polarization of 30 µC/cm2 were obtained. A 300 to 400 mV
p-p output voltage, depending on the cantilever design
tested, was obtained. Simulations are in good agreement with
experimental data.
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This paper is centered on a new actuation mechanism which is integrated on a solid state rotor. This paper outlines the application
of such a system via a Post-Buckled Precompression (PBP) technique at the end of a twist-active piezoelectric rotor blade actuator.
The basic performance of the system is handily modeled by using laminated plate theory techniques. A dual cantilevered spring
system was used to increasingly null the passive stiffness of the root actuator along the feathering axis of the rotor blade. As the
precompression levels were increased, it was shown that corresponding blade pitch levels also increased. The PBP cantilever spring
system was designed so as to provide a high level of stabilizing pitch-flap coupling and inherent resistance to rotor propeller
moments. Experimental testing showed pitch deflections increasing from just 8◦ peak-to-peak deflections at 650 V/mm field
strength to more than 26◦ at the same field strength with design precompression levels. Dynamic testing showed the corner
frequency of the linear system coming down from 63 Hz (3.8/rev) to 53 Hz (3.2/rev). Thrust coefficients manipulation levels were
shown to increase from 0.01 to 0.028 with increasing precompression levels. The paper concludes with an overall assessment of the
actuator design.

1. Introduction

For more than two decades, adaptive rotors, flaps and
helicopter flight and vibration control systems have been
actively pursued by a small army of technologists scattered
around the world. The work of Crawley and his team at
MIT in the mid-1980s laid the foundations of adaptive
aerostructures by investigating the properties of bending and
twist-active plates [1–3]. These early studies lead to several
broad reviews which examined material properties and their
associated energy and power densities when used as actuator
elements [4, 5].

1.1. Adaptive Flaps. The earliest twist, camber, and bending
active aerodynamic plates were followed by the first of the
adaptive flap studies [6]. A host of adaptive flaps flowed
into the technical literature at a steady rate from the early
1990s through their implementation in a full-scale rotor test
bed (right) [7–19]. Through much effort it was shown that
blade loads could indeed be manipulated as fast as 4/rev with

appreciable deflection levels. However, the weight, cost, and
complexity issues still prevent full transition to prototype
flying aircraft and serial production aircraft. Efforts with
“Smart Active Blade Tips” (SABT) showed good results, but
fell prey to the same issues as conventional flaps, but with
exacerbated propeller moments. Given that for every 1 unit
of mass added at the 75% radius (and further out) it takes on
the order of 3 units (or more) of structural mass to distribute
the load into the airframe, the weight penalty alone of active
flap systems is considerable. Because rotor blades are some
of the most expensive items on any given rotorcraft, a sizable
cost penalty because of the integration of expensive adaptive
actuators is quite daunting. Still, much research regularly
appears in scattered literature with new flap and actuator
configurations (Figure 1).

1.2. Twist-Active Rotors. Just after the twist-active plates of
Crawley, De Luis, and Lazarus were published, a series of
studies were put forth on twist-active missile fins, wings,
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Adaptive flaps

Figure 1: “Smart” rotor equipped with active flaps [18].
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Figure 2: First twist-active rotor (1989) [20].

and rotor blades [20–25]. These 20+-year-old studies also
included the first patent (which was also the first IP
royalty-generating patent) on adaptive aerostructures to be
issued. The earliest work of 1989 showed that essentially
“microscopic” twist deflections could be generated [21, 22].
Clearly, these ±0.2◦ deflections were not enough for full
cyclic or collective. However, they were enough to kick off the
field. Twist active rotor research continued through the 1990s
with expansions of the Directionally Attached Piezoelectric
(DAP) elements from the first 35% of the chord (for proper
blade balance as seen in Figure 2), to much greater distances
along the chord. Although destabilizing because they shift
the center of gravity aft of the aerodynamic center, they
did increase the ±0.2 degree deflections substantially to
roughly ±0.3◦ at the same field strength [23]. Twist-active
rotor research reached a zenith in 1999 when the largest
model to date was wind tunnel tested [24]. Although large-
scale experimentation with twist-active rotors has come to a
grinding halt, there are occasional technologists who revisit
this technology [25]. As with the adaptive flap designs, the
weight, cost, and complexities have been shown to be simply
prohibitive.

1.3. Solid State Adaptive Rotor. One concept that was
intended to skirt the “show stopping” issues associated with
adaptive materials mounted on the blades was the Solid State
Adaptive Rotor (SSAR) (Figure 4). This design employed
DAP torque plates mounted at the root of the rotor system
between the hub and the lag hinge [20, 26, 27]. Because
no extra weight was added to the blade itself, the mass,

Lock number, cost, and complexity of the blade systems
themselves would be no higher than conventional rotor
blades. Because the actuator was designed to actively pitch
the rotor about the aerodynamic center which was collocated
with the line of centers of gravity and counterbalanced
with Chinese weights, the only appreciable attached flow
moments were inertial. Because the feathering moments
were balanced, respectable pitch deflections of 8◦ peak to
peak could be commanded by the small torque plates. These
considerable pitch deflections then translated into nontrivial
thrust coefficient manipulation levels as seen in Figure 3.
Because they were so high, eventually they were woven into
the first rotorcraft to fly using adaptive aerostructures for all
flight control, Gamara (Figure 5), (below).

The successes in flight test were matched by several
overview papers describing the feasibility of adaptive rotors
[28–31]. These overview papers described many approaches
and listed several different techniques and approaches
for achieving flight control. One of the later overview
papers summarized not only rotorcraft, but missile, muni-
tion, and UAV successes which were numerous by 2004
[32].

1.4. VTOL Microaerial Vehicles, Ultrahigh Performance and
Convertible UAVs. Given the very public successes of the
SSAR program, the DoD contracted to have a subscale
rotorcraft built which actually needed adaptive materials to
achieve flight control on the subscale. The “Kolibri” VTOL
Coleopter was commissioned by the DoD Counterdrug
Technology Office to explore tunnels and stay airborne
for 24 hrs [33–37]. It was later understood that these
studies were actually the very first Micro Aerial Vehicle
(MAV) contracts let by the DoD. These studies eventually
enabled free-flight MAVs which used piezoelectric elements
extensively in their GNC packages. From 2001 through
2010 a completely new type of UAV has evolved. These
new aircraft, first flown under the designation of XQ-138,
is capable of hovering in more places than helicopters
while pitching over (or converting) to missile mode flight
to fly out at tactical missile speeds. Although major DoD
elements declined funding, private sources were found and
test ranges at Eglin AFB, Florida, Redstone Arsenal, AL and
Fort Benning, Georgia gladly hosted the aircraft during some
extreme flight tests and demos. It should also be noted that
the superior performance of the aircraft also induced all
competing UAV manufacturers and Government sponsors to
decline all flyoff challenges and offers. The US Army’s first
exercise with a remote-controlled armored vehicle launching
a UAV took place at Redstone Arsenal, AL when an XQ-
138 was launched from the turret of an FCS prototype
vehicle. Eglin AFB, FL saw the first tandem flights of a
Javelin Missile followed closely by an XQ-138 ultrahigh
performance UAV flying a Battle Damage Assessment (BDA)
mission. Parallel IFF and conversion-stalking missions were
also flown for the first time in history by convertible UAVs.
40 mm submunitions were fired from the XQ-138 at Ft.
Benning and a Mother-ship drop from 1000 ft AGL was
demonstrated. Clearly, the forefront of UAV technology is
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Figure 3: Solid state adaptive rotor (1996) [20, 26, 27].
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Figure 4: SSAR thrust coefficient change levels, ΔCT(∼).

being spearheaded by adaptive aerostructures through this
class of aircraft (Figure 6).

1.5. New Discoveries in Structural Mechanics. Although flight
on a 1 m scale was concretely demonstrated as significantly
helped by adaptive aerostructures, a new branch of structural
mechanics evolved from the mid-1990s through today. In
1997 the first paper describing the superior nature of a
new form of structural arrangement was published [38].
Lesieutre et al. showed that by mounting a bending beam,
properly the passive stiffness of the actuator, could be
nulled. By nulling the passive stiffness the deflections and
ultimately the electrical-to-mechanical and mechanical-to-
electrical conversion efficiencies could be driven close to
100% [39]. Although Lesieutre et al. primarily used this
basic discovery in electrical energy converter, the philosophy
of nulling passive stiffnesses is directly transferrable to
mechanical actuators. Several related studies were conducted
on structures which exhibited negative stiffnesses through

buckling effects associated with snap-through events [40–
42]. These were followed by actuator studies on bistable
piezoelectric composites which used energy techniques to
estimate performance [43–45]. Both the snap-through and
bistable studies showed that small amounts of energy
invested in piezoelectric actuators could be used to trigger
much more energetic processes if the structure and sur-
rounding materials were designed properly.

1.6. Postbuckled Precompression (Pbp) Techniques and Analy-
sis. In 2004 a fundamental discovery was made with respect
to piezoelectric actuation. The principles of piezoelectric
actuation described in [38] were refined for flight control.
Rather than pushing the structure through to a bistable
situation, a highly controlled axial force could be used to
induce a postbuckling effect. This effect would be seen
to drive actuator deflections to very high values, but not
sacrifice moment generation capability [46–54]. These PBP
structures outperformed any other piezoelectrically driven
actuators by factors of 3 and 4. Figure 7 shows the basic
arrangement of the bending version of the actuator.

Because the performance of PBP-based bending actua-
tors is shown to be so significantly superior with respect
to conventional linear techniques a new incarnation of
the above model is explored in this paper. By combining
the methods of using Zero-Net Passive Stiffness (ZNPS)
structural design (also above), it is possible to null the
passive torsional stiffness of the SSAR rotor root actuators
of Figure 3. By doing so, it will be shown that otherwise
huge deflections can be generated by these “old” actuators
if they are just mounted properly between negative spring
mechanisms.

2. PBP SSAR Root Actuator Design

Because PBP techniques call for more of a change in actuator
design philosophy as much as a change in how adaptive actu-
ators are handled, the rotor of Figure 3 was simply retrofitted
with a pair of stiffness nulling springs so as to generate high
deflections with simultaneous high moment generations.
Figure 8 shows the root section following retrofit.
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Figure 5: Gamara, the first helcopter to use adaptive materials for all flight control (1996) [27].

The spring stiffnesses and prestress levels were set by
analytical modeling and fine tuning during whirl-stand
testing. The analytical models called upon were established in
[46–52] to determine the amount of axial forces required to
fundamentally null the net passive stiffness of the pizoelectric
actuator element. The overall PBP assembly design was laid
out to provide several overarching properties:

(i) magnify pitch deflections without adversely affecting
moment generation properties of the torque plate;

(ii) provide a stabilizing effective ∂3 pitch-flap coupling;

(iii) balance out attached flow aerodynamic, propeller and
passive torque-plate stiffnesses;

(iv) not significantly impact the weight and hub drag of
the assembly;

(v) allow for easy adjustment during testing to fine-tune
the assembly.

The overall design takes advantage of destabilizing spring
moments applied at the tip of the torque plate. Figure 9
shows the negative torsional spring arrangement. As the
piezoelectric torque plate induces pitch deflections, the
two springs generate a nose-up pitching moment which is
structurally destabilizing, but when properly “tuned” can be
balanced exactly against the passive stiffness of the torque
plate laminate. By doing so, the deflections are seen to grow
by factors of 3 or more while maintaining the moment
resistance capability of the laminate.
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Figure 6: The XQ-138 ultrahigh performance UAV using piezoelectric elements in the FCS undergoing conversion to missile mode flight,
Redstone Arsenal, AL [55].
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Figure 7: Basic arrangement of a linear postbuckled precompressed piezoelectric beam [46–54].

3. PBP SSAR Root Actuator Modeling

The overall design philosophy described above can be fairly
easily implemented by simply balancing out forces. If one
performs a simple accounting, it can be seen that actuator
(a), passive laminate (l), aerodynamic (aero), propeller
(prop), inertia, and damping moments about the feather axis
should be nulled

Ma + Ml + Maero + Mprop + Minertia + Mdamping = 0. (1)

3.1. Actuator Modeling. If one considers the first two terms
above, they relate to the laminate. By using a simple

linear classical laminated plate theory (CLPT) model, the
overall behavior of the symmetrical actuator can be seen in
[26, 27]. The techniques of [56] capture the moment balance,
considering forces external (ex) to the laminate:

{
N
M

}

ex

+

{
N
M

}

a

+

{
N
M

}

t

=
[
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B D

]

1

{
ε
k

}

1

. (2)

By expanding (2), the exact structure of the stiffness
matrices above can be seen, considering external forces and
moments represented by a simple vector
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Figure 8: Retrofitted SSAR assembly with PBP feather (Pitch) stiffness-nulling springs.
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Considering a laminate constrained in curvature by high
centripetal forces, the laminate twist can be solved as

k12 = (EL(1− vTL)Λ1 − ET(1− vLT)Λ2)
(
(ts + 2tb)ta + t2

a

)

(Est3
s (1−vLTvTL))/(6(1−vs))+(EL+ET−2ELvTL)((((ts+2tb)2ta)/2)+(ts+tb)t2

a+(2t3
a/3)) . (4)

The actuator moment which can be applied by full hard-over
pitch commands considering a bending-constrained lami-
nate is shown in

Ma = ELa − ETa
4(1− vLTvTL)

(
tsta + t2

a

)
WaΛ. (5)

3.2. External Moments. If one examines the aerodynamic
moments, then a simple offset between integrated centers of
pressure, elastic axis, and line of centers of gravity can be
seen:

Maero = 1
2
ρΩ2R2

spCspBsp

(
xcg − xcp

)
clαø. (6)

Of course, the easy (and logical) design decision is simply to
collocate the c.g., c.p. and e.a. so as to null those moments.
One set of moments which require a bit of orthogonal design
stems from propeller moments:

Mprop = −mspΩ
2r2

g ø. (7)

From (6) and (7) it is easy to see that aerodynamic and
propeller moments are both proportional to blade pitch
angle, ø. Through proper design, it is possible to balance
out these two terms by judiciously prescribing the distance
between the c.g. and c.p. Of course this is actually a
comparatively dangerous move as the system can become
dynamically unstable. In the interest of safety, the blade static
margin will be set to zero or slightly positive.

4. Rotor Fabrication, Testing, and Results

Because the geometry of the 122 cm rotor model, its fabri-
cation methods and materials are described in [26, 27], the
reader is simply referred to those documents. The modified
rotor, equipped with destabilization springs is shown in
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Figure 12: Dynamic response of SSAR and PBP-SSAR Systems.

Figure 8. Two series of tests were conducted: static bench tests
and dynamic whirl-stand testing. Laser reflection techniques
were employed to measure blade pitch deflections. Quasi-
static excitation voltages were passed through the rotor hub
at 1 Hz. From Figure 10 it can be seen that both the laminated
plate theory and the raw piezoelectric performance line up
well (as shown in [26, 27]). As the spring compression levels
were increased, deflection levels were seen to grow and grow
till the edge of structural stability was reached. Figure 10
shows the results from that “edge.” By employing the prac-
tical experience and modeling techniques of [46–52], it can
be seen that amplification ratios (AR) on the order of 3.5–
3.8 are most generally achieved by bidirectional piezoelectric
control actuation. Accordingly, the measured AR of 3.8 is
seen to be an excellent achievement for the world’s first
torsionally amplified low-net passive stiffness piezoelectric
actuator. It should be noted that the amplification ratio of
3.8 is essentially constant over the entire range of deflections
commanded and measured.

In addition to amplification of static deflections, the
thrust coefficient manipulation levels were also increased
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dramatically. Figure 11 shows the rotor undergoing whirl-
stand testing, demonstrating thrust coefficient manipulation
levels 3.8 times higher than measured in the baseline SSAR
laid out 15 years ago.

The dynamic testing showed an interesting trend: a slight
reduction in both natural frequency and bandwidth, but
maintenance of a high resonance peak as well as good
frequency response. Figure 12 shows the dynamic response
of the rotor system. The corner frequency of the unmodified
SSAR blades and actuators was approximately 63 Hz, while
the low-net passive stiffness PBP incarnation of the system
achieved a corner frequency of 53 Hz.

5. Conclusions and Recommendations

It can be concluded that zero-net passive stiffness structural
modification techniques can be successfully applied to
torque-plate-driven rotors. Such successful application leads
to dramatically higher deflections with no adverse effects
on moment-generation capabilities, indicating higher total
work levels available from such a Postbuckled Precompressed
(PBP) Solid State Adaptive Rotor (SSAR) design. Pitch
deflection levels were shown to be magnified by up to 3.8
times in static bench tests while thrust coefficient manipula-
tion levels increased 2.8-fold during whirl-stand testing.
Dynamic testing showed a reduction in corner frequency
from 63 to 53 Hz by the use of PBP techniques, which
represent 3.8 and 3.2/rev, respectively.

Given the continued success of the SSAR design, it is
recommended that such techniques be implemented in larger
scale rotors and flying UAVs. The tremendous promise of
this technique has the ability to make feasible now what was
deemed “infeasible” many years ago.
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Sensor elements which employ fine filaments are often vulnerable to particulate fouling when used in certain operational field
conditions. Depending on the size, attraction level, thermal and electrical conduction, and charge accumulation properties of the
particles, erroneous readings can be easily generated in such “dirty” environments. This paper describes the design, development,
and testing of an ultrasonic system which dynamically rejects highly tenacious electrostatically charged particles of a wide variety
of sizes and even water. The paper starts with a brief introduction to the field of acoustic vector sensing, outlining its outstanding
characteristics and history. Operational challenges including a statistical analysis of typical Middle-Eastern wind-blown desert sand
and charge density are laid out. Several representative subscale hot-wire filaments were fouled with calibrated dust representing
desert sand. The fouled elements were then exposed to airflows of 13 ft/s (4 m/s) and showed highly erratic shifted conduction
levels with respect to baseline (clean) levels. An ultrasonic cleaning system was designed specifically resonate the filament and
cantilever so as to mechanically reject foulants. When operated at resonance, the ultrasonic cleaning system showed 98.6%
particulate rejection levels and associated restoration of uncorrupted filament resistance levels to within 2% of baseline resistance
measurements.

1. Introduction

Over the past decade, a new class of acoustic sensors
has evolved. Conventional microphone technologies simply
measure pressure as a function of time. These scalar mea-
suring devices must be used in sizable clusters with powerful
computers detangling this limited information [1]. A new
approach using acoustic vector sensors (AVSs) employs
fundamentally different sensor physics. These AVS elements
are capable of not only determining pressure as a function of
time (as do conventional microphones), but they can divide
acoustic source directionality by measuring particle velocity
in x, y, and z coordinates with time at very high rates and
phenomenal dynamic range [2]. Acoustic vector sensors use a
number of different techniques to determine acoustic source
direction. One of the leading acoustic vector sensors employs
an advanced dual hot-wire anemometry setup to measure
particle movement in multiple directions. The device is used
in many applications ranging from acoustic holography to

tracking airborne vehicles as well as aquatic applications.
Most of the applications currently employing these AVS
devices are limited to clean environments, meaning free of
dust particles, and other small environmental debris. Testing
in dirty environments is limited at best to date. Fouling by
particulate adherence or even complete particle blockage of
measurement channels is a very distinct possibility given the
small scale of the devices. The primary vulnerability comes
from the very geometry and size of the sensor filaments
which when compared to the size of airborne particulates
are such that the largest airborne particles are an exact
fit between the substrate and the sensor elements, which
indicates that the devices could actually “trap” airborne
particles. Figure 1 shows an interesting comparison of typical
Appalachian quartz-based beach sand and sand from the Ash
Shuqqan in the Empty Quarter (Rub al Khali) of the Arabian
Peninsula.

The reader will note a profound difference between the
two types of sand as the beach sand is quite rounded and
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Destin, FL beach sand Windblown Rub al Khali sand

Figure 1: Beach sand from Destin, Florida (for reference) and windblown sand from the Rub al Khali, Arabian Peninsula.
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Figure 2: Particulate sand size distribution by percentage of sample
mass of beach sand and Middle-Eastern windblown sand.
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Figure 3: Advanced AVS sensing wires [2].

fairly even in size distribution with more than 80% of the
grains falling between 130 and 640 μm in diameter. The wind
blown sand, on the other hand, is quite different with a
wide distribution of sizes ranging widely from less than 1 μm
to 1100 μm in diameter in statistically significant numbers
by weight and volume. Another interesting characteristic is
also seen in Figure 1: Static electric attraction. Wind blown
sand from the Arabian Peninsula on the other hand behaves
very differently and possesses different properties. Because
most beach sand has been completely coated by salt water
for a very long time, it is more resistant to holding large
static charges. Indeed, single grain electrical resistance levels
in 30% humidity were measured at 300–500Ω/mm for the
beach sand and more than 20 MΩ/mm for the wind blown
sand. Similarly, the capacitance levels (i.e., ability to hold a
charge) were 7 orders of magnitude greater for wind-blown
sand. Figure 1 shows a comparatively tight dome distribution
with mostly only larger grains falling past the edges of the
pile. This is because electrostatic attraction generally holds
the pile, especially the smaller particles, together. Figure 2
shows a statistical distribution of sizes from the two samples.
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Figure 4: Piezoelectric cleaning device dimensions (in inches).
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Figure 5: Assembled cleaning device.

The biggest challenge posed by windblown sand can be
seen when compared to the physical size of an advanced
AVS sensor element. Considering 1 mm long platinum sensor
elements with a 5 μm × 200 nm cross-section, it is easy to
see that the wide distribution of sizes of windblown sand
presents not only a great threat of electrostatic cling, but
physical entrapment between the filaments and the substrate
itself. From Figure 3, it is easy to see that as air flows from
lower left to upper right and back if it were bearing particles
with size distributions laid out in Figure 2, serious challenges
could be posed to the sensors. Figure 3 shows that the size of
the desert sand goes well into the “dust” range with particles
ranging down to fractions of a filament diameter, leading to
cling of charged particles to filaments.

Because such atmospheric particles can render this
remarkable sensor ineffective, this study is centered on
making a system which can skirt these problems by effectively
and safely cleaning the filaments of all foulants. References
[3–5] highlight the point that there is relatively little in the
open literature on infra-through-ultrasonic particle rejection
known in the open literature.



Smart Materials Research 3

Boron filament

Figure 6: Boron fiber before and after cleaning with 20 kHz ultrasonic vibrations.

Boron
filament

Figure 7: Boron fiber before and after cleaning—calibrated 5–30 μm diameter particles.

2. Proof-of-Concept Testing on Boron Filaments

The chosen method of cleaning the AVS sensor is to use
piezoelectric elements to induce infrasonic, sonic, and ultra-
sonic vibrations to mechanically knock off particulate con-
taminants. As a proof-of-concept exercise, Lead-Zirconate
Titanate (PZT) was designed into a “micro-shaker.”

To test the concept in a variety of environments a range of
filament diameters were chosen as well as a range of particle
sizes. The first filament tested represented a large-scale an
analog to the AVS sensor. A 127 μm diameter boron fiber
was fixed to a brass substrate and PZT extensional actuator
element. The basic dimensions (in inches) of the device
constructed are shown in Figure 4 and the finished device
is shown in Figure 5. Teflon tape was used to allow for low
friction longitudinal motion.

To observe the fiber, the assembled device was placed
under a microscope. Excitation of the PZT strip was achieved
using a signal generator and a linear voltage amplifier. Figure
shows a fiber which was coated with 5–30 μm diameter
dust particles under the microscope before and after the
PZT strip was excited. A 20 kHz sine wave with a peak to
peak voltage of 20 V was used to excite the PZT, generating
local filament accelerations in excess of 350 g’s. Although no
deflections were visible during the cleaning event, the effect
was pronounced.

Although not clearly visible in Figure 6, the dust used
for the first test was microscopically fibrous in nature.
Still, it possessed conductivity, capacitance levels and charge
accretion properties which were within 20% of the Rub al
Khali desert sand sample. Figure 7 shows the Boron fiber
which had been dusted with nonfibrous silicate particles

before and after cleaning. As with the fibrous foulants,
the conductivity, capacitance levels and charge accretion
properties which were within 20% of the Rub al Khali desert
sand sample.

3. Anemometer Wire Fouling and Cleaning

It has been shown that debris can be successfully removed
from a small diameter Boron filament using PZT to vibrate
the wire. The following sections extend this result to a
hot wire anemometer, which is more representative of AVS
elements. Two different anemometers were constructed, one
using a copper sensing wire and another using a nickel
titanium alloy wire.

3.1. Nickel Titanium Alloy Filament Anemometer. Nickel
titanium alloy (NiTinol) was used for the second type
of anemometer constructed. This selection was chosen
due to its ideally small diameter of only 38 μm. For this
anemometer, copper-conducting posts were soldered to a
circuit board and the NiTiNOL was fixed to the ends of the
posts. Figure 8 shows the basic configuration of the NiTiNOL
anemometer. The guide posts were later discarded when it
was determined that they would not affect the results.

To vibrate the NiTiNOL anemometer, a small stand was
built that supported a PZT bending element. The bending
element consisted of PZT strips bonded to either side of an
aluminum substrate. This configuration resulted in vertical
deflections of the anemometer when the actuator is parallel
to the ground. Figures 9 and 10 show the NiTiNOL filament
mounted on the PZT bending element.
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Figure 8: Nickel titanium alloy anemometer.
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Figure 10: NiTiNOL anemometer.

3.2. Experimental Setup. A small blowdown type wind tun-
nel of 2′′ inner diameter was built to test the properties of
the AVS cleaning system as shown in Figure 11. This setup
provided a consistent airflow at a velocity of up to 4 m/s.
Data was collected using a laptop computer with LABView
data acquisition software. This was only used to record the
time history of the resistance or current running through the
anemometer.

A 1F capacitor arranged in parallel with the power supply
provided clean power. For the NiTiNOL tests, a constant
voltage was applied across the circuit. Testing was conducted
from 50 to 250 mA (with filament failure being experienced
at 270 mA. Current was measured by tracking voltage drop
across a 1Ω power resistor as shown in Figure 12.

SMA
filament Variable speed fan

Flow

2 (5.1 cm) φ air duct

Figure 11: Wind tunnel setup.

Regulated
power supply

+

−
1F

ΔV = I

Anemometer

1Ω

Figure 12: NiTiNOL anemometer circuit.

3.3. Baseline NiTiNOL Anemometer Testing and Results. As
a baseline for the performance of the anemometer, the fan
was cycled on and off several times without any cleaning
excitation. The actuator was then excited at 200 Hz and the
fan was cycled on and off again. Figure 13 shows the current
flow through the filament during the fan cycles for the static
and vibrating case. The peak voltage for the vibrating case
drops a small amount during the cycles, but the amplitude
of voltage change is approximately the same over each cycle.
This indicates that the vibrations have little effect on the
performance of the anemometer.

Figure 13 shows the overall peak-to-peak performance
of the actuator by two phase shifted signals. The reader is
asked to note that the measurements that are most important
from Figure 13 are the peak-to-peak values and intermediate
signal ripple, not the degree of phase shift.

After testing the performance of the clean anemometer,
calibrated 5–30 μm diameter nonfibrous dust was then
applied to the wire and the performance was checked
again. Figures 14, 15, and 16 show the resulting change in
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Figure 13: Baseline clean NiTiNOL anemometer before dusting.
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Figure 14: NiTiNOL anemometer filament dusted with 5–30 μm particles and under 200 Hz excitation (for photographic reference).

3 mil (76 micron) φ SMA filament

Figure 15: Anemometer after cleaning with infra-through ultra-
sonic vibrations.

performance for the anemometer. Each test was conducted in
the following manner and order. Dusted, vibrating, and after
cleaning refer to the curves in Figures 14, 15, and 16.

(1) Dusted: the calibrated 5–30 μm diameter dust was
applied and the fan was cycled on and off with out
any vibration.
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Figure 16: Baseline, dirty, and cleaned current flow through
anemometer filament.

(2) Vibrating: the actuator was excited (200 Hz at 7 Volts)
and the fan was cycled on and off.

(3) After cleaning: the actuator was turned off and the fan
was cycled on and off.
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Figures 14, 15, and 16 show the quiescent 38 μm diameter
NiTiNOL filament suspended between two support posts,
covered with calibrated 5–30 μm diameter charged particles.
Live testing of the cleaning system was conducted in a
4 m/s airflow. Infrasonic through ultrasonic vibrations of 10–
20 kHz clearly rejected electrostatically attached particles as
shown in Figures 14, 15 and 16.

Clearly from Figure 16, it has been shown that fouled
anemometer filaments generate highly erratic unreliable
readings with current flow shifts on the order of 35 mA.
Given an anemometry sensitivity level on the order of
400 m/s/A, this represents a signal corruption level of
14 m/s. Infrasonic through ultrasonic cleaning rejected such
particulate fouling and resulting signal corruption, leading
to restoration of performance levels to within 2% of baseline
performance.

4. Conclusions

It has been shown that some of the most advanced
microanemometer and acoustic vector sensor (AVS) ele-
ments are vulnerable to signal corruption when exposed
to typical windblown particles. A statistical analysis of
windblown desert sand from the Arabian Peninsula showed
that statistically significant percentages of particles ranged
from just 1/100th of the diameter of a typical AVS sensor
filament to large enough to become lodged between the
filaments and even between the filaments and mounting
substrate. Wind tunnel tests on 38 μm diameter filaments
showed anemometry sensitivities on the order of 400 m/s/A
were achieved. These sensitivities were dramatically cor-
rupted when the filament was exposed to 5–30 μm diameter
particles which were shown to electrostatically cling to the
filament, junctions, and post. In addition to erratic signals
due to dusting an erroneous shift resulting in a 14 m/s
measurement error appeared due to particulate fouling. An
infra-through ultrasonic cleaning system was designed to
reject these particles. When energized and swept through
a broad frequency range, foulants were expelled from the
sensor filaments, restoring sensor performance to within 2%
of baseline levels.
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Electrostrictive materials convert electrical energy into mechanical energy and vice versa. They are extensive applied as intelligent
materials in the engineering structures. The governing equations in electrostrictive media under the quasistatic electric field are
very important for the measurement of material constants and the research on the strength and function. But some theoretical
problems should be further clarified. In this paper, the electric force acting on the material is studied and the complete governing
equations will be given. In this paper a possible method to measure electrostrictive coefficients is also discussed.

1. Introduction

The measurement method of material constants in an elec-
trostrictive material is somewhat controversial between au-
thors. Shkel and Klingenberg [1] considered that “The ulti-
mate deformation depends on the elastic properties of the
fixtures attached to the material (e.g., the electrodes). The
(electrostrictive) coefficients γijkl are therefore not strictly
material parameters, but rather characteristics of the entire
system.” Zhang et al. [2] pointed out that “In general in
a nonpiezoelectric material such as the polyurethane elas-
tomers investigated, the electric field induced strain can be
caused by the electrostrictive effect and also by the Maxwell
stress effect. The electrostrictive effect is the direct coupling
between the polarization and mechanical response in the
material. . . . On the other hand Maxwell stress, which is
due to the interaction between the free charges on the
electrodes (Coulomb interaction) and to electrostatic forces
that arise from dielectric inhomogeneities.” Guillot et al. [3]
considered that “strictly speaking, the Maxwell stress tensor
does not belong to the electrostrictive equations, but that
it should be taken into account in the measurements. . . .
it is possible to factor out its contribution to the total res-
ponse of the film and therefore to identify the isolated con-
tribution due to the (electrostrictive) tensor only.” Thakur
and Singh [4] considered that: “In most of the recent exper-
iments concerning determination of electrostrictive param-

eters in elastic dielectrics, several researchers used incorrect
equations without considering the contribution from the
edge effect, the shear stress and suitable boundary condi-
tions. This led to wrong predictions of experimental results
particularly for materials with high Poisson ratios. Errors
in the estimation of induced strains, varying from an un-
derestimation of 202% to an overestimation of 168%, have
been pointed out in the case of polycarbonate (PC).” Some
material scientists felt puzzled about the objectivity of the
electrostrictive coefficients.

In the books of Stratton [5] and Landau and Lifshitz
[6], the formula of the stress in an isotropic electrostrictive
material is

σik = ∂g0

∂εik
+ σLik,

σLik =
(

1
2

)
(2ε − a1)EkEi

−
(

1
2

)
(ε + a2)EmEmδik,

(1)

where ∂g0/∂εik is the stress without the electromagnetic field
in the medium. As shown in [7, 8] σLik in this formula is
just the pseudo total stress [9, 10] which is the sum of the
Maxwell stress and the Cauchy stress introduced by the con-
stitutive equations. In Pao’s paper [11], he considered that
the expression of the Maxwell stress is not unique and he gave
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some different expressions by different authors. McMeeking
and Landis [12] considered that “Since there are no experi-
ments that can separate the effects of the Cauchy and
Maxwell stresses unambiguously, it is generally more prof-
itable to consider their sum and not to try identify them sep-
arately,” “we obviate the need to develop a constitutive theory
that is consistent with a pre-determined formulation of the
Maxwell stress, as can often be found in the literature on elec-
trostrictive materials. Instead, the constitutive model can be
simplified to one that embraces simultaneously the Cauchy,
Maxwell, electrostrictive and electrostatic stresses, which in
any case cannot be separately identified from any experi-
ment.”

From the above and other literatures we can find
that different author has different understanding about the
governing equations and the Maxwell stress for the electro-
strictive materials. We offered the physical variational princi-
ple [7, 8, 13–17] based on the thermodynamics in the non-
linear electroelastic analysis to get the governing equations
and get the Maxwell stress naturally. The strength problem
in engineering is determined by the Cauchy stress, which is
connected with the constitutive equation, and the Maxwell
stress is an external effective static Coulomb electric force.
In this paper we give a general method to determine the
static electric force or the Maxwell stress acting on the ma-
terial by using the migratory variation of ϕ in the energy
principle. We are sorry that we do not have the ground to
do experiments, so in this paper only a possible method to
measure electrostrictive coefficients is discussed.

2. The Physical Variational Principle

In literatures [7, 8, 13–17] we proposed that the first law of
thermodynamics includes two contents: energy conservation
law and physical variational principle (PVP), that is,

Classical Energy conservation :
∫

V
dudV − dw − dQ = 0,

Classical linear PVP : δΠ =
∫

V
δudV − δw − δQ = 0.

(2)

We proposed the physical variational principle as a basic
principle in the continuum mechanics. From this principle
we get the governing equations of the nonlinear electroelastic
materials. For this principle with the electric Gibbs function
we can simply illustrated as follows.

Under the small deformation the electric Gibbs function
or electric enthalpy g = U − EiDi, where U is the internal
energy, can be expanded in the series of ε and E:

g =
(

1
2

)
Cijklεi j εkl −

(
1
2

)
εklEkEl − eki jEkεi j

−
(

1
2

)
li jklEiEjεkl,

Cijkl = Cjikl = Cijlk = Ckli j ,

li jkl = l jikl = li jlk = lkli j ,

eki j = ek ji, εkl = εlk.
(3)

The constitutive equations are

σkl = ∂g

∂εkl
= Cijklεi j − ejklEj −

(
1
2

)
li jklEiEj ,

Dk = − ∂g

∂Ek
=
(
εkl + li jklεi j

)
El + eki jεi j ≈ εklEl.

(4)

In (3) and (4) σ , ε, D, E are the stress, strain, electric
displacement, and electric field, respectively, C, e, ε, l are the
elastic coefficient, piezoelectric coefficient, permittivity, and
the electrostrictive coefficient, respectively. Using (4), (3) is
reduced to

g =
(

1
2

)
Cijklε jiεlk + ge,

ge = −
(

1
2

)
(DkEk + Δklεlk), Δkl = emklEmk,

(5)

where ge is the part of g related to the electric field. The
value Δ : ε in (5) can be neglected due to its very small.
In the electroelastic analysis the dielectric, its environment
and their common boundary aint consociate a system and
should be considered together, because the electric field exists
in every material except the ideal conductor. In this paper
the variables in the environment will be denoted by a right
superscript “env,” and the variables on the interface will be
denoted by a right superscript “int.” In the environment (3)–
(5) are all held.

Under the assumption that u, ϕ, uenv, ϕenv satisfy their
boundary conditions on their own boundaries au, aϕ, aenv

u ,
aenv
ϕ , and the continuity conditions on the interface aint. The

physical variational principle with the electric Gibbs free
energy is [7, 8, 13–17]:

δΠ = δΠ1 + δΠ2 − δW int = 0,

δΠ1 =
∫

V
δg dV +

∫

V
geδui,idV − δW ,

δΠ2 =
∫

V env
δgenv dV +

∫

V env
ge envδuenv

i,i dV − δW env,

δW =
∫

V

(
fk − ρük

)
δuk dV −

∫

V
ρeδϕdV

+
∫

aσ
T∗k δuk da−

∫

aD
σ∗δϕda,

δW env =
∫

V env

(
f env
k − ρüenv

k

)
δuenv

k dV −
∫

V env
ρenv
e δϕenv dV

+
∫

aenv
σ

T∗env
k δuenv

k da−
∫

aenv
D

σ∗envδϕenv da,

δW int =
∫

aint
T∗ int
k δuk da−

∫

aint
σ∗ intδϕda,

(6)



Smart Materials Research 3

where f , T∗, σ∗, are given body force per volume, surface
traction per area, and surface electric charge density, fenv,
T∗env, σ∗env, and T∗ int, σ∗ int are also given values in the en-
vironment and on the interface, respectively. n = −nenv is the
outward normal on the interface of the body.

The variation of the virtual electric potential ϕ is divided
into local variation δϕϕ and migratory variation δuϕ, and the
similar divisions in E, so we have

δϕ = δϕϕ + δuϕ, δuϕ = ϕ,pδup = −Epδup,

δEi = δϕEi + δuEi, δϕEi = −δϕϕ,i, δuEi = Ei,pδup.
(7)

The derivation of δE is in Appendix A. Finishing the vari-
ational calculation finally we get the governing equations:

Sjk, j + fk = ρük, Di,i = ρe, in V ,

Sjknj = T∗k , on aσ , Dini = −σ∗, on aD,

σMik = DiEk −
(

1
2

)
DnEnδik,

Skl = σkl + σMkl = Cijklεi j − ejklEj

−
(

1
2

)
li jklEiEj + DiEk −

(
1
2

)
DnEnδik,

(8)

where σMik is the Maxwell stress and Skl is the pseudo total
stress [9, 10]. In the environment we have

Senv
i j,i + f env

j = ρenvüenv
j , Denv

i,i = ρenv
e , in V env,

Senv
i j nenv

i = T∗env
j , on aenv

σ ,

Denv
i nenv

i = −σ∗env, on aenv
D .

(9)

On the interface we have
(
Si j − Senv

i j

)
ni = T∗ int

j ,
(
Di −Denv

i

)
ni = −σ∗ int, on aint.

(10)

The above variational principle requests prior that the
displacements, the electric potential satisfy their own bound-
ary conditions and the continuity conditions on the inter-
face, so the following equations should also be added to go-
verning equations:

ui = u∗i , on au, ϕ = ϕ∗, on aϕ,

uenv
i = u∗env

i , on aenv
u , ϕenv = ϕ∗env, on aenv

ϕ ,

ui = uenv
i , ϕ = ϕenv, on aint.

(11)

Equations (8)–(11) are the governing equations in the elec-
troelastic analysis.

If we introduce the body electric force f ek , f e env
k , and

surface electric force Te
k , Te env

k in the materials as

f ek = σMjk, j , Te
k = σMjk nj ;

f e env
k = σM env

jk, j ,

Teenv
k = σM env

jk nenv
j .

(12)

Then the variational principle equation (6) is reduced to

δΠ′ = δΠ′1 + δΠ′2 − δW ′int = 0,

δΠ′1 =
∫

V
δg dV − δW ′,

δΠ′2 =
∫

V
env
δgenvdV − δW ′env,

δW ′ =
∫

V

(
fk + f ek − ρük

)
δukdV −

∫

V
ρeδϕdV

+
∫

aσ

(
T∗k − Te

k

)
δukda−

∫

aD
σ∗δϕda,

δW ′env =
∫

V env

(
f env
k + f e env

k − ρenvüenv
k

)
δuenv

k dV

−
∫

V env
ρenv
e δϕenvdV

+
∫

aenv
σ

(
Tenv∗
k − Te env

k

)
δuenv

k da

−
∫

aenv
D

σenv∗δϕenvda,

δW ′int =
∫

aint

(
T int ∗
k + Te env

k − Te
k

)
δukda

−
∫

aint
σ int ∗δϕda.

(13)

In (13) the variations of δu and δϕ are completely inde-
pendent, that is, it is not needed to consider the migratory
variation δuϕ. Equations (8)–(10) are reduced to

σi j,i +
(
f j + f ej

)
= ρü j , Di,i = ρe, in V ,

σi jni = T∗j − Te∗
j , on aσ , Dini = −σ∗, on aD;

σenv
i j, j +

(
f env
i + f e env

i

) = ρüenv
i , Denv

i,i = ρenv
e , in V env

σenv
i j nenv

j = (T∗env
i − T∗e env

i

)
, on aenv

σ ,

Denv
i nenv

i = −σ∗env, on aenv
D ,

(
σkl − σenv

kl

)
nl = T∗ int

k − Te
i + Te env

i ,

Dknk −Denv
k nk = −σ∗ int, on aint.

(14)

3. The Static Electric Force Acting
on a Dielectric

3.1. The Static Electric Force Acting on the Dielectric in a
Capacitor. In any electromagnetic textbook we can find how
to determine the static electric force acting on the dielectric
in a capacitor consisted of two parallel electrode plates and
filled dielectric with permittivity ε. Assume the length and
width of the plates are infinite, the distance h between two
plate electrodes is very small. The electric potential on the
upper plate electrode is smaller than that on the lower plate.
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Let the coordinate origin be located at its center, the plane
x1–x3 is parallel, and axis x2 is perpendicular to the electrode
plates. There is no external force on the plate and inside
the dielectric and the deformation is small. The electric field
inside the dielectric of the capacitor is homogeneous and
E = E2n, n = i2 due to that the plates are infinite, where
E2 = ϕ/h, ϕ is the difference of electric potentials between
two electrodes. The static electric force acting on electrode
plates can be obtained by the energy method.

In this simple case the static electric force can be directly
derived from the general equation of the physical variational
principle. According to (6) in this case we have

δΠ = δΠ1 + δΠ2 − δW int = 0,

δΠ1 = δ
∫

V
g dV = h

[
σ22δu2,2 −D2δE2 −

(
1
2

)
E2D2δu2,2

]

δΠ2 = 0, δW int = 0.

,

(15)

Give a virtual displacement under the constant electric po-
tential on the electrode plate. It is noted that though ϕ is
constant on the plate, but after virtual displacement ϕ is
changed inside the dielectric. For a fixed x the change of the
electric field due to changed ϕ is

δϕE2 = ϕ

(h + δh)
− ϕ

h
= −ϕδh

h2
, −D2δE2 = D2E2

δh

h
.

(16)

Due to the electric potential ϕ on the electrode plate is
constant, we have δuE2 = E2,pδup = 0, so δE2 = δϕE2.
Therefore, finally we get

δΠ = h
[
σ22δu2,2 −D2δE2 −

(
1
2

)
E2D2δu2,2

]

= hD2

[
σ22

(
δh

h

)
+
(

1
2

)
εE2

2

(
δh

h

)]
= 0

=⇒ T2 = σ22 = −εE
2
2

2
.

(17)

We can also use the Maxwell stress to derive the force ac-
ting on the dielectric directly. According to (10), we have
(Si j − Senv

i j )ni = 0 or Ti = (σi j − σenv
i j )ni = −σMi j nj , where

σM env
i j = 0 in the electrode is used. In the present case we

have T2 = −σM22 = −D2
2/2ε. If the force on the electrode plate

is zero, then the static electric force acting on the dielectric is
−D2

2/2ε, which is identical with that in (17).
In the electric textbooks the derivation is as follows:

given the upper plate a virtual displacement δh along x2, the
electric charge on the electrode plate increases δq due to fixed
ϕ, so the electric source supplies the energy ϕδq. The energy
in the dielectric increases δ(ϕq/2) = ϕδq/2 and the remained
energy ϕδq/2 is used to overcome the work produced by

the static electric force on the dielectric, that is, for virtual
displacement δu we have

F · δu = σ22δh = ϕδq −
(

1
2

)
ϕδq =

(
1
2

)
ϕδq

=
(

1
2

)
ϕδ(εE2) =

(
ε
2

)
ϕδ
(
ϕ

h

)

= −
(
ε
2

)(
ϕ

h

)2

δh =⇒ σ22 = −
(
ε
2

)
E2

2,

(18)

which is identical with that in (17). At least this result partly
proves the general theory is correct.

3.2. The Static Electric Force in General Case. Though the
static electric force acting on dielectric of a capacitor was
derived in textbooks from the energy method as shown in
above section, but the energy method did not be used to
derive the Maxwell stress in the general case.

In the general case the Maxwell stress is introduced by
the migratory variations of electric field. So the static electric
force from (6) and (13) can be written as

δWe = −δuΠ,

δuΠ =
∫

V
g,E · δuE dV +

∫

V
geδuk,kdV +

∫

V
ρeδuϕ dV

+
∫

aD
σ∗δuϕda +

∫

V env
genv

,E · δuEenvdV

+
∫

V env
ge envδuenv

i,i dV +
∫

V env
ρenv
e δuϕ

env dV

+
∫

aenv
D

σ∗envδuϕ
env da +

∫

aint
σ∗ intδuϕda,

δWe =
∫

V
f ek δuk dV +

∫

aσ
Te
kδuk da +

∫

V env
f e env
k δuenv

k dV

+
∫

aenv
σ

Te env
k δuenv

k da +
∫

aint

(
Te
k − Te env

k

)
δuk da.

(19)

It is easy to prove that f ek , Te
k , f e env

k , Te env
k derived from

(19) are identical with that in (12), see Appendix B. If the
environment is neglected, then we get

∫

V
f ek δuk dV +

∫

aσ
Te
kδuk da

= −
(∫

V
g,E · δuE dV +

∫

V
geδuk,k dV

+
∫

V
ρeδuϕ dV +

∫

aD
σ∗δuϕda

)

.

(20)
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Using D = Dnn + Dtt and E = Enn + Ett, and the con-
tinuous condition (10) and (11) of the D, E on the interface,
the Maxwell stress can also be rewritten as

n · (σ − σenv) = T̃∗ int,

T̃∗ int = T∗ int + n ·
(
σM env − σM

)
,

n · (σM env − σM
)
,

=
[

n · (Denv ⊗ Eenv)−
(

1
2

)
(Denv · Eenv)n

]

−
[

n · (D⊗ E)−
(

1
2

)
(D · E)n

]

=
(

1
2

)[
Dn
(
Eenv
n − En

)− (Denv
t −Dt)Et

]
n,

(21)

where n is the unit normal, subscripts n and t mean the
normal and tangential direction respectively; there is no sum
on n and t. Equation (21) points out that in the case of small
strain the boundary surface traction corresponding to the
Maxwell stress is along the normal direction.

4. Measurement of Material Constants in
Isotropic Electrostrictive Materials

For isotropic materials we have

Cijkl = λδi jδkl + G
(
δikδjl + δilδ jk

)
,

li jkl = a2δi jδkl +
(
a1

2

)(
δikδjl + δilδ jk

)
,

εi j = εδi j , eki j = 0.

(22)

So (3) and (4) are reduced to

g =
(

1
2

)
λεiiεkk + Gεi jεi j −

(
1
2

)
εEkEk

−
(

1
2

)(
a2EiEiεkk + a1EiEjεi j

)
,

(23)

σkl = λεiiδkl + 2Gεkl −
(

1
2

)
(a2EiEiδkl + a1EkEl),

Dk = εEk + (a2Ekεmm + a1Elεkl) ≈ εEk,

Skl = σkl + σMkl = λεiiδkl + 2Gεkl −
(

1
2

)
(a2 + ε)EmEmδkl

+
(

1
2

)
(2ε − a1)EkEl.

(24)

The first formula in (24) is just the usual form of the
constitutive equation, where a1 and a2 are known as elec-
trostrictive coefficients. From (8)–(11), it is known that
solving S is easier than solving σ , so in experiments the mea-
sured variables usually are (S, ε, E). So that in usual experi-
ments the measured material coefficients are 2ε − a1 and
a2 + ε. Therefore, when we do experiments we should clearly
provide what variables are used. In isotropic materials or

materials without the electromagnetic body couple variables
S, σ , and σM are all symmetric.

As an example, we discuss the electroelastic field of an
isotropic rectangular dielectric with material constants ε, a1,
a2. The length, width and height of the dielectric are l, b,
and h, respectively. Let the coordinate origin be located at
its center, the axes are parallel to its edges, the axis x2 is
perpendicular to its middle plane. Assume the electric field in
dielectric is homogeneous E = E2n, n = i2 and the dielectric
is free from the external force (f , T∗ int = 0).

4.1. The Surrounding of the Dielectric Is Air. In the air there
is no mechanical stress. On the interface we have

Eair
t = Et, Dair

n = Dn on interface; or

Eair
1 = E1 = 0, Eair

3 = E3 = 0,

Dair
2 = D2

(
ε0E

air
2 = εE2

)
, x2 = ±h

2
,

Eair
1 = E1 = 0, Eair

3 = E3 = 0,

Eair
2 = E2; x1 = ± l

2
, or x3 = ±b

2
,

(25)

where n and t mean the normal and tangential directions,
respectively. In this case from (8)–(10) we get

Si j, j = 0, in V ,

(
Si j − Sair

i j

)
ni = 0, on aint =⇒ σi j =

(
σM air
i j − σMi j

)int
,

σM22 =
(

1
2

)
D2E2, σM11 = σM33 = −

(
1
2

)
D2E2,

σMi j = 0, when i /= j; on aint,

σM air
22 =

(
1
2

)
Dair

2 Eair
2 , σM air

11 = σM air
33 = −

(
1
2

)
Dair

2 Eair
2 ;

σM air
i j = 0, when i /= j, on aint =⇒

σ11 = σ33 = −
(

1
2

)[(
ε2

ε0

)

− ε
]

E2
2,

σ22 =
(

1
2

)[(
ε2

ε0

)

− ε
]

E2
2.

(26)

Using the constitutive equation (24) we get

−
(

1
2

)[(
ε2

ε0

)

− ε
]

E2
2 = (3λθ + 2Gε11)−

(
1
2

)
a2E

2
2,

(
1
2

)[(
ε2

ε0

)

− ε
]

E2
2 = (3λθ + 2Gε22)−

(
1
2

)
(a2 + a1)E2

2,

−
(

1
2

)[(
ε2

ε0

)

− ε
]

E2
2 = (3λθ + 2Gε33)−

(
1
2

)
a2E

2
2.

(27)
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4.2. The Dielectric and Air Are All between Two Parallel Infinite
Rigid Electrodes. In electrodes E = 0, so there is no Maxwell
stress. In this case from (8)–(10) we get

Si j, j = 0, in V ,

(
Si j − Senv

i j

)
ni = 0, on aint =⇒ σi j =

[
σM env
i j − σMi j

]int
,

σM22 =
(

1
2

)
εE2

2, σM11 = σM33 = −
(

1
2

)
εE2

2,

σMi j = 0, when i /= j, on aint,

σ
M plate
22 = 0, σM air

11 = σM air
33 = −

(
1
2

)
ε0E

2
2,

σM env
i j = 0, when i /= j, on aint =⇒

σ11 = σ33 =
(

1
2

)
(ε − ε0)E2

2,

σ22 = −
(

1
2

)
εE2

2.

(28)

Using the constitutive equation (24) we get

(
1
2

)
(ε − ε0)E2

2 = (3λθ + 2Gε11)−
(

1
2

)
a2E

2
2,

−
(

1
2

)
εE2

2 = (3λθ + 2Gε22)−
(

1
2

)
(a2 + a1)E2

2,

(
1
2

)
(ε − ε0)E2

2 = (3λθ + 2Gε33)−
(

1
2

)
a2E

2
2.

(29)

In (27) and (29) 3θ = εii. In the discussed cases the third
equation in (27) and (29) can be omitted. In experiments we
can measure strains from the given electric field. From (27)
or (29) or other improved methods we can get electrostrictive
coefficients. It is clear that the environment has obviously
effect.

The above example is very simple and ideal. The real
experimental set is more complex, but from above discus-
sions, we can see that in order to get correct electrostrictive
constants in experiments we need consider the entire system
including the dielectric medium, its environment and their
common boundary.

5. Conclusions

In this paper, we discuss the nonlinear electroelastic analysis
in the electrostrictive materials by the physical variational
principle. Given a general expression of the electric force.
Using the governing equation proposed in this paper we give
a possible method to correctly measure the electrostrictive
coefficients. It is shown that in order to get correct material
constants in experiments we need take the correct governing
equations and consider the entire system including the
dielectric medium, its environment and their common
boundary.

Appendices

A. The Derivation of δE in (7)

In our previous papers δE in (7) was directly given, here we
shall give a simple derivation.

Assume the variational functional is

I =
∫

V
L
(
xi,uα,uα, j

)
dV , (A.1)

where x, u, u, j are the independent variable, dependent
variable, and the derivative of the dependent variable,
respectively. Assume an infinitesimal transformation

xi −→ x′i = xi + δui
(
xj ,ϕ

)
,

ϕ(xi) −→ ϕ′
(
x′i
) = ϕ(xi) + δϕ

(
xi,ϕ

)
,

δϕ = ϕ′
(
x′i
)− ϕ(xi)

=
[
ϕ(xi + δui) + δϕϕ(xi)

]
− ϕ(xi)

= δϕϕ + δuϕ = δϕϕ + ϕ,iδui.

(A.2)

Noting

∂x′i
∂xj

≈ δi j +
∂δui
∂xj

,

∂xi
∂x′j

≈ δi j − ∂δui
∂xj

,

j =
∣
∣
∣∣
∣
∂x′i
∂xj

∣
∣
∣∣
∣ ≈ 1 +

∂δui
∂xi

, (A.3)

from (A.2) we get

δϕ, j = ∂ϕ′
(
x′i
)

∂x′j
− ∂ϕ(xi)

∂xj

= ∂
[
ϕ(xi) + δϕ

(
xi,ϕ

)]

∂xk

∂xk
∂x′j

− ∂ϕ(xi)
∂xj

= ∂δϕ
(
xi,ϕ

)

∂xj
− ∂ϕ(xi)

∂xk

∂δuk
∂xj

=
∂
(
δϕϕ + ϕ,iδui

)

∂xj
− ∂ϕ(xi)

∂xk

∂δuk
∂xj

=
∂
(
δϕϕ

)

∂xj
+
∂
(
ϕ,iδui

)

∂xj
− ∂ϕ(xi)

∂xk

∂δuk
∂xj

=
∂
(
δϕϕ

)

∂xj
+
∂
(
ϕ,i
)

∂xj
δui.

(A.4)

Equation (A.4) is identical with δE in (7) in text.
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B. The Derivation of (19)

From (19) we have

δuΠ =
∫

V
g,E · δuE dV +

∫

V
geδuk,k dV +

∫

V
ρeδuϕ dV

+
∫

aD
σ∗δuϕda +

∫

V env
genv

,E · δuEenv dV

+
∫

V env
ge envδuenv

i,i dV +
∫

V env
ρenv
e δuϕ

env dV

+
∫

aenv
D

σ∗envδuϕ
env da +

∫

aint
σ∗ intδuϕda

= −
∫

V
DiEp,iδup dV −

∫

V

(
1
2

)
DkEkδuj, j dV

+
∫

V
ρeδuϕ dV +

∫

aD
σ∗δuϕda−

∫

V env
Denv

i δuE
env
i dV

−
∫

V env

(
1
2

)
Denv

k Eenv
k δuenv

j, j dV +
∫

V env
ρenv
e δuϕ

env dV

+
∫

aenv
D

σ∗envδuϕ
env da +

∫

aint
σ∗ intδuϕda

= −
∫

V

(
DiEp

)

,i
δup dV +

∫

V

(
ρe −Di,i

)
δuϕdV

−
(

1
2

)∫

a
DkEknjδuj da +

(
1
2

)∫

V
(DkEk), jδuj dV

+
∫

aD
σ∗δuϕda−

∫

V env

(
Denv

i Eenv
p

)

,i
δuenv

p dV

+
∫

V env

(
ρenv
e −Denv

i,i

)
δuϕ

env dV

−
(

1
2

)∫

V env
Denv

k Eenv
k nenv

j δuenv
j dV

+
(

1
2

)∫

V env

(
Denv

k Eenv
k

)

, j
δuenv

j dV

+
∫

aenv
D

σ∗envδuϕ
env da +

∫

aint
σ∗ intδuϕda.

(B.1)

Using (8)–(11), that is,

Dini + σ∗ = 0, on aD,

Di,i − ρe = 0, in V ,

(
Di −Denv

i

)
ni = −σ∗ int, on aint

(B.2)

and adding terms
∫
a Dini(Epδup + δuϕ)da = 0 and∫

aenv Denv
i nenv

i (Eenv
p δuenv

p + δuϕenv)da = 0 to (B.1), then (B.1)
is reduced to

δuΠ = −
∫

V

(
DiEp

)

,i
δup dV −

∫

V

(
1
2

)
DkEknjδuj dV

+
∫

V

(
1
2

)
(DkEk), jδuj dV +

∫

a
DiEpniδup da

−
∫

V env

(
Denv

i Eenv
p

)

,i
δuenv

p dV

−
∫

V env

(
1
2

)
Denv

k Eenv
k nenv

j δuenv
j dV

+
∫

V env

(
1
2

)(
Denv

k Eenv
k

)

, j
δuenv

j dV

+
∫

aenv
Denv

i Eenv
p nenv

i δuenv
p da

=
∫

aσ
σMi j niδuj da−

∫

V
σMi j,iδuj dV

+
∫

aenv
σ

σM env
i j nenv

i δuenv
j da−

∫

V
σM env
i j,i δuenv

j dV

+
∫

aint
σMi j niδuj da +

∫

aint
σM env
i j nenv

i δuenv
j da.

(B.3)

From (19), we know that he work done by the equivalent
static electric force is

δWe =
∫

V
f ek δuk dV +

∫

aσ
Te
kδuk da +

∫

V env
f e env
k δuenv

k dV

+
∫

aenv
σ

Te env
k δuenv

k da +
∫

aint

(
Te
k − Te env

k

)
δuk da.

(B.4)

From (B.3) and (B.4), we immediately get (19).
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This paper presents the self-sensing control of a microactuator for hard disk drives. The microactuator uses a PZT actuator pair
installed on the suspension assembly. The self-sensing microactuator forms a combined sensing and actuation mechanism. Direct
velocity feedback and positive position feedback are used in this paper. Our experimental results show that both strategies are
effective in suppressing vibrational modes and successfully demonstrate the feasibility of using a self-sensing actuator on an HDD
suspension assembly.

1. Introduction

A suspension assembly in a hard disk drive (HDD) is
subject to excitation by many disturbances, including the
airflow due to the rapidly spinning disks, and noncircular
track motion of the head and slider due to resonance in
the components. A servo system that can cope with these
problems requires a very high servo bandwidth and position
error signal sampling frequency. In conventional servo
systems, the sampling frequency is limited by data storage
efficiency. The desire to more effectively suppress the effect
of disturbances has led many researchers to propose the
addition of more sensors and actuators. One example which
has been proposed is to use a piezoelectric actuator on the
suspension in a dual-stage system with one of the two strips
as the sensor and the other as the actuator [1, 2]. This,
however, reduces the effectiveness of the actuator by half
and is not efficient. An alternate approach is to use it as
a self-sensing microactuator [3–9], which is the subject of
this paper. For dual-stage servo system, the performance of
self-sensing actuator systems exceeds that of other vibration
compensation systems.

We implemented two active strategies in order to exper-
imentally demonstrate the effectiveness of a self-sensing

system in structural vibration control. The strategies are
direct velocity feedback (DVF) and positive position feed-
back (PPF). DVF, also known as strain rate feedback (SRF)
has been used in the active damping of a flexible space
structure [10]. In DVF, the structural velocity coordinate is
fed back to the compensator and the compensator velocity
coordinate multiplied by a negative gain is applied to the
structure. DVF has a wide active damping region and can
stabilize more than one mode given sufficient bandwidth. In
PPF, the structural position coordinate is fed directly to the
compensator where a scalar gain is applied and the result
sent to the structure [11, 12]. PPF offers quick damping
for a particular mode provided the modal characteristics are
known. PPF is also easy to implement. Song and Agrawal
experimentally demonstrated that it is robust against a
varying modal frequency [13]. Pang et al. [14] used the self-
sensing technique for active-mode damping in the dual-stage
servo system. Chan and Liao [15] used self-tuning adaptive
compensation with the self-sensing actuation. We try to
demonstrate two active vibration control methods using two
types of the sensing signal. This paper is very different from
previous publications.

In this paper, we demonstrate the use of these con-
trol methods with self-sensing actuators to actively damp
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vibrations in an HDD suspension assembly. Experimental
results have shown that PPF and DVF control methods
are effective in actively increasing damping in an HDD
suspension assembly using self-sensing PZT actuators.

2. Microactuator for HDD

Figure 1 shows a suspension assembly from a dual-stage
HDD servo. A suspension based microactuator uses a PZT
actuator pair located between the suspension and the base
plate. A slider is installed at the tip of the suspension. When
a control voltage is applied to the PZT pair, one of them
expands while the other contracts in the x direction. As a
result, the slider moves in the y direction. The PZT actuator
achieves large displacements of the head element by using
the length of the suspension as a radius arm. However,
the resonance frequency of the suspension limits the servo
bandwidth. The configuration of the assembly seems to
make it amenable to control using self-sensing actuation. We
investigate this in the following sections.

3. Self-Sensing Actuation

A piezoelectric self-sensing actuator is a piezoelectric trans-
ducer used simultaneously as a sensor and an actuator.
The key is capacitance. If the capacitance of a piezoelectric
device is known [4], applying the same voltage to a capacitor
of the same value and subtracting its electrical response
from that of the piezoelectric yields the signal due to the
piezoelectric’s mechanical response. A bridge circuit using
additional resisters and a capacitor is used to obtain the time
rate of change of strain (velocity).

Micro actuator

Cr
C2

C1

v2

R2vc

Cp

vs

R1

vp
v1

Figure 3: CC bridge circuit.

A CR bridge circuit is shown in Figure 2. The difference
between the output voltages v1 and v2 gives the sensor voltage
vs. In terms of the Laplace transform, we have

Vs(s) =
{

CpR1s

1 + CpR1s
− CrR2s

1 + CrR2s

}

Vc(s) +
CpR1s

1 + CpR1s
Vp(s).

(1)

If the values of the components are adjusted, so that

CpR1 = CrR2. (2)

The first term is vanishes, giving us the Laplace transform
of the sensor voltage Vs in terms of the transform of the
piezoelectric voltage Vp as seen in (3):

Vs(s) =
CpR1s

1 + CpR1s
Vp(s). (3)

Taking the inverse Laplace transform gives the time domain
equation (4):

vs = R1Cpv̇p

(

where ωc � 1
CpR1

)

, (4)

where the dot indicates the time derivative and ωc is the
frequency of the input voltage, and the value of Cp and R1

have been chosen to satisfy (4). The charge developed on the
sensor can be found from

vs = R1Cpks
∂2w(l, t)
∂x∂t

. (5)

Thus, a distributed piezoelectric sensor with a rate of strain
sensing bridge can measure the total angular deflection
velocity of the piezoelectric beam at a point l. The constant
ks is determined by the size and material of the piezoelectric
elements [3–9]. Taking account of the bridge circuit, applied
input voltage of the microactuator is

Vpiezo(s) = Vc(s)−V1(s) = 1
1 + CpR1s

Vc(s). (6)

The CC bridge circuit corresponding to the self-sensing
actuator is shown in Figure 3. An analogous development
starts with (7):

Vs(s) = V1(s)−V2(s)

= CpR1s

1 +
(
Cp + C1

)
R1s

{
Vc(s) + Vp(s)

}

− CrR2s

1 + (Cr + C2)R2s
Vc(s).

(7)
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Using the simplifying component values in (8) gives an
expression for the Laplace transform of sensor voltage Vs.

If Cp = Cr , C1 = C2, R1 = R2, (8)

Vs(s) =
CpR1s

1 +
(
Cp + C1

)
R1s

Vp(s). (9)
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Figure 6: Frequency response of the strain rate sensor.

Taking the inverse Laplace transform and limiting ourselves
to lower frequencies leads to an equation for the input voltage
of the actuator (12).

vs =
Cp

Cp + C1
vp (10)

when ωc ≥ 1/((C p +C1)R1). The charge developed on the
sensor can be found from

vs =
Cp

Cp + C1
ks
∂w(l, t)
∂x

. (11)
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Thus a distributed piezoelectric sensor with a strain sensing
bridge can measure the total angular deflection of the
piezoelectric beam at a point l [3–9]. Taking account of the
bridge circuit, applied input voltage of the microactuator is

vpiezo = vc − v1 = C1

Cp + C1
vc. (12)
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control.

4. Experimental Setup

Figure 4 shows the setup for our experiments. The experi-
ments were carried out on a spin test stand. An input control
voltage is calculated by a DSP every 0.01 millisecond and
applied to the bridge circuit through a D/A converter and
a piezo driver. Sensor voltage vs from the bridge circuit is
passed through a differential amplifier and A/D converter to
the input of the DSP. For monitoring purpose only, a laser
doppler vibrometer (LDV) was used to obtain measurements
of tip displacement and velocity.

Figure 5 shows the measured frequency response of the
slider tip displacement to an applied control voltage with
and without the spinning disk. Figure 6 shows the frequency
response of the strain rate sensor. Figure 7 shows the
frequency response of strain sensor. In these figures, the red
line indicates the response with the spinning disk while the
blue line is without the spinning disk. There are four major
vibration modes of the suspension assembly while on the
spinning disk. There are three suspension bending modes:
B1 at 2.7 kHz; B2 at 5.4 kHz, B3 at 9.8 kHz. The fourth major
mode is a sway mode: S at 9.2 kHz. The suspension bending
modes are vibrations in the vertical direction. The sway mode
is the PZT microactuator actuation mode and is a vibration
in the horizontal direction. With the disk rotating, the third
suspension mode (B3) combines with the sway mode (S).
When the experiment is done with a rotating magnetic disk,
the suspension modes disappear and the sway mode appears
alone as shown in Figure 5.

Corresponding results are shown in Figures 6 and 7,
where on the spinning disk, only the sway mode is observed.
In these figures, the signals are similar to a velocity signal and
a position signal.

5. Direct Velocity Feedback Control

Estimating the modal states of a distributed structure in
order to apply modal feedback control is difficult. The
problem of observation spillover is potentially more serious
than the problem of control spillover as it can lead to
instability. Hence, a method not requiring modal state
estimation is desired. One such method is direct output
feedback control where the sensors are collocated with the
actuators and a given actuator force is a function of the sensor
output at the same point. The self-sensing piezo actuator is a
perfect candidate for this control method. DVF is a form of
this control method and it stabilizes all vibrational modes.

Figure 8 shows a block diagram of the DVF control sys-
tem. The microactuator, controlled with collocated velocity
feedback giving the strain rate, is unconditionally stable at
all frequencies [4]. With the feedback gain at P = −60, the
transfer function for the phase lead compensator is

Gc(s) = s + 809.1
s + 1.057× 105

. (13)

We implemented real-time DVF on the suspension
assembly. Figure 8 shows the actuator input voltage. The
input voltage of the actuator is rectangular wave at 5 V in
500 Hz. The DVF controlled time response is compared to
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Figure 16: Frequency response of the tip displacement with the PPF
control.

the vibrations of the uncontrolled system (Figure 9). Under
control, suspension assembly vibrations taper off within 0.2
milli seconds of the input signal becoming constant. This is
shown in Figure 10. A 20 dB drop in the energy of the sway
mode accompanied the damping of the vibrations, as shown
in Figures 11 and 12.
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Figure 17: Frequency response of the strain sensor output voltage
with the PPF control.

6. Positive Position Feedback Control

Positive position feedback (PPF) control was first proposed
by Goh and Caughey for collocated sensors and actuators.
Fanson and Caughey later demonstrated PPF control in
space structures. PPF control is done by feeding the struc-
tural coordinate directly to compensator where a positive
gain is applied before the signal is sent back to the structure.
PPF offers quick damping of a particular mode provided
the modal characteristics are known. The scalar equation
governing a single mode of the vibration of a structure and
the PPF controller is

PPF filter = ωf
2

s2 + 2σ f ω f s + ωf
2

, (14)

where the natural frequency and the damping ratio of the
compensator are ωf = 7.3 [kHz], σ f = 0.2, respectively. The
frequency ωf = 7.3 [kHz] is slightly lower than the target
frequency [12]. A block diagram of the PPF control system
appears in Figure 13. It was implemented using the same
experiment setup described in Section 4. The mode targeted
for control was the sway mode (S) at 9.2 kHz. The control
was done in real time with a sampling period of 0.01 mil-
liseconds. Figure 14 shows the uncontrolled and controlled
vibrations of the suspension assembly for comparison. Under
PPF control, the vibrations damp out within 0.3 milliseconds
of the input signal becoming constant. The sensor output
from 0 to 2 milliseconds is shown in Figure 15. Under active
control, the energy of vibrations drops by 15 dB. PPF control
damps down vibrations slightly faster than DVF control.
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With PPF control, maximum damping is achieved when the
controller is tuned to the natural frequency of the structure
(Figures 16 and 17). As a counterexample, under PPF, the
frequency response of tip displacement at 6 kHz increases by
10 dB. However, the power spectrum density comparison in
Figure 18 shows no peak at 6 kHz, implying that PPF control
does not affect vibrations at that frequency.

7. Conclusions

Our experiments successfully demonstrate vibration sup-
pression of a hard drive suspension assembly using signals
from a self-sensing actuator by Direct Velocity Feedback
(DVF) control and Positive Position Feedback (PPF) control.
The self-sensing actuator is a piezoelectric transducer acting
simultaneously as sensor and actuator mounted on the
suspension itself. The sensor generates an estimate of the
strain signal and its derivative. In particular, the DVF method
was able to attenuate the suspension assembly’s dominant
sway mode of vibration by 20 dB. Both DVF and PPF were
successful at damping suspension assembly vibrations. Both
strategies are good enough for use in real hard disk drives.
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This paper compares our analog and digital self-powered systems for vibration suppression, and shows experimental results of
multimodal vibration suppression for both self-powered systems. The experimental results are evaluated in light of the damping
performance and adaptability under various vibrational conditions. We demonstrate various examples of our innovative vibration
suppression method, called “digital self-powered.” Proper status switching of an electric circuit made up of an inductor and a
selective switch connected to a piezoelectric transducer attenuates the vibrations. The control logic calculation and the switching
events are performed with a digital microprocessor that is driven by the electrical energy converted from the mechanical vibration
energy. Therefore, this vibration suppression system runs without any external power supply. The self-powering feature makes
this suppression method useful in various applications. To realize an ideal vibration suppression system that is both self-powered
and effective in suppressing multimode vibration, sophisticated control logic is implemented in the digital microprocessor. We
demonstrate that our digital self-powered system can reduce the vibrational displacements of a randomly excited multimodal
structure, by as much as 35.5%.

1. Introduction

Vibration control methods are roughly categorized into two
groups, that is, active and passive methods [1–4]. Active
vibration control methods usually yield high-performance
vibration suppression [1, 2]. However, active control systems
may become unstable if the control is improperly designed.
In addition, active vibration control systems need an external
energy supply to suppress vibrations. On the other hand,
passive vibration control methods use energy dissipative
mechanisms such as dampers, frictional devices, and electric
resistors [3, 4]. Because passive approaches do not need
an energy supply they are always stable. Passive methods
are easier to implement in actual systems than are the
more complicated active methods, because they do not need
controllers, sensors, or filters. However, in most cases, passive
systems do not provide a satisfactory vibration suppression
performance. In general, the majority of passive systems
suppress vibrations well only in expected situations such as

those regarding natural frequency and temperature. Typical
examples of less robustness of frequency alternation are
mechanically tuned mass dampers and electrical dynamic
vibration absorbers. There are research papers that compare
the performance of semiactive and passive systems [5, 6].

We found a new approach to resolve the dilemma be-
tween active and passive vibration controls in terms of
robustness and suppression performance. The semiactive
method is one of the practical answers both to reduce the
disadvantages of active systems and to maintain the advan-
tages of passive systems. Many studies of semiactive vibration
control methods have been published, and they often use
piezoelectric transducers for vibration suppression [7–14].
Some researchers have studied a semiactive approach to
suppress vibration by using piezoelectric transducers with
switchable circuits [10–14]. Richard et al. [10], Corr and
Clark [11], and Onoda et al. [12] proposed the use of an
inductive circuit. Depending on the circuit components and
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the switching strategies, this approach is called SSDI, LR-
switching, RL-shunt, and others. By shunting the transducer
in short time, the counter electromotive force that is
generated by the inductor and the restored electric charge
due to the piezoelectric effect can invert the polarity of the
charge stored in it. Accordingly, the stored electrical energy in
the transducer is recycled rather than immediately dissipated,
and is often called an energy-recycling semiactive method
[12]. The energy-recycling semiactive vibration control does
not require any external power supply to suppress vibration.
The systems without the need for external energy are quite
useful for various applications [13, 14] in energy shortage
systems and those that require energy saving, such as large
space structures, artificial satellites, and isolated lunar bases,
all of which are vulnerable to facing long periods without
sunlight.

So far, we have developed two types of self-powered
vibration controllers: analog [15] and digital [16]. Both types
of the controllers do not require external energy. In this
paper, we compare our analog [15] and digital self-powered
[16] systems for multimodal vibration suppression from
the viewpoints of damping performance and adaptability to
various vibrational conditions.

2. Problem Statements and Research Objectives

The energy-recycling semiactive vibration control does not
require any external energy to suppress vibrations. However,
switches, switching controllers, and other electric devices
contained in the energy-recycling semiactive vibration con-
trol devices consume electrical energy. To avoid external
power supply, we did not make use of the above devices
in the vibration suppression system. Thus, an analog self-
powered system using the semiactive technique [15, 17, 18]
has been proposed. The “analog self-powered” system is the
simplest type among self-powered vibration controllers. This
system requires neither an external power supply nor an
external control authority. However, analog circuit systems
are very awkward in practice and not at all programmable.
If the parameters need changing due to system alternations,
analog systems cannot deal with such requests. Therefore,
to solve the awkwardness and inflexibility issues associated
with analog self-powered systems, we investigated “digital
self-powered” systems for sophisticated vibration control.
Single degree of freedom (SDOF) structural vibration sup-
pression experiments using our “digital self-powered” system
indicated that the vibration magnitude dramatically reduced
by as much as 79.7% [16]. Moreover, we have attempted to
apply our “digital self-powered” system to multimodal struc-
tural vibration suppression.

Here, we revealed the experimental performance effec-
tiveness of our proposed analog and digital self-powered sys-
tems for multimodal structural vibration suppression con-
trol. First, we describe the energy-recycling, semiactive
mechanism (switching method for semiactive vibration sup-
pression and the equations of motion for a multimodal struc-
ture). Next, an explanation of our self-powered systems is
presented. Finally, experimental results are demonstrated in

Mass
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Piezoelectric
transducer

R

L

Point 1

Cp
+Q

−Q
Point 2

Diode

Va

Vp

x1

Figure 1: SDOF system with switching circuit for energy-recycling.

terms of damping performance under multimodal vibration
excitation.

3. Theoretical Analysis

3.1. Switching Method for Semiactive Vibration Suppression.
This section shows the basic idea of the energy-recycling
semiactive mechanism that has been reported in [10–12].
However, for a better understanding, a brief explanation is
presented using the simple SDOF system shown in Figure 1.
The system is composed of a mass, support structures, a
piezoelectric transducer, and a switchable inductive circuit.
The linear characteristic of the piezoelectric transducer [19]
is written as

fp = kpx1 − bpQ, (1)

Vp = −bpx1 +
Q

Cp
, (2)

where fp is the applied force, x1 is the elongation of the
piezoelectric transducer, Q is the electric charge stored in the
transducer, Vp is the piezoelectric voltage across two electric
terminals, Cp is the constant-elongation piezoelectric capac-
itance, and bp is the piezoelectric constant. The piezoelectric
transducer is modeled with a voltage generator Va and a
capacitor Cp. Here, let us assume that the SDOF system with
natural frequency ω is vibrating as

x1 = A sin(ωt). (3)

Active controls can freely change the value of Q for vibra-
tion control. The optimal control charge (defined as QT) is
derived from active control schemes. For instance, the direct
velocity feedback control [20] stipulates the control input as

QT = −F dx1

dt
, (4)
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where F is the feedback gain.
In contrast to the abovementioned active controls, our

switching system (Figure 1) has only a selective switch to
change its electrical state. This is the semiactive method
that does not have an external power source and cannot
change the value of Q as expected. Our switching logic is
that the selective switch is connected to point 1 or 2 to make
the polarity of Q the same as that of QT . The switching logic
[12] is written as follows

when QT < 0, change the switch into point 1,

when QT ≥ 0, change the switch into point 2.
(5)

We assume that Q is zero at t = 0. Equations (1) and
(2) indicate that Vp is negative when x1 is positive and Q
is zero. While the switch is positioned at point 1, the diode
at point 1 prevents the electric current from flowing in the
circuit. Consequently x1 and Q are zero, and Vp is −bpA just
before turning the switch at t = π/(2ω). After the switch
is connected to point 2 at t = π/(2ω), the electric current
flows in the inductive circuit. The governing equation of the
electric circuit while the current flows is expressed as

LQ̈ + RQ̇ +
Q

Cp
= bpx1, (6)

where ω
√
LCp � 1 according to study [12]. We also assume

that the electric current stops flowing in a much shorter time
than the period of the mechanical vibration. Thus, x1 can be
thought to remain equal to A during current flow. The values
of Q and Vp just after the current stops flowing are

Q = CpbpA
(

1 + e−ζπ
)

, Vp = bpAe
−ζπ ,

ζ ≡ R

2

√
Cp

L
.

(7)

x1 and Vp and Q remain constant, because the diodes
prevent the current from flowing. At t = (3π)/(2ω), x1

changes to −A and Vp becomes

Vp = bpAe
−ζπ + 2bpA. (8)

At this moment, the switch is turned to point 1 according
to the control logic (5), and the current starts to flow. After
the current flow stops due to the diode at point 1, Q and Vp

are

Q = −CpbpA
(

1 + 2e−ζπ + e−2ζπ
)

,

Vp = −bpA
(

2e−ζπ + e−2ζπ
)
.

(9)

After many repetitions of switching, the values of Q and peak
voltage converge to

|Q| = CpbpA
1 + γ

1− γ
, |VPeak| = bpA

(
1 + γ

1− γ
+ 1

)

,

γ ≡ e−ζπ .

(10)

Similarly, the dissipated energy ED for one cycle is

ED = 4Cpb
2
p A

2 1 + γ

1− γ
. (11)

The parameter γ is in direct correlation to the dissipated
energy and is called the voltage inversion coefficient. It is
defined in [13] as the ratio of voltages after and before the
voltage inversion.

4. Equation of Motion of the Multimodal
Structure and Controller

For deriving the generalized equations, let us consider an
l-DOF structure with piezoelectric transducers. The equa-
tion of motion for the structure with piezoelectric transduc-
ers [12] can be written as

M�̈u + D�̇u + K�u = Bp�Q + �w. (12)

To express (2) in vector-matrix form, we transform the scalar
equation to

�Vp = −BT
p�u + C−1

p
�Q. (13)

In modal coordinates, the equation of motion is expressed as

�̈ξ + Ξ�̇ξ + Ω�ξ = ΦTBp�Q + ΦT �w, (14)

and the voltage equation is written as

�Vp = −BT
pΦ
�ξ + C−1

p
�Q, (15)

where

Φ ≡ [φ1,φ2, . . . ,φl
]
, Ω ≡ diagonal

[
ω2
k

]
, (16)

Ξ ≡ diagonal[2ζωk], (1 ≤ k ≤ l). (17)

Then, (14) and (15) can be transformed into

�̇z = A�z + B�Q + E�w, (18)

�Vp = C�z + D�Q, (19)

where

�z ≡
[
�ξ
T

, �̇ξ
T
]T

, A ≡
[

0 I
−Ω −Ξ

]

, B ≡
[

0
ΦT Bp

]

,

C ≡
[
−BT

p Φ 0
]

, D ≡ C−1
p , E ≡

[
0
ΦT

]

.

(20)

If �Q in (18) is regarded as an active control input, the linear
quadratic regulator (LQR) control theory [21] specifies that
the performance index

J ≡
∫∞

0

(
�z T

W1�z + �Q T
W2�Q

)
dt (21)
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is minimized by

�Q = �QT ≡ −F�z, (22)

where

F ≡ W−1
2 BTP1. (23)

Here, W1 and W2 are weighting matrices, and P1 is a
positive solution of

P1BW−1
2 BTP1 − ATP1 − P1A−W1 = 0. (24)

The vector �QT is an evolved form of the simple scalar

in (4). While �QT can handle multiple transducer systems,
the simple scalar form QT can handle only single-transducer
system.

5. Experimental Configuration

5.1. Mechanical Experimental System. A view of the me-
chanical experiment system is shown in Figures 2 and 3.
The mechanical experimental system consists of two masses,
a pantograph-type displacement-magnification mechanism,
a piezoelectric transducer (PSt 1000/10/200-VS18, Pie-
zomechanik GmbH), piezoelectric sensors, two cantilevered
beams, a vibration shaker, and an experimental platform.
The displacement-magnification mechanism, attached to the
upper beam and upper side of the platform, is used to
amplify the displacement.

Figure 4 shows the electrical circuits of the self-powered
system. The piezoelectric transducer is connected to the an-
alog self-powered electrical device or the digital self-powered
electric device. One piezoelectric sensor is attached to the
base of the upper beam. Additional measuring instruments
(a laser displacement sensor and load cell) are arranged
around the system. These measuring instruments are used
only for recording and not for the semiactive feedback con-
trol. For the purpose of effective analysis, an equivalent two-
DOF spring-mass model is constructed for the experimental
system. The natural frequencies of the first and second modes
at constant electric charge are 20.3 and 36.6 Hz, respectively.
A detailed description of the experimental setup is given in
our previous paper [16].

5.2. Electric Experimental System. The electrical circuit of the
proposed analog self-powered system is shown in Figure 5.
This circuit is designed with one energy-recycling section and
two peak detection sections. The energy-recycling section
has a piezoelectric transducer, inductors, and thyristors. The
thyristors work as both a switch and a diode. The peak
detection section finds the peak voltage of the piezoelectric
transducer.

When the voltage across the piezoelectric transducer Vp

reaches the maximum and starts to decrease, the program-
mable unijunction transistor PUT1 is automatically turned
on, and the charge stored in capacitor C1 flows through the
thyristor SCR1 as its gate current. As a result, the thyristor
is turned on, and the charge stored in the capacitor of
the piezoelectric transducer Cp flows through the inductor.
Because the thyristor prevents the electric current from
flowing in the opposite direction, this turning on of the
thyristor is equivalent to turning the switch in Figure 1
to point 1. Conversely, when the value of Vp reaches the
minimum and starts to increase, PUT2 is turned on, and
subsequently, SCR2 is turned on. This action is equivalent
to turning the switch in Figure 1 to point 2. As a result, this
analog circuit turns the switch in Figure 1 to point 1 when Vp

is approximately the maximum, and turns the switch to point
2 when Vp is approximately the minimum. This is equivalent
to the switching logic proposed and studied by Richard et al.
[10]. This is the simplest design of a self-powered vibration
suppression system. However, it is not practical to realize the
switching logic for handling a multiple input multiple output
(MIMO) system.

Figure 6 shows a diagram of the energy flow and control
stream of our digital self-powered system. The energy-
harvesting section, comprising four connected diodes, can
supply the harvested energy to the digital processor. The
energy harvester, with a storage capacitor CS, is connected to
the piezoelectric transducer to collect vibration energy. The
circuit harvests electrical energy in a piezoelectric transducer
attached to the vibrating structure, and it supplies energy
to the energy harvester and sends the collected energy to
the microprocessor. The piezoelectric sensor is attached to
the structure and outputs a voltage that is proportional
to the upper mass’s displacement. It is connected to the
analog/digital (A/D) port of the digital processor. All the
necessary functions for switching control are built into the
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digital processor. First, the digital processor activates using
the power supplied energy-harvesting section. Second, it
collects data pertaining to the structural vibrations from the
piezoelectric sensor. Third, it calculates the modal estimation
using the Kalman filter. Fourth, it calculates the switching
criteria. Fifth, it activates the switch to inverse the voltage
polarity of the piezoelectric transducer when the switching
criteria polarity shifts. Finally, it monitors the transducer
with the shifted voltage polarity that works a transducer to
suppress structural vibrations. All of these steps are carried
out at 0.5-millisecond intervals.

6. Experimental Results

This paper describes three types of vibration suppression
experiments using our self-powered systems. Both self-pow-
ered systems presented in this paper utilize the same ontroller

and observer designs described in our previous papers [15,
16].

6.1. Multimodal Sinusoidal Excitation. In this section, we
carried out multimodal sinusoidal vibration suppression ex-
periments using our analog and digital self-powered systems.
A function generator creates an input voltage wave and sends
it to the vibration shaker. The input wave for the vibration
excitation is

α sin(ω1t) +
11
7

(1− α) sin(ω2t), (25)

where ω1 and ω2 are the angular frequencies of the first
and second modes, respectively. α is the modal combination
parameter. The excitation with α = 1 means the sinusoidal
excitation with frequency ω1 of the first mode, and the
excitation with α = 0 means the sinusoidal excitation with
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frequency ω2 of the second mode. The coefficient of the
second mode was determined, so that the first and second
modal vibrations had the same displacement level.

The comparison between the multimodal sinusoidal
excitation experiments with the analog and digital self-
powered control systems is shown in Figure 7. The horizontal
scale is the multimodal combination parameter, and the
vertical scale is the ratio value of the mean square of the
combined displacements of masses 1 and 2, divided by the
input vibration power. These ratio values are normalized
by the value of the no control case. This figure indicates
that our digital self-powered control system can suppress all
complicated vibrations. In contrast, our analog self-powered
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Figure 8: Experimental result of displacements under impulsive
excitation with digital self-powered control.

control system is less effective when the combination of
the two modes is around 0.4 < α < 0.7. This confirms
that for suppressing complicated vibrations such as 2-mode
vibrations, the digital self-powered system is better than the
analog self-powered system.

6.2. Impulsive Excitation. We carried out impulse excitation
experiments using our analog and digital self-powered sys-
tems. The impulse force was applied to mass 2 by an impulse
hammer.

Figure 8 shows the displacements of the masses and the
switching signal. The top of Figure 8 shows the displacements
of masses 1 and 2 with no control. The middle of Figure 8
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shows the displacements of masses 1 and 2 with digital self-
powered control. The bottom of Figure 8 shows the signal
voltage of the selective switch. Just after 0.035 seconds of
input force, our digital self-powered system started the vibra-
tion suppression. At 0.5 s, the magnitude of displacement 2
reduced from 0.215 mm to 0.021 mm, a reduction of 90.4%.
These figures indicate that our digital self-powered system
has a quick response and can therefore handle impulse
dynamics.

Figure 9 shows the comparison between the impulse ex-
citation experimental results of analog and digital self-
powered control systems. The horizontal scale is time, and
the vertical scale is the root mean square of the combined
displacements of masses 1 and 2. During the early period
(from 0 to 0.3 s), the analog self-powered system is more
effective in vibration suppression than the digital one. This

is quite natural because the digital self-powered system must
only store some amount of electrical energy in the storage
capacitor until the microprocessor enters the wake-up mode.
However, overall, the suppression performances of both
analog and digital controls are almost equivalent even for
impulsive disturbances.

6.3. Random Excitation. In this section, we carried out
random vibration suppression experiments using our analog
and digital self-powered systems. A function generator
creates an input voltage wave and sends it to the vibration
shaker. The input wave for random vibration excitation is
kept constant in the power spectral density (PSD) value, from
10 to 50 Hz.

Figure 10 shows the comparison of the PSD displace-
ments of masses 1 and 2 under random excitation. The
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excitation.

horizontal scale is the frequency, and the vertical scale is the
PSD of the displacement. The upper left side of Figure 10
shows the PSD value with analog self-powered control. The
upper center of Figure 10 shows the PSD value with digital
self-powered control. The upper right side of Figure 10 shows
the PSD value with digital powered control. The lower part
of Figure 10 shows the PSD value with no control. Unlike
our self-powered systems, a digital powered system uses
an external power supply for driving the digital processor.
These figures indicated that the analog self-powered system
could not suppress the first mode. However, the digital self-
powered system significantly reduced all modal amplitudes.

Figure 11 shows the comparison of the root mean
square of the combined displacements of masses 1 and 2.
The experimental results demonstrate that the analog self-
powered system reduced the root mean square by 27.6%,
the digital self-powered system reduced it by 35.5%, and the
digital powered system reduced it by 40.7%. The damping
performance of the digital powered system was the most
effective. This is quite natural because the digital powered
system does not require an energy-harvesting section for
driving the digital processor. Thus, these experimental results
indicate that the lower the required harvested energy is, the
better the damping performance of the digital self-powered
system is.

7. Conclusions

This paper compared two types (i.e., analog and digital)
of self-powered vibration suppression systems by using an
energy recycling semiactive method with a piezoelectric
transducer. These self-powered systems do not need an
external power supply. The analog system comprises only
analog electric devices whereas the digital system comprises
an electric circuit with a programmable microprocessor.

We carried out several kinds of vibration suppression
experiments using our proposed self-powered systems. These
experiments clearly indicate that our self-powered systems
yield a highly effective damping performance. Furthermore,
we demonstrated that the digital self-powered system has

significant advantages over the analog system in dealing
with multimodal vibrations. These systems are useful for
various applications where energy-saving or energy-shortage
concerns exist, such as large-space structures, artificial satel-
lites, and isolated lunar bases, which are all exposed to long
periods of no sunlight.
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One of the major problems occurring in many technical applications is the presence of the hysteretic behavior in sensors
and actuators, which causes a nonlinear relationship between input and output variables in such devices. Since the nonlinear
phenomenon of hysteresis degrades the performance of the piezoelectric materials and piezoelectric drive mechanisms, for
example, in positioning control framework, it has to be characterized in order to mitigate the effect of the nonlinearity in
the devices. This paper is aimed to characterize and model the hysteresis in typical piezoelectric actuators under load-free and
preloaded circumstances incorporating the inertial effect of the system. For this purpose, the piezoelectric actuator is modeled as a
mass-spring-damper system, which is expressed in terms of a stop operator as one of the essential yet efficient hysteresis operators
in the Prandtl-Ishlinskii (PI) model. The reason of utilizing the stop operator in this study is for the sake of control purposes, as
the stop operator plays as the inverse of the play operator in the PI model and can be used in a feed-forward controller scheme to
suppress the effect of hysteresis in general control framework. The results reveal that this model exhibits better correspondence to
the measurement output compared to that of the classical PI model.

1. Introduction

Hysteresis is a nonlinear phenomenon that occurs in some
types of materials such as piezoceramics, shape-memory
alloys, and magnetostrictive actuators. The word “hysteresis”
refers to systems that have memory such that similar loops
are repeated in each cycle of operation in every dynamical
system and, after removal of the force or electrical field,
the system does not return to its original location. In this
phenomenon, the current output depends also on the history
of the input.

The effect of hysteresis nonlinearity can be neglected in
some systems. In contrast, ignoring this phenomenon in
other types of systems that possess severe hysteresis might
create undesirable consequences such as inaccuracy in open
loop system, limit cycle, degradation of the tracking perfor-
mance, and even instability of closed loop system.

To overcome this challenge, some mathematical models,
for example, the Preisach model and the PI model, have been
proposed to capture the effect of hysteresis in any mechanical

systems. Utilization of the PI model is addressed in many
works to characterize the hysteresis due to its simplicity
compared to the Preisach model. Wang et al. [1] utilized
the classical PI model and neural network approximator
to design a robust adaptive control, which ensures that
the tracking error is bounded in the presence of unknown
hysteresis in a closed-loop system. The generalized PI is
proposed for modeling an asymmetric hysteresis in piezoce-
ramic actuators, where a linear function is defined to modify
the threshold of the play operator of the model [2]. Krejci
and Kuhnen [3] presented a new method of constructing
the inverse of the hysteresis model in an analytical form
for the system with hysteresis and creep and used the
proposed model in a feed-forward controller to mitigate
the nonlinearity arisen from the hysteresis. Al Janaideh et
al. [4] presented a method to construct the inverse of the
generalized PI model to be used in a feed-forward loop
cascaded with an adaptive controller to reduce the effect of
hysteresis in a piezoelectric actuator, and in another paper,
they utilized the generalized PI model to design a robust
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sliding mode controller to ensure the system stability for
smart actuators [5]. A new strategy is introduced by Chen
[6] to fuse the PI model with adaptive control techniques,
which enhances the global stability of the system.

Various rate-dependent PI models have been proposed
to capture the hysteresis in different rate of input or different
frequency values of input applied to the piezoelectric actu-
ators. Al Janaideh et al. [7] proposed a new rate-dependent
PI model, which utilized logarithmic threshold value and
density function in the play operator to characterize the
hysteresis of a piezoelectric actuator under dynamically
varying input up to 200 Hz. In the paper, they also char-
acterized the hysteresis of a piezoelectric actuator up to
500 Hz and showed that the hysteresis loop gets larger at
higher frequencies as well as it generates lower displacement
as the frequency is increasing [8]. Kuhnen and Janocha
[9] developed a modified PI model to characterize the
complex hysteresis in actuators and sensors and presented
the inverse of this model in an analytical form. Ang et
al. [10] proposed the hysteresis model at low frequencies
up to 50 Hz and utilized a linear function relating the
slope of the hysteresis loop to input rate applied to the
actuator. Subsequently, an advanced model was proposed
to characterize the nonlinearity in a piezoelectric actuator
under ill-conditioned hysteresis [11]. An adaptive controller
was designed to capture the nonlinear effects of the giant
magnetostrictive actuator using the PI model to compensate
for the hysteresis which was reported by Wang et al. [12].
Goldfarb and Celanovic [13] proposed a rate-independent
generalized Maxwell-Slip model for force and positioning
control of microrobotic systems. Quant et al. [14] pro-
posed a nonlinear Maxwell-Slip-based model to replace the
linear constitutive equations of piezoelectric actuators to

Figure 3: Configuration of the experimental setup.

make a comparison between two models. A Maxwell-Slip-
based model was proposed to capture the hysteresis in
piezoelectric actuator, and the parameters of this model
were identified by the linear programming method [15].
Three fitness functions were proposed in terms of the Bouc-
Wen model including mass-spring-damper characteristics of
piezoelectric actuator, and these functions were minimized
using the genetic algorithm method [16]. In other study,
piezoelectric actuator was employed as Impact Drive Mech-
anism, and its model was constructed assuming the system
as a spring-mass-damper system, where nonlinearity was
modeled using the Bouc-Wen model, and finally the param-
eters of this system were identified by an adaptive method
[17].

In this study, an inertial-dependent model is proposed to
overcome the large amount of errors imposed in the mod-
eling with the classical PI model, in particular in capturing
the hysteresis at high frequencies as well as high amplitudes
of inputs applied to a piezoelectric actuator under load-free
and preloaded conditions. As a rate-independent model, it is
able to capture the hysteresis at different input magnitudes
and frequencies even in the presence of preloading force.

2. Classical Prandtl-Ishlinskii (PI) Model

One of the well-known operator-based models, which are
used to characterize the hysteresis in piezoceramics and other
types of materials, is the classical PI model that utilizes two
essential hysteresis operators, namely, the play operator and
the stop operator.

2.1. Stop Operator. The rate-independent stop operator is
illustrated in Figure 1. Conceptually, this operator deter-
mines the linear stress-strain (w-v) relationship as in the
Hook’s law, when the stress is less than the yield stress, r
[7]. In analytical form, assume that Cm[0, tE] is the space of
piecewise monotone continuous functions, a function er :
R → R is defined by

er(v) = min(r, max(−r, v)) (1)
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Figure 4: Width and slope of the hysteresis curve at different frequencies and input amplitudes for load-free piezoelectric actuator.

with r ≥ 0. For any input v(t) ∈ Cm[0, tE] and any initial
value ω−1 ∈ R, the stop operator Er can be expressed by the
following definition:

Er[v;ω−1](0) = er(v(0)− ω−1),

Er[v;ω−1](t) = er(v(t)− v(ti) + Er[v;ω−1](ti)),

for ti < t ≤ ti+1, 0 < i ≤ N − 1,

(2)

where 0 = t0 < t1 < · · · < tN = tE is a part of [0, tE], such
that the function v is monotone on each of the subintervals
[ti, ti+1].

2.2. Play Operator. The rate-independent play operator is
illustrated in Figure 2. This operator implies the reciprocat-
ing motion of a piston inside a cylinder with length 2r, where
the instantaneous position of center of piston is defined by
v and ω as input and output subsequently [7]. In analytical
form, for any input v(t) ∈ Cm[0, tE] and r ≥ 0, the play
operator is inductively defined by

Fr[v;ω−1](0) = fr(v(0)− ω−1),

Fr[v;ω−1](t) = fr(v(t),Fr[v;ω−1](ti)),

for ti < t ≤ ti+1, 0 < i ≤ N − 1,

(3)

where

fr(v,ω) = max(v − r, min(v,ω)) (4)

ω−1 defines the initial state at time t = 0.

3. Inertial-Dependent Prandtl-Ishlinskii
(PI) Model

In order to determine the dynamic characteristics of the
piezoelectric actuators, the linear constitutive equation has

been proposed [18]. A piezoelectric element can be repre-
sented by an element with electrical and mechanical gates
in linear form, which is expressed mathematically in (5)
disregarding the presence of any nonlinear effects

T = CES− eE. (5)

Since this equation is not involved in the nonlinear phe-
nomenon of hysteresis, it is required to model the nonlinear
characteristics of the piezoelectric actuator. For practical
applications, engineering variables such as force, speed, elec-
trical current, and voltage are required. In order to simplify
the analysis, the strain, S, stress, T , and electrical field, E in
(5) are substituted by measurable counterparts, namely, the
displacement, x, force, F, and voltage, U , as shown in

F = A ·U + Zx. (6)

Consequently, the constitutive equation can be transformed
into the Laplace domain as presented in (7), where Z repre-
sents the mechanical impedance, m is the equivalent mass
of the piezoceramic, c is the damping factor, and k is the
stiffness of the piezoelectric actuator

Z = ms2 + cs + k. (7)

Intuitively, in this model, the piezoelectric actuator is as-
sumed as a mass-spring-damper system. Based on this as-
sumption, basic equation of motion for such systems can
be written incorporating with the PI model to take into
account the both linear and nonlinear characteristics of the
piezoelectric actuator. As a result, the following relationships
are proposed in terms of two essential operators of the PI
model, namely, the play operator:

X = α ·V + β · FP·L −meq
d2 fP·O(V)

dt2
− ceq

dfP·O(V)
dt

,

(8)
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Figure 5: Width and slope of the hysteresis curve at different frequencies and input amplitudes for preloaded piezoelectric actuator.
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Figure 6: Asymmetric hysteresis curve at different frequencies and input amplitudes for load-free piezoelectric actuator.

and inversely in the stop operator, it can be expressed as

fS·O(X) = β · FP·L −meq
d2X

dt2
− ceq

dX

dt
− keqX , (9)

wheremeq, ceq, and keq are the equivalent mass, damping, and
stiffness factors, respectively. FP·L stands for the preloading
force when the piezoelectric actuator is exposed to the
preloading condition, which in turn involves two terms of
external force and stiffness of the preloading devices which
are expressed by FP·L = Fext + Keq, ext · x. In (8) and (9),
V represents the input voltage applied to the piezoelectric
actuator as the input of the play operator and X represents
the desired displacement of the actuator as the input of the
stop operator. α and β stand as correction coefficients of the
input voltage in the play operator and the preloading force
FP·L, respectively. fS·O(X) and fP·O(V) are subsequently the
output of the stop operator and the play operator.

This model takes into consideration two important terms
of inertial and damping effects which are shown by meqẌ
and ceqẊ . In the sense of frequency response, these two terms
are expressed by meqω2X and ceqωX . As a result, these terms
are function of frequency, and they vary with variations of
the input frequency. Due to this characteristic, the modeling
of the hysteresis in piezoelectric actuators is expected to
perform better compared to that with the classical PI model.

4. Experimental Set Up

A dedicated set up was built to characterize a piezoelectric
actuator experimentally. In this work, the piezoceramic
actuator (P-887.90, from PHYSIK Instrument Co.) was used.
This actuator provides maximum displacement of 36 ±
10%μm at maximum applied voltage of 120 V. The PZT
actuator is driven using a power amplifier (E.663, PHYSIK
Instrument Co.), which multiplies any input voltage by gain
10 and sends it to the piezoelectric actuator. A capacitive

sensor (CS1, Micro-Epsilon Co. with resolution of 0.75 nm
and operating temperature range of −50◦C to 200◦C) was
utilized to measure the displacement of PZT actuator in
terms of voltage (see Figure 3).

5. Experimental Results

In order to characterize the hysteretic behavior of the
piezoelectric actuator, two sets of sinusoidal inputs for low-
amplitude voltage signal (20 V amplitude with 20 V bias)
and high-amplitude voltage signal (40 V amplitude with 40 V
bias) were applied to the piezoelectric actuator in load-
free and preloading conditions. These sets of input signals
were applied at varying frequency ranging from 10 Hz to
200 Hz and different preloading forces of 4 N, 8 N, and 12 N.
The reason of selecting different amplitudes besides different
frequencies is to analyze the hysteresis characteristic in the
piezoelectric actuator in terms of amplitude and frequency
variations. Different preload condition on the piezoelectric
actuator is also expected to affect the hysteresis character-
istics. This motivates the experiment to be conducted at
different preloading forces.

Applying two sets of low-amplitude and high-amplitude
inputs at different frequencies besides different values of
preloading force implies three important aspects in the
hysteretic behavior. The first thing, which is observed from
this experiment, is attributed to the rate dependency of the
hysteresis curve; that is, when the rate of the input voltage is
increased, the width of the hysteresis curve is also increasing.
Figure 4 shows that the maximum width of the hysteresis
at frequency of 200 Hz with low input voltage has become
3.57 times as that of the hysteresis curve at frequency of
10 Hz with the same amount of voltage amplitude. For
high amplitude voltage, the width of the hysteresis curve
at frequency of 200 Hz has grown up to 4.3 times higher
than that of the hysteresis width at frequency of 10 Hz. The
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Figure 7: Continued.
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Figure 8: Continued.
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Figure 8: The results of modeling with the classical PI for preloaded piezoelectric actuator under 12 N force, for different input voltage and
frequency: (a) 40 V and 10 Hz, (b) 80 V and 10 Hz, (c) 40 V and 25 Hz, and (d) 80 V and 25 Hz.

results also show that the maximum width of hysteresis curve
is expanded when the magnitude of the applied voltage is
increased.

Figure 5 shows the hysteresis obtained from the experi-
ments to characterize the properties of the piezoelectric actu-
ator under preloading condition at three different preloading
forces applied to the piezoceramic. From the experiment
results using two input signals, the most important thing
that can be concluded is that the expansion of the hysteresis
curve corresponds to the preloading force. For the case with
an input voltage of 40 V and frequency of 200 Hz, the width
of the hysteresis is expanded 1.06 times from preloading
force of 4 N to preloading force of 12 N. In the case with
the input voltage of 80 V and frequency of 200 Hz, this val-
ue has shifted up to 1.11 times under preloading force of
4 N in comparison with the preloading force of 12 N. This
characterization shows that the intensity of hysteresis is
increasing with the preloading forces, and consequently the
quantity of maximum displacement of the actuator is also
decreasing with increasing preloading force.

The second finding of this experiment is regarding the
relationship between the maximum stroke of the actuator
and maximum input voltage applied to the actuator. For
the case of 40 V input, the maximum stroke of 10.12 μm
is obtained at frequency of 10 Hz, and maximum stroke of
9.454 μm is obtained at frequency of 200 Hz. For the case
of 80 V input, different values are acquired; meanwhile, the
difference between the lowest and the highest stroke of the
actuator at frequency of 10 Hz and 200 Hz is larger than that
of the case in the 40 V input. These values are subsequently
21.57 μm and 13.81 μm for frequencies of 10 Hz and 200 Hz.
The same phenomenon is also observed under the preloading
condition.

The third finding observed from this experiment is re-
garding a tight relationship between amplitude and fre-

quency in one hand and asymmetrical hysteresis shape and
high slope of the hysteresis curve in the other hand. As
illustrated in Figures 5 and 6, if the amplitude of the input
voltage is increased, the asymmetric hysteresis curve will
be formed at low frequencies as compared to application
of the low amplitude input, and the slope of the hysteresis
curve is also increasing. In the case of the input voltage
with magnitude of 80 V, the asymmetric hysteresis curve
is obtained at frequency of 125 Hz, while the asymmetric
hysteresis is observed at 250 Hz for the lower input amplitude
of 40 V.

6. Modeling Results

In order to capture the symmetrical hysteresis shapes, which
are recorded up to 200 Hz with low-amplitude and high-
amplitude voltages, a stop operator was utilized. As described
in Section 2, a stop operator plays a role as the inverse of
the play operator. The implementation of the stop operator
instead of the play operator enables us to use the PI model
in a feed-forward loop for positioning control purposes so
that it can generate the required control input upon a desired
displacement commanded to the control system.

The classical PI model was implemented to characterize
the hysteresis in the piezoelectric actuator by utilizing four
classical stop operators, in the cases, where the symmetric
hysteresis curve takes place. This modeling approach is
parameterized by four threshold values of r and multi-
pliers of w, where r adjusts the width and height of the
hysteresis and w adjusts the slope of the hysteresis curve
correspondingly. These parameters are optimized upon the
minimization of the following cost function:

J =
n∑

i=1

(
yS·O − ym

)2, (10)
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Figure 9: Continued.
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Figure 9: The results of modeling with Inertial-dependent PI for load-free actuator with different input voltage and frequency: (a) 40 V and
10 Hz, (b) 80 V and 10 Hz, (c) 40 V and 200 Hz, and (d) 80 V and 200 Hz.

where yS·O is the output of the stop operator in PI model
and ym is the actual output which was measured from the
experiment and n is the number of samples. The error min-
imization problem was solved using the MATLAB optimiza-
tion toolbox.

As can be seen in Figures 7 and 8 the classical PI model is
not capturing the hysteresis pattern satisfactorily, in partic-
ular at high frequencies for both cases of the unloaded and
preloaded actuator.

In order to overcome the problem, as discussed in the
previous section, the inertial-dependent model is intro-
duced, where two important dynamic terms of inertial and
damping effects, which are stated by meqẌ and ceqẊ , are
taken into account. In the sense of frequency response, these
two terms are expressed by meqω2X and ceqωX . Intuitively,
the physical aspect of the actuator will also manifest itself in
the dynamics of the system. The classical PI model cannot be
used solely in characterizing the hysteresis properties of the
material. In Figures 7(a) to 7(f), it is shown that the classical
PI model cannot capture the hysteresis pattern especially
at the turning points, where the major lag occurs between
the applied electrical field and actuator displacement. At
these points, the PI model generates sharp turning points
due to the absence of inertial and damping effects. In
order to tackle this discrepancy, inertial-dependent model is
implemented to capture the turning points as well as other
points of the hysteresis curve with considerable reduction
of error as illustrated in Figures 9(a)–9(d). In these figures,
the results of simulation from the inertial-dependent PI
model are displayed, where the amount of error between the
measured output and the output of the inertial-dependent PI
is significantly reduced compared to that from the classical PI
model.

One of the interesting points appears from the char-
acterization of the hysteresis at frequency of 200 Hz with

high-amplitude voltage, where the hysteresis curve starts
to skew resulting in an asymmetrical hysteresis. The error
in this case seems to be larger compared to the cases at
lower frequencies (see Figure 9(d)), which implies that the
asymmetric hysteresis is still not incorporated in this model,
despite the considerable amount of error that has been
reduced in the symmetric hysteresis cases.

Figure 10 shows the identification results using the in-
ertial-dependent PI model for the piezoelectric actuator
under preloading forces of 4 N, 8 N, and 12 N. The first
three panels (Figures 10(a)–10(c)) represent the preloading
cases for the first applied voltage signal (40 V), where the
last three panels are for the case of the second voltage signal
(80 V). It can be concluded that this model is also applicable
to characterize the piezoelectric actuator under preloading
condition with acceptable amount of error by using the
inertial-dependent PI model with the consideration of the
preloading force, FP·L = Fext + Keq, ext · x.

The result shows that the introduction of the inertial
and damping effect to the classical PI model improves the
performance of the model in wide range of operation. As can
be seen in Figures 7 and 8, the error between the measured
output (voltage) and the actual output is increased from
lower frequencies to higher frequencies in the classical PI
model. Also, the quantity of the error for high-amplitude
voltage is larger than the error for the low-amplitude voltage
case. In the inertial-dependent model, not only the amount
of error remains low at different amplitudes, but this amount
also remains low at different frequency values. As a result, it
can be realized that the classical PI model is not capable of
characterization of the hysteresis at wide range of frequency
solely.

On the other hand, from the simulation at different fre-
quencies with different amplitudes in both preloading and
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Figure 10: Continued.
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Figure 10: The results of modeling with the inertial-dependent PI with different input voltage, frequency, and preload: (a) 40 V; 200 Hz; 4 N,
(b) 40 V; 200 Hz; 8 N, (c) 40 V; 200; 12 N, (d) 80 V; 100 Hz; 4 N, (e) 80 V; 100 Hz; 8 N, and (f) 80 V; 100 Hz; 12 N.
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Figure 11: Damping factor variations at different frequencies with different amplitudes (�, low-amplitude voltage, 40 V; •, high-amplitude
voltage, 80 V).

load-free circumstances, the parameter of damping effect is
varying as illustrated in Figure 11. As the amplitude goes to
higher values for both unloading and preloading conditions,
the values of the damping factor shift to the higher values
correspondingly, while the variation of the damping factor
to the frequency is exponentially decreasing. On the other

hand, in each set of the input voltage imposed to the actuator,
the damping factor decreases with increasing the frequency
value. This finding could be considered to be a guideline to
develop an integrated rate and inertial-dependent model of
hysteresis based on the variation of the damping factor versus
frequency.
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7. Conclusion

In this study, the performance of the classical PI model was
evaluated using sets of data which incorporate two different
magnitudes of the input voltage and varying frequency from
10 Hz to 200 Hz for different preloading conditions. It is
shown that the classical Prandtl-Ishlinskii model is unable to
characterize the hysteresis in piezoelectric actuators at wide
range of frequency and amplitude.

In order to tackle this problem, as the physical aspect of
the piezoelectric actuator will manifest itself in the dynamic
behavior, the inertial-dependent PI model is proposed to
capture the hysteresis at different input amplitudes and fre-
quencies. The proposed model exhibits better performance
compared to that of the classical one as implied by the mod-
eling error for wide range of applications. However, moving
toward high-frequency applications, the performance of the
proposed model is degrading. Incorporating the rate-de-
pendent parameters, for example, as presented by Al-Janaid-
eh et al. [8], to the inertial-dependent model is expected to
improve the performance.
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A piezo multilayered stack of height 10 mm is fabricated using 80 µm thick PZT tapes prepared by tape-casting technique. About
120 layers of thin tapes are dried, screen-printed with Pt-electrode paste, stacked, laminated, and then isopressed to obtain a green
multilayered stack. Cofiring of the stack is carried out at 1250◦C for 1 h with very slow heating rate (15◦ per 1 h). The sintered stack
is poled at 2 kV per mm in hot (120◦C) silicone oil bath for 45 minutes, and free displacement and block force were characterized.
The actuator generates free displacement of 10 µm (0.1% strain) and block force of 1427 N at 175 V. In a similar way, a ring-shaped
multilayered PZT stack was fabricated; the displacement was measured to be 8 µm. The ring-type actuator is mainly used for fluid
flow control in space vehicles.

1. Introduction

Piezo actuators/sensors are mainly used for smart appli-
cations because of their (i) fast response time, (ii) high
frequency response, (iii) precession control, (iv) capablity of
generating high block force, and so forth [1]. The sensors
and actuators with appropriate control unit together form
a smart system. Piezo sensors and actuators are used for
various applications such as vibration control of aerospace
structures, development of smart aeroplane wings, propel-
lant flow control in space vehicles, and fuel flow control
in automobile engines. Lead zirconate titanate (PZT) is a
well-known piezo material that produces electric charges on
application of mechanical stress (as sensor) or undergoes
dimensional change when subjected to an electric field (as
actuator) [2–6]. For these properties PZT is frequently used
for fabrication of multilayered actuators. Ring-type actuator
is a special type of actuators exclusively used for flow control
purpose. Weight/size reduction of a space instrument or
subsystem of a space craft is necessary to save enormous
launching cost as well as to increase the mission duration.
The reduction in thrust levels for miniaturized spacecraft
requires very fine propellant flow rates. Solenoid valves
used for flow control are very heavy. Piezo-material-based

microactuators could be best suitable for these applications
due to their precision flow control [7] effected by the gradual
application of voltage and also due to their low weight.

Therefore, in this study, an effort has been made to fabri-
cate PZT multilayered stack and a ring-type actuator by tape
casting technique and block force and displacement were
characterized.

2. Experimental Procedure

2.1. Fabrication of Simple Multilayered (ML) Stack. PZT
stacks were fabricated by tape casting method using in-house
prepared PZT powders [8]. A well-dispersed PZT slurry was
prepared using required amount of PZT powder, organic sol-
vents (methyl ethyl ketone and ethanol), dispersant (Triton),
binder, plasticizers, and so forth, by ball milling for 72 hr. The
slurry was then filtered and cast on a silicon-coated Mylar
sheet using a laboratory tape caster. The thickness of the
green tapes is varied between 20 µm and 200 µm by changing
the parameters such as the clearance of doctor blade, the
casting speed, the viscosity of the slurry. The process flow
sheet for fabrication of ML stack by tape casting technique
is presented in Figure 1.
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Figure 1: Process flow sheet for fabrication of ML stack by tape
casting technique.

The green tapes of thickness 80 µm were dried, cut
into required dimensions, screen-printed with platinum
electrode paste, and dried. The individual layers are then
stacked and laminated one above the other using uniaxial
stacking machine. Following the above procedure, a ML stack
of height 12 mm (green stage) is fabricated. The stack is then
iso-pressed at 30 MPa for 5 min with preheating at 60◦C for
5 min. Binder burnout of the stacks is carried out at 520◦C
for 2 hours with very slow heating rate (15◦ per 1 h). The
cofiring of the stack is done at 1250◦C for 1 h. The stack
is leveled to have parallel surface, finished and electrode,
and two terminals are drawn by soldering the wires. The
photograph of fabricated simple ML stacks is shown in
Figure 2. The stack is then poled at 2 kV/mm in hot (120◦C)
silicone oil bath for 45 minutes, and displacement and block
force were characterized.

2.2. Fabrication of the Ring Actuator

2.2.1. Working Principle. The design of the actuator is mainly
used for the flow control of fluid. The ring portion of the
actuator in inverted position is glued to a substrate. On
application of dc voltage, the active ring stack expands in
upward direction and the middle inactive rod attached to the

Figure 2: Photograph of in house fabricated simple ML stacks.

cap remains as such which produces a gap in between the
substrate and the middle rod and facilitates the flow of fluid.
A schematic diagram for flow control using this actuator is
presented in Figure 3.

2.2.2. Fabrication. The ring-type actuator consists of three
parts: (i) an active PZT ring stack prepared by 70 layers
of annular-shaped (ID = 12 mm, OD = 18 mm) PZT tapes
stacked using platinum as internal electrode, (ii) a central
cylindrical PZT rod of 8.7 mm diameter fabricated using
80 piezo layers, and (iii) the inactive circular base consisting
of 10 piezo layers. The final ring actuator was fabricated by
attaching the central rod and active ring stack to the circular
PZT base such that a gap is maintained to facilitate the
displacement of the active ring actuator. The photograph of
the fabricated actuator is presented in Figure 4. The final
dimensions of the actuator are (i) height: 12 mm, (ii) internal
rod diameter: 8 mm, and (iii) ring diameter: 15.5 mm (outer)
and 9.5 mm (internal).The active region of the stack was
electrode and poled at 2 kV/mm and, the displacement was
measured.

3. Results and Discussions

3.1. Measurement of Displacement and Block Force. The dis-
placement of fabricated simple ML stack and the ring
actuator was measured without application of mechanical
load. The actuator is placed on a plane rigid support on
top of which the tip of the strain gauge is placed with an
initial reading set to zero. A test set-up measurement for
displacement of the PZT stack actuators is presented in
Figure 5.

The terminals of the actuator are connected to appro-
priate terminals of a dc source, and the voltage is gradually
increased. It is observed that the displacement increases with
the increase in voltage and a maximum displacement of
10 µm and 8 µm is measured for simple ML stack and ring
actuator, respectively. The typical plot of the displacement
versus voltage is presented in Figures 6 and 7, respectively.

The simple ML stack is characterized for block force
using a block force measuring unit (Figure 8). The actuator
is placed on top of a force sensor (load cell) inside the
sample holder, and its positive and negative terminals are
properly connected to the respective terminals of the voltage
source. For measurement of block force, a constant prestress
is applied from top of the actuator through 3-4 springs of
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different stiffness. The actuator observes higher force with
the spring having higher stiffness. The values of displacement
and force generated by the actuator for all the springs are
plotted by block force measurement software. It is observed
that a maximum block force of 1427 N is obtained at 175 V.
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Figure 6: Displacement versus voltage graph of simple ML stack.
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Figure 8: Photograph of the block force measurement unit.
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Figure 9: Typical hysteresis curve of fabricated ML stack.

The hysteresis of the PZT stack was also measured using the
same equipment. The hysteresis curve generated for the PZT
stack is shown in Figure 9. It is observed that the remnant
polarization (Pr) and coercive field (Ec) are 804 µC/cm2 and
41 V, respectively.

4. Conclusions

A piezo multilayered stack of height 10 mm is fabricated
using 80 µm thick PZT tapes prepared by tape casting
technique. It generates free displacement of 10 µm (0.1%
strain) and block force of 1427 N at 175 V. The remnant
polarization (Pr) and coercive field (Ec) of the stack are found
to be 804 µC/cm2 and 41 V, respectively. A special type of
ring actuator was fabricated by tape casting technique using
in-house-prepared PZT powder. The displacement of the
actuator was measured to be 8 µm at 350 V. It was observed
that the displacement is almost linear to the applied voltage;
therefore, the precision control of the fluid flow is expected.
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A diamond-shaped amplified piezo actuator (APA) fabricated using six multilayered piezo stacks with maximum displacement
of 173 μm at 175 V and the amplification factor of 4.3. The dynamic characterization of the actuator was carried out at different
frequencies (100 Hz–1 kHz) and at different AC voltages (20 V–40 V). The actuator response over this frequency range was found
neat, without attenuation of the signal. Numerical modeling of multilayered stack actuator was carried out using empirical
equations, and the electromechanical analysis was carried out using ABAQUS software. The block force of the APA was 81 N,
calculated by electromechanical analysis. This is similar to that calculated by dynamic characterization method.

1. Introduction

Lead zirconate titanate (PZT) is a well-known piezo material
that produces electric charges on application of mechanical
stress (as sensor) or undergoes dimensional change when
subjected to an electric field (as actuator) [1–5]. One major
drawback of the piezo materials is the low displacement
of the order of 0.1–0.15% of the total length; therefore,
thick piezo stacks are required even for the moderate-strain
requirements. For high-strain requirements wherein the
requirement of the strain is in few millimeters, simple mul-
tilayer stacks are not suitable. This leads to the development
of the various types of high-strain amplified actuators such
as hydraulic actuator [6–13], Moonie [14] and Cymbal [15],
diamond-shaped actuator, and bow-shaped actuator.

In this study, the details of the fabrication and charac-
terization of a diamond-shaped amplified actuators rare pre-
sented. Numerical modeling of multilayered stack actuator
and amplified actuator is carried out using empirical equa-
tions and the electromechanical analysis using ABAQUS soft-
ware. The values are correlated to the experimental results.

2. Experimental Procedure

2.1. Preparation of PZT Slurry. PZT stacks were fabricated by
tape-casting method using in-house-prepared PZT powders
[16]. A well-dispersed PZT slurry was prepared using re-
quired amount of PZT powder, organic solvents (methyl
ethyl ketone and ethanol), dispersant (Triton), binder, plas-
ticizers, and so forth, by ball milling for 72 hr. An optimized
PZT slurry composition is presented in Table 1. The slurry
was then filtered and cast on a silicon-coated Mylar sheet us-
ing a laboratory tape caster. The thickness of the green tapes
is varied between 20 μm and 200 μm by changing the para-
meters such as the clearance of doctor blade, the casting
speed, and the viscosity of the slurry.

2.2. Fabrication of Multilayered (ML) Stack. The green PZT
tapes of thickness 80 μm were dried, cut into required dimen-
sions, screen-printed with platinum electrode paste, and
dried. The individual layers are then stacked and laminated
one above the other using uniaxial stacking machine. Fol-
lowing the above procedure, 6 numbers of identical ML
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Figure 1: Pictorial representation of fabrication procedure of ML stack.

10 mm

Figure 2: Typical picture of fabricated ML stacks.

Table 1: Typical PZT slurry composition.

Components Amounts (%)

PZT powder 65–70

Dispersant 1.25

Solvent 25

Plasticizer 1.75

Binder 2

stacks of height 14 mm (green stage) are fabricated. All the
stacks are then isopressed at 30 MPa/5 min with preheating
at 60◦C/5 min. Binder burnout of the stacks is carried out
at 520◦C/2 h with very slow heating rate (15◦C/1 h). The
cofiring of the stacks is done at 1250◦C/1 h. The stacks are
leveled to have parallel surfaces, finished, and electrode, and
two terminals are drawn by soldering the wires. A pictorial
representation of fabrication procedure of ML stack is shown
in Figure 1. The stacks are then poled at 2 kV/mm in hot
silicone oil bath for 45 min, and displacement and block force
were characterized. Typical picture of the fabricated ML stack
is shown in Figure 2.

2.3. Fabrication of Al Frame and APA. An aluminium metal
frame of length 60 mm (internal) and height 24 mm (inter-
nal) is fabricated. The inside angle of the frame with its mid-

Figure 3: A typical picture of fabricated diamond-shaped APA.

dle horizontal line is 15◦. All the 6 PZT stacks are then fixed
inside the metal frame using a flange in a prestressed con-
dition. The photograph of fabricated diamond-shaped PZT
actuator is shown in Figure 3. The weight of the APA is 26.5 g.

3. Results and Discussions

3.1. Displacement and Block Force Measurement. The indi-
vidual ML stacks are characterized for displacement and
block force using a block force measuring unit. The actuator
is placed on top of a force sensor (load cell) inside the
sample holder, and its positive and negative terminals are
properly connected to the respective terminals of the voltage
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Figure 7: Test setup for voltage and frequency characterization of
the APA.

source. Displacement of the actuator is measured by a highly
sensitive laser interferometer. For measurement of block
force, the actuator is prestressed by selecting a suitable spr-
ing of specific stiffness. The displacement and the force gene-
rated by the actuator for different springs are plotted. The
software calculates a linear fit for these points. The block
force is determined from the intersection points of the line on
X-axis, and the free displacement is measured from its inter-
section on Y-axis. The graph of displacement versus force is
shown in Figure 4.

The displacement characteristics of the APA and assem-
bled ML stacks are measured using a strain gauge. The test
setup for displacement measurement of the APA is shown
in Figure 5. It is observed that the displacement increases
with increase in voltage, and a maximum displacement of
173 μm and 40 μm is measured for APA and assembled
ML stacks, respectively, at 175 V. On decreasing the voltage,
the displacement curve does not follow the same path and
a hysteresis loop is obtained (Figure 6). The amplification
factor for diamond-shaped APA is nearly 4.3 times.

3.2. Dynamic Characterization of Amplified Actuator. The
piezo stack as an electrical load is capacitive in nature. The
capacitance of the stack assembly is measured and is around
2.42 μF. This is a useful parameter in the design of electronics
actuator amplifier for APA.

3.3. Characterization of the Actuator at Different AC Signal
and Frequency. For vibration control applications, it is nec-
essary to characterize the dynamic response of the stack at
different amplified sinusoidal AC signal and at different fre-
quencies. The dynamic response of APA was carried out at
40 V (±20 V) peak to peak and up to a frequency of 1 KHz.
The test setup is shown in Figure 7. A sinusoidal input sig-
nal to the stack assembly produces mechanical vibrations on
the stack which is coupled to a unit under test (UUT) either
to carry out UUT’s resonance search (open loop) or to con-
trol UUT’s vibrations (closed loop). For dynamic applica-
tions, it is necessary to quantify the acceleration response
on the stack assembly with respect to force input to the
APA stack assembly at different input voltage levels as
well as at different frequencies. A miniature accelerometer
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Figure 9: Variation of “g” and actuator force versus input voltage.

(with 10.5 mV/g sensitivity and 0.2 g weight) was mounted
on the stack followed by its signal conditioning amplifier.

The weight of the APA stack assembly is 26.5 grams. The
total weight of the APA stack assembly and accelerometer
together is 26.7 grams. Experiments were carried out and
measurements were recorded on digital storage oscilloscope
at three different sinusoidal input drive voltage levels (20 Vp-
p, 30 V p-p and 40 V p-p) to the stack actuator and in the
frequency range of 125 Hz to 1 KHz. Typical plots of response
of stack at 250 Hz and at 1000 Hz are presented in Figures
8(a)–8(d). From the sensitivity of the accelerometer and the
mill volt output produced by the actuator, the acceleration
(g) and the force produced by the actuator were calculated.
The “g” was 2.7 g/cm2, and the force was 81 N at 40 volts, and
the variation at different voltage is presented in Figure 9.

3.4. Numerical Modeling of Multilayered Stack Actuator. The
stack actuators are made up of thin layers of PZT patches,
laminated one over the other. Modeling all the thin layers
of PZT stack using the piezoelectric solid finite element,
available in commercial software is cumbersome. Hence,
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Figure 10: Finite-element model of the stack actuator.

Table 2: Actuator material properties.

Properties Data units

Young’s modulus 45 GPa

Piezoelectric constant 390× 10−12 m/v

Density 7500 kg/m3

Poisons ratio 0.22 —

an equivalent model is built from the following empirical re-
lations:

Dx = n′d′33EV,

E33 = F′blockt

d′33A′EV
,

t = length of the stack actuator
number of layers in the actuator

,

φfem = voltagecal × thicknessfem

thicknesscal
,

(1)

where E33 is Young’s modulus, d33 represents piezoelectric
strain constant, n indicates the number of layers, EV refers
to the electric potential across each layer, A is cross-sectional
area of the stack actuator, t is thickness of each layer,
φfem denotes equivalent electric potential in finite-element
method.

3.5. Finite-Element Modeling of the Stack Actuator. Assuming
10 piezo layers, each of piezoelectric strain constant (390 ×
10−12 C/N), a finite-element model was created using square
cross-section elements to avoid any discrepancy (Figure 10).
The two consecutive layers of the finite-element model will
have opposite polarity to each other, so as to obtain the
extension/compression from all the layers simultaneously

Table 3: Characteristics of the actuator (actuator APA).

Description Data Units

Displacement 41 μm

Blocked force 1450 N

Voltage range 175 V

Height 61.9 mm

Area 8× 6 mm2

Table 4: Free deflection and block force of the stack actuator.

Analysis Displacement (μm) Blocked force (N)

APA 41 1450

FEA (ABAQUS) 40.9 1452

(i.e., parallel capacitor configuration). The actuator material
properties used for modeling are presented in Table 2.
Similarly, the characteristics of the actuator are presented in
Table 3.

The actuator is characterized using the stress-strain rela-
tion of a coupled electromechanical system

{s} = [C]{ε} − [C][d]{Ek}, (2)

where C is the material stiffness matrices (N/m2), d is the
piezoelectric strain constant (m/v), Ek is the electric field
(v/m), and ε is the material strain.

3.6. Electromechanical Analysis Using ABAQUS. The free
deflection and the block force are measured from the
electromechanical analysis using ABAQUS. While the free
deflection is the actuator deformation when maintained in
an unconstrained state with the maximum applied voltage,
the block force is the reaction developed by the actuator
when maintained in a completely constrained state. The
results of the analysis compared with the measured results are
presented in Table 4, and the block force and free displace-
ment profile are presented in Figures 11(a) and 11(b).

Figure 12 represents the CAD model of APA, in which
the casing is made of aluminum material, and the actuator
is placed in between the casing. The aluminum material
properties used are Young’s modulus E = 70 GPa, density =
2720 kg/m3, and Poisson’s ratio 0.3.

The weight of the APA is approximately 26.5 grams.
Finite-element model of APA is made in Hypermesh and
subsequently analyzed for static loading. Further the free
vibration analysis is performed using ABAQUS. The static
analysis has shown that the casing is safe with a factor of
safety 4.7.

3.7. Piezo Static and Electromechanical Analysis of the APA.
Piezoelectric analysis is carried out with upper and lower
pads completely constrained (u, v,w = 0) (Figure 13).
By applying an equivalent voltage (175 V), the von Mises
stress (92 MPa) and the block force are computed (81 N),
respectively. Further analysis is done for finding the induced
displacement of the APA actuator under unconstrained
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Figure 11: (a) Free displacement and (b) block force measurement using FEA.
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Figure 12: CAD model of the APA.

Figure 13: Pzeio static analysis APA actuator.

state (148 μm). The result is presented in Figure 14. Similarly
for different actuator voltages, the free deflections are com-
puted, at actuator level as well as for the APA. The results
are presented in Table 5 for different voltage configura-
tions.

4. Conclusions

A diamond-shaped APA was successfully fabricated by de-
signing suitable metal frame and using 6 multilayered PZT
stacks. The APA produces displacement of 173 μm with
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Table 5: Displacement values of APA.

Actuator
Voltage (V)

Equivalent
numerical
voltage (V)

ABAQUS-free
Displacement of

actuator
(Δx) μm

ABAQUS-APA
Displacement

(μm)

175 5250 40.9 148

160 4800 37.4 135

140 4200 32.8 118

120 3600 28.1 102

100 3000 23.4 84.6

80 2400 18.7 67.7

60 1800 14 50.8

40 1200 9.38 33.8

20 600 4.68 16.9

0 0 0 0

displacement amplification of 4.3 times. The actuator was
subjected to different frequencies and different AC voltages.
The performance was found very well over the frequency
range without attenuation of the signal. Both the waveforms,
namely, input to the stack actuator and accelerometer
output, is showing no distortion thereby indicating the
stack actuator assembly is behaving linearly. The equivalent
numerical modeling of APA was built, and electromechanical
analysis was carried out. The induced displacement obtained
was 148 μm for the maximum operational voltage. The actu-
ator free displacement and block force were also computed
to be 40.9 μm and 1450 N, respectively. The maximum von-
Mises stress estimated is 92 MPa, which gives a factor of safety
of 4.7, and block force generated is 81 N. The block force of
the APA was 81 N, calculated by electromechanical analysis.
This is similar to that calculated by dynamic characterization
method.
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Piezoelectric transducers in conjunction with appropriate electric networks can be used as a mechanical energy dissipation device.
Alternatively, undesired mechanical energy of a structure could be converted into electrical energy that can be dissipated through
a shunt network in the form of Joule heating. This paper presents an experimental method to calculate damping energy in
mechanical systems. However, the mathematical description of damping mechanism is much more complicated, and any process
responsible for the occurrence of damping is very intricate. Structural and piezoelectric damping are calculated and analysed in
the case of pulse switching or SSDI semiactive vibration control technique. This technique which was developed in the field of
piezoelectric damping consists in triggering the inverting switch on each extremum of the piezoelectric voltage which induces an
increase of the electromechanical energy conversion.

1. Introduction

Vibration damping is one of the manifestations of mechan-
ical energy dissipation related to motion in mechanical
systems. Damping processes have been studied for a long
time. Damping forces are small compared to the other inter-
actions in a mechanical system and yet their mathematical
description remains much more complicated. Actually, any
process responsible for the occurrence of damping is very
intricate and the knowledge of it is insufficient. Sometimes
just changing the system’s stiffness or mass to alter the
resonance frequencies can reduce the unwanted vibration as
long as the excitation frequencies do not change. But in most
cases, the vibrations need to be dissipated using damping
materials or devices that are tuneable with vibration.

Several methods have been investigated in case of vibra-
tion damping. These methods have the forms of passive,
semiactive, and active treatments which can be used for
sound/vibration cancellation. Active control involves the
use of active elements (actuators) along with sensors and
controllers (analogue or digital) to produce an out-of-
phase actuation to cancel the disturbance causing the
noise/vibration [1]. All other methods that do not include

a real-time active algorithm can be grouped under the
passive control option. Passive damping refers to energy
dissipation within the structure by add-on damping devices.
Viscous dampers (dashpots), viscoelastic damping, tuned-
mass dampers, dynamic absorbers, and shunted piezoelectric
dampers are the mechanisms of passive vibration control.
The most common types of passive damping treatments
of viscoelastic materials were described by Rao [2]. Tuned
dampers are the reactive devices which used to oscillation
damping at a particular resonant frequency. It consists of an
inertia element, a compliant/resilient element, and an energy
dissipating element. The inertial, resilient, and dissipative
elements in such devices are: mass, spring and dashpot.
Depending on the application, these devices are sized from
a few grams to many tons. They attract the vibration energy
of the target mode and dissipate it as heat through the action
of its dashpot.

Electronic damping using piezoelectric ceramics (Piezo-
Shunt) is less temperature sensitive and more tuneable com-
pared with viscoelastic damping treatments. In this damp-
ing technique, the mechanical energy of the structure is
converted to electrical energy by piezoelectric material. The
electrical energy, in turn is dissipated, as heat, in an electrical
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shunt circuit. These methods are interesting because they
do not rely on any operative energy as in active control.
They consist in the drive of a few solid-state switches
(i.e., MOSFET transistor) requiring very few power and, in
general, are simple to implement. Pulse switching damping
technique [3–7] which is implemented in this paper consists
in leaving the piezo elements in open-circuit except during
very brief period of time where the electric charge is either
suppressed in a short circuit or inverted on an inductance.

Many various terms are used to represent vibration
damping. These representations merely indicate the math-
ematical model used to represent the physical mechanism
of damping that is still not clearly understood for many
cases [8, 9]. The purpose of this paper is the practical
measurement of damping energy which is the vital problem
in vibrating systems. The effects of piezoelectric damping
and structural damping are observed experimentally and
compared with each other. At the following, the damping
behaviors in low and high values of deformation are studied.
In order to analyse the vibration damping, a multimodal
structure equipped with piezoelectric elements wired on a
pulse switching cell is experimented.

2. Energy Analyses and
Energetic Considerations

In vibration analyses, it is concerned with damping in terms
of system response. The loss of energy from the oscillatory
system results in the decay of free vibration amplitude. In
steady-state forced vibration, the loss of energy is balanced
by the energy which is supplied by the excitation. Energy
dissipation is usually determined under conditions of cyclic
oscillations. The energy dissipated per cycle due to a damping
force Fd is computed from the general equation [8]

Wd =
∮

Fddu, (1)

where u is the displacement. On the other hand, experiments
by several investigators [8] indicate that for most structural
metals (such as steel), the energy dissipated per cycle
(structural damping) proportional to the squared of the
vibration amplitude and independent of the frequency over
a wide frequency range. Then energy dissipated by structural
damping may be written as [10]

Wd = αdu
2
max, (2)

where αd is a constant independent of the frequency of
harmonic oscillation and umax is the amplitude of vibration.
Material in cyclic stress exhibits a stress-strain relation char-
acterized by a hysteresis loop. The cyclic dissipated energy
is proportional to the hysteresis loop area. Consequently,
the energy balance equation based on hysteresis loop can
be deduced. The following is an equation of motion of a
vibrating system

ü = Fi(u, u̇) + Fe(t), (3)

where Fi(u, u̇) and Fe(t) correspond to internal and external
forces per unit mass, respectively. The external and the
internal loops (hysteresis loops) can be then described by

Fe = Fe(u), Fi = Fi(u). (4)

We can write down the following relationship between them:

Fi(u) = ü(u)− Fe(u). (5)

Owing to this relationship we, can convert the external loop
into an internal one by subtracting the values correspond-
ing to the external loop from acceleration dependent on
displacement. Multiplying (5) by du = u̇ dt enables one
to obtain the infinitesimal work done by exciting forces.
Integrating over the entire period leads to

∫ T

0
Fi[u(t)]u̇(t)dt =

∫ T

0
ü(t)u̇(t)dt −

∫ T

0
Fe[u(t)]u̇(t)dt.

(6)

The first integral on the right-hand side of (6) equals zero
for periodic motion. Hence, we can derive the following well-
known formula:

Li = Le, (7)

which say that dissipated energy is equal to the work done by
external forces [11, 12].

The experimental sample in this paper is a cantilever
beam equipped with piezoelectric patches wired on a pulse
switching cell (Figure 1) [13].

The total outgoing current from the piezoelectric patches
using their constitutive equations can be calculated as [14,
15]

I =
N∑

i=1

αiq̇i − Cpv̇, (8)

where Cp is the capacitance of the piezoelectric elements.
In general, the piezoelectric patches are wired together in
parallel. Multiplying each term of (8) by the voltage and
integrating over the time shows that the converted energy is
the sum of the electrostatic energy stored on the piezoelectric
elements and the energy absorbed or dissipated by the
electrical device as

Et =
N∑

i=1

αi

∫ t

0
q̇ivi dt = 1

2
Cpv

2 +
∫ t

0
vI dt. (9)

In the case of pulse switching technique, an electric circuit
is connected to the piezoelectric elements. This circuit can
be used for dissipating energy from the system or energy
recovery or for both of them. It consists of a switching
device in parallel with the piezoelectric elements. The current
in the switching device is always zero except during the
voltage inversion that takes place at each switch trigger. At
each inversion, the energy extracted from the piezoelement
is equal to the difference in the electrostatic energy on the
piezoelectric elements before and after the voltage inversion
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Figure 1: Cantilever beam where u(x, t) is the beam deflection
along the transverse direction (y) and f (t) is the excitation force.
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Figure 2: Strategy of pulse switching technique.

jump (Figure 2). The energy dissipated in the switching
device is then given by

∫ t

0
vI dt = 1

2
Cp

∑

k

v2
k

(
1− γ2), (10)

where vk is the piezoelectric voltage just before the kth
inversion and γ is the inversion coefficient.

There are two types of damping: material damping
(structural) and system damping. Material damping is the
damping inherent in the material, while system damping
includes the damping at adds damper devices to the system
(such as, piezoelectric material), in addition to material
damping. By calculating damping energy (7) in the case
of forced harmonic vibration during a time period for
controlled and uncontrolled cases, respectively, the piezo-
electric damping can be calculated. Among to the methods
of damping measurement of a vibrating system, attenuation
[11] is the other parameter to describe the vibration damping
as

Attenuation = 20 log

(
(umax)c

(umax)unc

)

, (11)

where (umax)c and (umax)unc are the maximum amplitude of
displacement in controlled (structure with piezo elements)
and uncontrolled cases, respectively.

3. Experimental Results

Experimental setup considered is a steel beam equipped
with piezoelectric inserts. This structure corresponds to the

Table 1: Characteristics of the experimental structure.

Plate material Steel

Plate dimensions (free) 180× 90× 2 mm3

Piezoelectric material P189

Number of piezo elements 12 (on each face)

Piezo elements position 10 mm from the clamping end

Piezo elements dimensions 10× 30× 0.3 mm3

Open-circuit resonance frequency 56.48 Hz

Inversion coefficient γ 0.6

description given in Table 1. The proposed control strategy
is implemented using a laboratory PC-based real-time DSP
controller environment. Either the voltage or the deflection
signals are sampled by the board as input data. According
to the proposed method, the switch trigger is generated by
the digital output of the control board, connected on a pulse
switching device as described in [5]. The displacement sensor
used is a simple piezoelectric insert collocated with the main
inserts. The sensor thickness and material are similar to the
control insert and generates, therefore, the same open-circuit
voltage. Control strategy programming and implementation
is done using the Matlab/Simulink software environment
and dSPACE Real-Time Workshop for real-time computing
and input/output control. Excitation of the beam is obtained
using an electromagnet driven using an audio amplifier, by a
harmonic excitation generated by the dSPACE board.

In practice, to measure the energy dissipated per cycle,
using the concept of (7), the procedure is rather straightfor-
ward. For a cantilever beam with applied f (t) at its free-end,
this energy loss is given by the integral over a complete cycle
in the case of harmonic excitation as

Ef =
∫ T

0
f (t)u̇ dt, (12)

where T is the cycle’s period. This integration can be
estimated by using Z data points separated by Δt seconds,
so that digital summation over Z − 1 data points replaces the
continuous integral. Thus (12) leads to

Ef = 1
n

∫ nT

0
f (t)u̇ dt = Δt

n

Z−1∑

i=1

(
f u̇
)
i, (13)

where n is the number of cycles. Therefore, by multiplying
generated force in the dSPACE board to the free-end
measured velocity by the laser sensor and dSPACE step
time Δt for the Z captured data points during n cycle,
the dissipated energy from (13) can be calculated during a
time period. Piezoelectric damping energy is equal to the
difference between controlled and uncontrolled cases.

Figure 3 shows the variations of capture (displacement
sensor) signal amplitude versus the excitation force ampli-
tude in controlled and uncontrolled cases, respectively. The
curves slope indicate the influence coefficient (inverse of
stiffness) at the point that in which excitation force is
applied (It should be mentioned that the capture signal
is an image of the free-end deflection of beam; it has



4 Smart Materials Research

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

1

2

3

4

5

6

7

Force amplitude

A
m

pl
it

u
de

 o
f 

ca
pt

eu
r 

si
gn

al

Uncontrolled
Controlled

Figure 3: Variations of the capture signal amplitude versus the force
amplitude in controlled and uncontrolled cases.

placed at the clamped end of beam that in which the
bending moment is maximum and consequently the capture
voltage (piezoelement deformation) and free-end deflection
are maximum. Indeed, computations have been made using
the image of deflection given by the collocated piezoelec-
tric deflection sensor.). Damping effect increases gradually
with increase of force amplitude which is more evident
in controlled case because of the piezoelectric damping.
Piezoelectric effect is too little in small deformations. The
vertical distance between these two curves show the effect
of piezoelectric damping. Since the structural damping is
the same in controlled (piezo elements) and uncontrolled
cases, the difference of curves slope is just the one caused
by the piezoelectric damping. In high deformations (force
amplitude > 1.4), the curves tend to be parallel with each
other. It is mentioned that the maximum damping caused
by piezoelectric elements was limited and have its ultimate
value. After the ultimate value, the curves rise similarly
with increase of force amplitude. In this case, the additional
injected energy to the system only increases the amplitude
of vibration in two cases (controlled and uncontrolled)
proportionally. In this figure, the excitation frequency is
equal to the first resonant frequency of the beam (Table 1).

Figure 4 shows the variations of capture signal atten-
uation versus the force amplitude. From the figure, the
decreasing of the attenuation was limited. The minimum
attenuation (ultimate value) is about −10 dB. It is observed
that after the ultimate value the curve rise slowly with
increase of force amplitude. In this case, structural damping
is more predominant than piezoelement damping (It is
proportional to the square of vibration amplitude, (2).).
Also, the excitation frequency is the first resonant frequency
(Table 1).

Figure 5 indicates the variations of periodical damping
energy versus the square of capture signal amplitude. Damp-
ing energy in controlled case increases faster than one in
uncontrolled case with increase of capture signal amplitude.
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Figure 4: Variations of the capture signal attenuation in dB versus
the force amplitude.
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Therefore, the curve slope in controlled case is more than
the one in uncontrolled case up to the value of 60. After
that, the structural damping is more predominant, and
piezoelectric damping reaches its ultimate value. Then, two
curves are approximately parallel (with distance dpiezo). It
can be concluded that (2) holds true only for high values
of structural deformation (The curves slope are constant in
high deformations). Also, the values of αd are the same for
the two cases (controlled and uncontrolled) and are just as
the one for structural damping. Piezoelectric effect increases
damping only more than uncontrolled case equal dpiezo. Thus
as (2) is relevant to structural damping, this equation for
controlled case is

Wd = αdu
2
max + dpiezo. (14)
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The slop of these curves gives the value of αd and is approxi-
mately equal to 0.026.

4. Conclusions

This paper showed an experimental method to calculate
the damping energy in mechanical system. However, the
mathematical description of damping mechanism is much
more complicated and any process responsible for the
occurrence of damping is very intricate and the knowledge
of it is insufficient. Structural damping and piezoelectric
damping for pulse switching semiactive nonlinear control
technique have been calculated and analysed. Pulse switching
control technique is interesting for structural damping appli-
cations because it presents simultaneously good damping
performances, a good robustness, and very low power
requirements. Finally, it is important to consider that this
technique is simple enough to be self-powered. Piezoelectric
damping will increase with increase of force amplitude but
its maximum value was limited and has its ultimate value.
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Currently, structures are designed without structural health monitoring (SHM) in mind. It is proposed that SHM should be
addressed at the design stage of new structures. This paper explores the benefit which can be gained from such considerations.
The scope encompasses Lamb-wave-based SHM and a given fatigue critical location (FCL). Optimization is performed using
specialised ray tracing. A case study is carried out using a specimen that simulates a hard-to-inspect region in a fuel vent hole in
wings structures of aircraft. This work will report on the potential use of the focussing of stress wave to improve detectability of
defect in this hard-to-inspect location. Following optimization, results are produced numerically and experimentally. The results
revealed sensitivity to damage is nearly doubled while minimum detectable damage size is significantly decreased. As a result, this
study brings together an assortment of specialised tools to form a workflow ready for implementation.

1. Introduction

Propagating Lamb-wave-based structural health monitoring
methodologies have been widely reported to be convenient
and efficient in detecting fatigue cracks in metallic struc-
tures [1, 2] and disbonds and delaminations in composite
structures [3]. The propagating characteristics of Lamb
waves in metals [4] and multilayered materials [5] are well
documented. An attractive feature of this stress-wave-based
method of structural health monitoring is that it can be
used in “hard-to-reach” areas because the actuators and the
sensors required can be bonded onto the structure. This is
commonly known as “insitu structural health monitoring”
(ISHM). The investigators of this project are amongst the
many others who have contributed to the development of the
Lamb-wave-based method of ISHM.

Many authors have published on optimizing and improv-
ing probability of detection (POD) and damage sensitivity.
However, the works published have been focused on topics
such as sensor placement, sensor selection, frequency selec-
tion, data capture, and data analysis. Such topics indicate
that the structure itself is not included as a part of the
optimization. SHM is not a part of the design process, rather
an afterthought. A successful SHM friendly structure can be

designed with less tolerance and therefore less material and
weight. Consequently, the weight gained from implementing
SHM systems can be offset.

A variety of tools acquired over former years have been
applied to this problem. Ray tracing specialised in propa-
gating Lamb waves has been used to redirect waves. Laser
vibrometry and FEA are used to acquire displacement fields
caused by Lamb waves. Damage quantification techniques
described in (1) by Ong and Chiu [6] have been used to
evaluate the efficacy of the structural alterations:

Scatter
(
x, y

) =
∑nt

t=0

∣∣uk
(
x, y, t

)− u0
(
x, y, t

)∣∣

nt
, (1)

where nt is the number of time steps used, uk is the
displacement field of the damaged specimens and u0 is the
displacement field of the flawless specimen.

A structure representing an aircraft wing spar with flange
and riser has been chosen to demonstrate the benefits of
wave redirection. The specimen is shown in Figure 1. Often
aircraft utilize wet wings loaded with fuel; this will require
a fuel vent hole to be drilled into the spar creating a stress
concentration leading to fatigue cracks. Additionally, sensors
cannot be placed on the riser due to the presence of fuel.
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Figure 1: Original specimen configuration.

The condition conducive to crack growth will be a
tension loading in the marked x direction. This loading leads
to cracks propagating perpendicular to the direction of load.
Therefore, an upward (towards flange) crack and downward
crack form on the fuel vent hole. The upward crack can
be detected through multiple means including bulk wave
and Lamb wave ultrasonics since the location has line of
sight with the external facing flange. However, the line of
sight with the downward crack is blocked by the fuel vent
hole making the area hard to inspect. Hence, this specimen
has been chosen to demonstrate wave redirection as another
approach to improvement of damage detection.

Three studies performed sequentially will be presented
here. The first step will be modelling the specimen with a ray
tracing tool. This tool has the ability to solve the propagation
of Lamb waves and present the wavefront in a clear and
precise style allowing the user to determine exactly where
the waves are going. Due to the simplicity of the method
and equations involved, the simulations are solved in seconds
allowing instant feedback and facilitation of iterative design
of wave guides. The seconds step will be to test the design in
finite element analysis (FEA) in order to assess the efficacy
of the modifications made and confirm the predicted wave
propagation in ray tracing. The final step is experimental
testing of the design which provides confirmation that all
the modelling performed is correct and the concept is proven
and solid.

2. Modification for Wave Redirection

The original specimen is an aluminium T beam consisting of
a 4.75 mm thick web (labelled “side”) and 6.35 mm flange
(labelled “top”) as shown in Figure 1. The fuel vent hole
is located on the side 50 mm above the bottom of the
web. The focus of this work will be to detect damage in
the FCL under the fuel vent hole. This 10 mm diameter
hole is typical in aircraft structures and gives rise to stress
concentrations. Lamb wave generation is handled by a
piezoelectric transducer (PZT) placed on the top surface.
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Figure 2: Hanning windowed 5-cycle sine wave excitation signal.
Centre frequency set at 240 kHz.

Placement of PZTs is constrained to the top surface as the
side surface will be immersed in fuel. Therefore, it will be
preferable to enhance to the sensitivity to damage when the
receiver is placed along the top surface. The chosen excitation
signal is a 240 kHz 5-cycle Hanning windowed sine wave as
shown by Figure 2. The centre frequency was chosen due
resonances in the actuation system which improve the signal
to noise ratio.

The modifications done to optimise SHM detectability
focuses on the redirection of Lamb waves towards the fatigue
critical location (FCL). In this case, the FCL is the hole
drilled into the T beam for fuel flow in an aircraft. A circular
reflector has been cut into the free edge of the T beam to
direct the Lamb waves emitted from the PZT to the FCL. The
shape was arrived at through application of ray tracing which
allowed for the trial and error of many positions, sizes, and
shapes. The process is described in greater detail in the ray
tracing section.

An obvious problem arising from Figure 3 is the new
stress concentration created by the removal of material
to form the Lamb wave focusing reflector. However, the
study presented here is a demonstration of concept and
is not a suggestion of drastic design change. Instead, it
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Figure 3: Modified specimen optimised for damage detection at
FCL.

is recommended that existing cutouts and geometry be
optimized for SHM rather removing more material.

Detection has been attempted on a 5 mm downward cut
placed at the hole. The damage detection technique is based
on the windowed scatter/difference calculations performed
in a previous paper [6]. This case study demonstrates the
need to have an array of specially developed tools available
to optimise a structure. The scattered field calculation allows
for detection of changes in the structure (such as damage)
and the corresponding location for optimal detection. Ray
tracing is used for fast and concise optimization of Lamb
wave direction, while FEA can validate these optimizations
without fabrication of a specimen.

3. Ray Trace Study

3.1. Method. A simple ray trace program was written in
MATLAB to model Lamb wave propagation. Details and
verification of the modelling technique have been published
by Ong and Chiu [7]. A key difference between ray tracer
used for light rays and the one presented here is the time
stepping algorithm used. Typically, in the field of modelling
light, the rays are solved until a set number of bounces
are reached or the rays exit the work area. This results in
a fast solution which solves the completed path of a ray
without consideration to the transit of the rays. In the case of
Lamb wave propagation in solids, the Lamb waves will never
exit the workspace. Consequently, the rays will always be in
transit as they are bounded within the solid. Additionally,
the evolution and propagation of the rays are important;
consequently, the temporal dimension has importance. As a
result, the ray tracing program steps through time the same
way a transient FEA simulation is done. Group velocities
determine how fast the rays travel with respect to time while
changes in phase velocities determine the bending of rays
(refraction) at thickness change interfaces. This is calculated
using Snell’s law shown in (2). Reflection is assumed to be
governed by (3):

c1

c2
= sin(θ1)

sin(θ2)
, (2)

where c and θ theta are the phase velocity and direction of
propagation, respectively. While subscripts 1 and 2 represent
the entry and exit wave.

θi = θr . (3)

The side surface was chosen for ray trace modelling as this
is the side which hosts the reflector and the FCL. 18 rays
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)

t: 23 µs

Ray trace—original

Figure 4: Ray trace overlayed on displacement field captured by
laser vibrometer. In addition to ray lines, 180 points were emitted
to form a visualization of the wavefront.

were emitted downward from the PZT location where it was
assumed Lamb waves would propagate in a radial direction
despite having to go through the top surface. Effects from
the 6.35 mm thick flange have been assumed negligible. The
validity of this assumption is demonstrated by the agreement
between the experimental wavefront and ray trace predicted
wavefront, as shown in Figure 4. Constant duration time
steps were set at 0.2 us providing a sample rate of 5 MHz,
which will be identical to FEA performed later.

3.2. Results. As described earlier, the approach taken to
enhancing detection of damage is to redirect Lamb wave
energy. A reflector placed on the bottom edge is used for this
task. The specimen was modelled in the ray trace software
which gave instant feedback about the propagation of Lamb
waves. This feedback was used in deciding the size and
location of the reflector.

Figure 5 shows 3 models which have been solved by
the ray trace software. In Figure 5(a), the original specimen
has been included for comparison, showing how the waves
propagate omnidirectionally. By observation, there is no
direct line of sight between the FCL located at the bottom
of the fuel vent hole and the PZT source. This means all the
wave energy arriving at the FCL is done so through reflection
(attenuated by distance and radial spread).

In Figure 5(b), a circular-shaped reflector was added to
the ray trace model in the form of a boundary representing
a cutout to be performed in the physical specimen. The
size (radius) and location of the reflector were manipulated
until the waves were focused at the desired location (FCL).
Distance travelled by the reflected waves is not significantly
altered; therefore, attenuation from distance is roughly the
same. However, the radial spread of wave energy is converted
to a gathering of energy at the focal point of the reflector. This
energy will result in more reliable and sensitive detection of
damage in the FCL.

Figure 5(c) shows the “FCL focus offset” model which
has been included to demonstrate how the reflector param-
eters were arrived at. The design process was iterative
through trial and error enabled by the high-speed solutions
provided by ray tracing. The model which has its reflector
offset 10 mm to the right shows the final step in iterative
design before reaching optimal configuration. Sensitivity to
geometry when trying to redirect energy is also revealed.
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Figure 5: Ray trace snapshots.

When a reasonable focus has been achieved the dimensions
are saved for use in experimental and FEA studies. This case
is shown in Figure 5(b).

4. Numerical Study

4.1. Finite Element Setup. The specimen is modelled in 3D
using tetrahedral elements. Commercially available Femap
pre-/postprocessor is used in modeling, while solving is done
in NEiNastran. Only out-of-plane displacements are saved
to remain consistent with laser vibrometry. Further post-
processing is carried out in MATLAB to convert and analyse
the displacement fields from the model. From this stage, the
out-of-plane displacement field is identical in format to that
acquired from laser vibrometry used in experimental study.

Damage was introduced by performing a Boolean sub-
traction to replicate the saw used in experimental studies.
A 5 × 1 mm rectangle is subtracted from the FCL as shown
in Figure 6. A mesh spacing of 1 mm is used in all models.
Given the A0 mode will have the highest spatial frequency
(approximately 640 rad/m), this mesh spacing gives a node
to wavelength ratio of 9.82. Propagating stress waves are

(a) Undamaged

(b) Damaged

Figure 6: Fuel vent holes.

solved using the transient dynamic/time history solver. A
time step is set to be 0.2 us. The total time record calculated
is 100 microseconds. This time record was selected to be long
enough for the wave packet to travel downstream, towards
the edges of specimen.

In this computational study, the size of the actuation
region on the model is identical to the PZT used in
experimental study. The excitation scheme used to produce
a Lamb wave caused by the low-profile PZT is similar to that
described by Constantin et al. [8]. Figure 7 shows the 2 types
of input forces placed on the FE geometry. The plane of the
plate is described by the X-Y plane, and the Z axis is out-of-
plane and perpendicular to the plate.

4.2. Results. Displacement fields were solved for 4 models.
Flawless and damaged models were made in the T beam’s
original and modified form. Equation (1) is applied to
the flawless and damaged displacement fields to create the
scattered field. The displacement fields were analysed for a
suitable time window which the waves affected by the defect
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Figure 7: Excitation scheme employed in FEA.

Table 1: Comparison of sensitivity to damage before and after
modification.

Improvement (FEA)

Original: maximum scatter on top surface (nm) 1.18

Modified: maximum scatter on top surface (nm) 2.02

Percentage improvement (%) 71.2

would propagate to the flange. The window chosen for this is
between 50–85 us.

The side-by-side comparison is shown in Figure 8 and
displays obvious benefits from the addition of the reflector.
Scatter intensities are visibly larger in the modified specimen
for the same damage size, indicating that sensitivity to
damage has been improved.

In the original specimen, the area sensitive to damage is
located on the opposite side of the T-beam (x = 100 mm).
Therefore, in order to achieve acceptable detectability a
second sensor must be placed in that vicinity, in a similar
fashion to the pitch-catch arrangement used in traditional
ultrasonics. However, the modified specimen reveals a very
sensitive area where the PZT actuator has already been
located. As the time window for excitation (0–20 us) and
time window for reception (50–85 us) do not clash it is
highly probable that a single transducer can be used for
transmission and reception, thereby saving weight and cost.

The improvement can be measured more quantitatively
by measuring scatter intensity at feasible points of detection.
As explained earlier, placement of sensors is constrained to
the top surface due to the presence of fuel in a wet wing.
Therefore, only sensitive locations on the top surface will be
used to gauge sensitivity to damage in the FCL.

Table 1 summarises the improvement in defect
detectability when monitoring the top surface. A significant
(71%) increase in sensitivity to damage is observed when
comparing the modified design to the original. This
demonstrates that the directed and precisely focused energy
at the FCL is advantageous in detection of damage.

5. Experimental Study

5.1. Lamb Wave Transmission and Reception. Transmission
was achieved using piezoelectric transducers (PZT), while

the Lamb waves were received using a laser vibrometer. A
movable table allows positioning of the laser’s scan point.
This simple concept can be visualised in Figure 9. If the scan
is repeated thousands of times across the entire specimen a
complete displacement field can be captured. A rig enabling
this has been assembled for Lamb wave imaging shown in
Figure 9.

Laser vibrometry has been a key tool to aid compre-
hension and understanding of Lamb waves as shown by
Staszewski et al. [9] and Rajic and Rosalie [10]. A laser is
used to detect Lamb wave displacements in a specimen rather
than a PZT. This noncontact approach is more precise and
consistent due to the removal of coupling mediums and the
pin point accuracy of the laser. The major advantage of this
technique is the speed and potential for automation due to
the noncontact operation.

A low-profile PZT is used, 10 × 1 mm in diameter and
thickness, respectively. It is produced using “Pz26” material
sourced from Ferroperm. Coupling to the specimen is done
by Araldite epoxy, while the electrical connections to the PZT
are taken care of by conductive copper adhesive strips. This is
done in order to maintain a low-profile and avoid heat stress
involved with soldering. Figure 9 demonstrates an example.

An excitation signal was generated comprising of sine
waves enclosed in a Hanning window function. A resonant
frequency of 240 kHz was chosen for this. This helped
combat the notorious signal to noise ratios associated with
laser vibrometers. Furthermore, 32 ensemble averages are
taken to further reduce noise. The PZT was excited through
a Krohn-Hite model 7602 broadband amplifier set to deliver
peak-to-peak amplitude of 50 V. Out of plane displacement is
detected by a Polytec OFV 505 laser vibrometer. Input (dis-
placement) and output (excitation) data is sampled at 10 and
4 MHz, respectively. These rates are the maximum allowed
by the National Instruments PCI-6115 data acquisition card.
Motion is taken care of by a computer control X-Y table
equipped with stepper motors. The ratio of the table is 5000
steps per mm providing 0.0002 mm resolution.

The rig has been programmed to collect data in a
zigzag pattern to minimise wasted motion. The data is then
rearranged to form a grid such that a complete image of the
plate displacement field can be formed. Scan points on our
rig are set to 1.5 mm spacing giving a point density of 1 point
per 2.25 mm2. This is a great increase in density compared
to the 1 point per 15.71 mm2 (420 points over 110 ×
60 mm) reported by Staszewski et al. [11]. Consequently, our
resolution is much higher.

Figure 10 shows the fabricated specimens. They have
been made with the dimensions specified in the ray trace
model. The T beam has been cut from an aluminium extru-
sion. A computer numerically controlled (CNC) milling
machine was used to cut the reflector using the dimensions
from the ray tracing study.

5.2. Results. In order to maintain consistency and allow for
comparison, the parameters such as time window of 50–
85 us selected in the FEA study have been retained in the
experimental study. Damage detection has been attempted
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Figure 8: Scatter plots predicted by FEA before and after modification.
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Figure 9: Laser vibrometry rig.

Figure 10: Photo of fabricated specimens.

on 1 mm damage. Figures 11(a)–11(d) show the resulting
scatter field given this damage size. Although only the

top surface is available for sensor placement, both surfaces
have been scanned and presented as the side surface is
important for greater comprehension. Both sides of the
original specimen display almost no signs of the 1 mm
damage, making it undetectable.

The modified specimen yields a superior sensitivity to the
1 mm damage as shown in Figures 11(b) and 11(d). Large
amounts of scatter are revealed by the side scan, which are
not present in the original specimen. Consequently, a high-
sensitivity is implied; however, only the results on the top
edge of the side scan (z = 0 mm) are relevant to the top
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Figure 11: Scatter plots generated from experimental scans before and after modification.

surface used in detection. Along this edge, the sensitivity
is greatest when x < 0 mm; however, this area cannot
be analysed due to the supporting lead wires for the PZT
blocking the laser. The right half of the specimen (x >
50 mm) shows small amounts of scatter, this leaves an area
between x = 0 mm, to x = 50 mm as the best possibility
for damage detection. Figure 11(b) confirms a location (x =
10 mm, y = 0 mm) as the location of highest sensitivity.

This indicates that the modified specimen not only
redirects the incident waves towards the defects but also
focuses the reemitted waves from the defect towards the top
surface where the PZT resides. It is highly likely that higher
sensitivities would be achieved where the PZT actuator is

placed; however, it is not possible to scan this area. Despite
this the arrangement is similar to the pulse-echo setup used
in classical ultrasonics [12]. Hence, interrogation of the
structure can be performed with a single PZT given the right
hardware.

Figures 11(e)–11(h) show the results when 5 mm of
damage has been introduced. At 5 mm, the damage can be
detected in both original and modified specimens. However,
a much higher sensitivity to the damage is observed in
the modified specimen. The location of highest sensitivity
remains the same for the modified specimen, whereas the
original specimen did not have a location. The increase to
5 mm damage length gives rise to a high-sensitivity location
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Figure 13: Displacement at maximum sensitivity location on
modified specimen.

on the right side of the original specimen (x = 85 mm,
y = 0 mm).

Table 2 summarises and quantifies the results from this
section. As in the numerical study, the maximum scatter in
the top surfaces were compared to measure the improvement
gained by modifying the specimen. The experiments reveal a
76% and 62% improvement for the 1 and 5 mm damages,
respectively. These figures are in line with the improvement
predicted by the numerical study.

The displacement time series in Figures 12 and 13
demonstrate sensitivity of the Lamb wave response to
damage in greater detail. The location of maximum scatter
and sensitivity on the top surface are used in plotting the
displacement time series. In the case of the original specimen,
this position is (x = 85 mm, y = 0 mm) while this is located
at (x = 8.65 mm, y = 1.55 mm). The original specimen
shows very little deviation from the flawless waveform. This
makes it impossible to discriminate the response to 1 mm
damage from that of a flawless specimen. Conversely, the

Table 2: Comparison of sensitivity to damage before and after
modification.

Improvement (experimental)

Cut size (mm) 1 5

Original: maximum scatter on
top surface (nm)

0.5 (noise) 1.283

Modified: maximum scatter on
top surface (nm)

0.88 2.076

Percentage improvement (%) 76.0 61.8

modified specimen shows a significantly different response
from flawless even at 1 mm damage size indicating a greater
sensitivity to damage.

6. Conclusions

This work has proposed a different approach to SHM, in
which the structure becomes another parameter to optimize.
This new parameter has been optimized through ray tracing
to arrive at a design which redirects Lamb wave energy
towards the desired inspection area which is placed in a hard
to-reach-location. Using FEA to confirm the efficacy of the
method, it was determined that around 70% improvement in
sensitivity could be achieved from optimization. Following
the numerical study, an experimental study confirmed the
improvement. Additionally, the 1 mm defect could only be
detected by the modified specimen. This improvement in
detectability is highly desirable in low tolerance structures.

It has been noted that the modification presented here
would not be practical due to the amount of material
removal inhibiting the structure from carrying its original
load. However, the specimen is only used as a demonstration
of the optimization concept. The concept is expected to be
implemented on existing boundaries rather than making
new ones. An example of such a specimen is shown in
work by Weller and McDonald [13]. The F-111 wing pivot
has stiffeners which have an existing taper which may be
optimized for Lamb wave redirection.
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Surface acoustic wave (SAW) sensors are a class of piezoelectric MEMS sensors which can achieve high sensitivity and excellent
robustness. A surface acoustic wave ethanol sensor using ZnO nanorods has been developed and tested. Vertically oriented
ZnO nanorods were produced on a ZnO/128◦ rotated Y-cut LiNbO3 layered SAW device using a solution growth method with
zinc nitrate, hexamethylenetriamine, and polyethyleneimine. The nanorods have average diameter of 45 nm and height of 1 μm.
The SAW device has a wavelength of 60 um and a center frequency of 66 MHz at room temperature. In testing at an operating
temperature of 270◦C with an ethanol concentration of 2300 ppm, the sensor exhibited a 24 KHz frequency shift. This represents
a significant improvement in comparison to an otherwise identical sensor using a ZnO thin film without nanorods, which had a
frequency shift of 9 KHz.

1. Introduction

Sensing of ethanol vapour has important applications in in-
dustry and society. At high temperatures (200◦C to 300◦C)
zinc oxide absorbs ethanol vapour, causing a significant
change in conductivity [1, 2] and also leading to a change
in mass. This change in properties can be used to create an
ethanol sensor.

Surface acoustic wave (SAW) sensors are a class of pie-
zoelectric MEMS sensor which can achieve high sensitivity
and excellent robustness. Since their discovery by Rayleigh
in 1885 [3] surface acoustic waves have been extensively re-
searched. The energy of a surface acoustic wave is concentrat-
ed within several wavelengths of the surface [4, 5]. For this
reason, the propagation characteristics of surface acoustic
waves are highly sensitive to any change in the properties of
the surface on which they travel.

Due to the sensitivity of SAW devices to small changes
in mass loading and surface conductivity, SAW devices have
been extensively studied as gas sensors [6–8]. A typical SAW
gas sensor uses an interdigital transducer (IDT) to generate a
surface acoustic wave in a piezoelectric substrate. The surface
acoustic wave propagates along a delay line coated in some

material which absorbs the target gas. A second IDT at the
end of the delay line is then used to transduce the SAW to
an electrical signal. Absorption of gas onto the sensing layer
causes a change in the propagation velocity of the surface
acoustic wave, resulting in a shift in the resonant frequency
of the device.

The majority of existing SAW gas sensors have used thin
film sensing layers, with limited surface area. The application
of nanostructured sensing layers, such as ZnO nanorods can
potentially lead to improved sensing performance due to
increased surface area. Promising results for SAW sensors
using ZnO nanorods for hydrogen gas sensing [9, 10] and
UV light detection [11] have been reported, although there
have been few direct comparisons between the performance
of these sensors and the performance of sensors using the
same materials in thin film form.

2. Design and Fabrication

2.1. Sensor Design. The ZnO nanorod ethanol sensor was
fabricated on a 128◦ rotated Y-cut LiNbO3 substrate. LiNbO3

offers excellent surface acoustic wave performance due to
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Figure 1: Sensor layout.
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Figure 2: Fabrication process for SAW delay line.

the high-electromechanical-coupling coefficient (k2 = 4.5%)
and low attenuation at high temperature [12].

The overall layout of the sensor is shown in Figure 1. Two
interdigital transducers (IDTs), each consisting of 50 elec-
trode pairs, are separated by a 12 mm delay line. The width
of each IDT electrode and the spacing between the edges of
adjacent IDT electrodes are 15 μm. The length of the IDT
electrodes is 3 mm. The IDTs are oriented on the wafer so
that SAW propagation is along the x-direction of the crystal.
As shown in Figure 1, the substrate is cut at an angle to the
SAW propagation direction to minimize reflections from the
substrate edge on the side of the IDT away from the delay line
[13].

The 15 μm electrode width and spacing result in the fun-
damental mode having a wavelength of 60 μm. The measured
centre frequency of the devices at room temperature was
66 MHz. By the equation v = f λ, this implies a propagation
velocity of 3960 ms−1.

2.2. Fabrication Process. The metal electrodes and contacts
were formed on the LiNbO3 wafer using a lift-off technique.
The process used is illustrated in Figure 2.

AZ nLOF 2070 photoresist was spin-coated on the wafer
and patterned (a). A 20 nm chromium layer followed by a
100 nm gold layer was then thermally evaporated (b) and
the photoresist removed (lift-off process) to form the IDTs
and contacts (c). A section of a fabricated IDT is shown in
Figure 3.

The ZnO thin film and nanorods were produced only in
the delay line of the device. The fabrication process used to
deposit the ZnO thin film and grow the ZnO nanorods is
summarized in Figure 4.

A photoresist layer was spin-coated and patterned with a
window covering the delay line of the sensor (d). A 100 nm
ZnO layer was then deposited by sputtering from a ZnO
ceramic target (e). In order to obtain a good quality film, the

15 µm spacing

15 µm width

Figure 3: Micrograph of fabricated IDT section.

(d)

(e)

(f)

(g)

Photoresist for ZnO film lift off

Sputtered ZnO

ZnO seed layer

ZnO nanorods

Figure 4: Fabrication process for ZnO nanorod layer.

DC sputtering was carried out at a pressure of 2.7 Pa, in an
atmosphere with 80% argon and 20% oxygen. The current
used was 0.25 A DC. The photoresist was then removed in
acetone, leaving the ZnO thin film, which serves as a seed
layer for nanorod growth (f). Finally, the ZnO nanorods
were produced by a solution growth technique [14] (g). The
devices were suspended ZnO-side-down in a sealed bottle
containing a solution of zinc nitrate, hexamethylenetriam-
ine, and polyethyleneimine in deionized water. The sealed
bottle was then incubated in a laboratory oven at 95◦C for
4 hours, after which the substrates were removed from the
solution, rinsed with 95◦C DI water, and allowed to air-dry
at room temperature. The growth parameters were selected
to give a uniform layer of predominantly vertical nanorods
which adhered well to the substrate. Nanorods produced by
this method are shown in Figure 5. The nanorods formed are
vertical and well defined, with average diameter 45 nm and
height 1 μm.

2.3. Measuring System. The ethanol sensors produced were
characterized using general purpose laboratory equipment
controlled from the computer, as illustrated in Figure 6. An
Agilent 33250A function generator was programmed to ap-
ply an excitation voltage to one IDT of the sensor. The mag-
nitude and phase of this waveform, and of the waveform
from the second IDT, were monitored using an Agilent
6102A DSO.

The propagation velocity of surface acoustic waves in
LiNbO3 is temperature dependent. The absorption of etha-
nol onto ZnO nanorods is also temperature sensitive [15].
Therefore, in order to detect low concentrations of ethanol
vapour, the sensor temperature must be tightly controlled. A
platinum thin film resistance thermometer on the substrate
was used to monitor the operating temperature of the device
during measurement. For characterization, the sensor was
heated using a laboratory hot plate. Testing of sensitivity to



Smart Materials Research 3

5 kV 1 50000x SE 5.3 ZnOrod
1 µmAcc. V   Spot  Magn  Det  WD

Figure 5: SEM image of ZnO nanorods.
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Figure 6: Equipment configuration for measurements.

ethanol was performed with the sensor in a sealed chamber,
in which the heated sensor could be alternately exposed to a
known concentration of ethanol and flushed with air to allow
adsorbed ethanol to desorb from the ZnO layer.

3. Results

The response of the SAW ethanol sensor using ZnO nanorods
to a known concentration of ethanol was measured. In order
to demonstrate that the ZnO nanorods provided a benefit
for ethanol sensing, the shift in the frequency response of the
sensor with nanorods was compared with that of an other-
wise identical device with the sputtered ZnO thin film, but
lacking the ZnO nanorod layer. In the oscillator configu-
ration commonly used for SAW gas sensors, the oscillation
frequency is determined by the frequency at which the phase
shift around the loop is some integer multiple of 2π [16].
Therefore, the results presented are given in terms of the
phase shift between the wave input to one IDT of the sensor
and the wave received at the second IDT, after propagating
through the nanorod layer.

The effect of 2300 ppm ethanol on the phase shift of a
sample with nanorods at 270◦C is presented as Figure 7. Re-
sults under the same conditions for a sample without na-
norods are shown in Figure 8. It was noted that the shape
of the phase response for the sensor with nanorods differed
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Figure 7: Effect of 2300 ppm ethanol on phase shift of sample with
nanorods at 270◦C.
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Figure 8: Effect of 2300 ppm ethanol on phase shift of sample
without nanorods (with only ZnO thin film) at 270◦C.

from that of the sensor with nanorods. This was attributed to
increased mechanical damping caused by the nanorod layer.

The maximum frequency offset between the phase re-
sponse plot obtained with air in the chamber and the phase
response obtained with 2300 ppm ethanol in air in the
chamber was 24 KHz for the sensor with ZnO nanorods. In
comparison, the maximum frequency offset under these con-
ditions with ZnO thin film only was 9 kHz. The 24 kHz
frequency shift obtained for the sample with ZnO nanorods
subjected to 2300 ppm ethanol, expressed as a fraction of the
64.3 MHz frequency where this shift occurred, is 370 ppm.
In comparison, the fractional frequency shift for the sample
without ZnO nanorods was 140 ppm.

The sensor’s response time is estimated by measuring
the phase shift between the input and output signal at a
particular frequency (64.37 MHz) as shown in Figure 9. A
2.5 mL of ethanol was vaporized at approximately 340 s.
The sensor took approximately 200 s to reach its maximum
phase shift at 640 s. The phase shift remains at approximately
−15.1◦ for another 200 s before it starts to recover. From
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Figure 9: The response of the sensor.

Figure 9, the sensor seems to take a longer time to recover.
After waiting for approximately 240 s, the sensor has yet to
fully recover to its initial phase shift. It is believed that at
higher temperature, the response and recovery time could
be shortened but this requires further investigation. Nev-
ertheless, we have demonstrated that the use of nanorods
increased the sensitivity of the sensor.

4. Conclusions

A novel surface acoustic wave ethanol sensor using ZnO
nanorods was developed and tested. The change in frequency
response that occurred when the sensor was exposed to eth-
anol was measured and compared to that of a sensor using
a ZnO thin film only. The SAW ethanol sensor with ZnO
nanorods demonstrated a frequency shift of 24 kHz in re-
sponse to 2300 ppm ethanol at 270◦C, a significant improve-
ment over the 9 kHz shift of the sensor without nanorods.
The application of a nanorod sensing layer is a promising
technique to improve the sensitivity of surface acoustic wave
gas sensors, albeit the long response and recovery time.

References

[1] Q. Wan, Q. H. Li, Y. J. Chen et al., “Fabrication and ethanol
sensing characteristics of ZnO nanowire gas sensors,” Applied
Physics Letters, vol. 84, no. 18, pp. 3654–3656, 2004.

[2] G. Heiland, “Homogeneous semiconducting gas sensors,”
Sensors and Actuators, vol. 2, pp. 343–361, 1981.

[3] Rayleigh, “On waves propagated along the plane surface of an
elastic solid,” Proceedings of the London Mathematical Society,
vol. 1, supplement 1–17, pp. 4–11, 1885.

[4] R. White, “Surface elastic waves,” Proceedings of the IEEE, vol.
58, no. 8, pp. 1238–1281, 1970.

[5] A. Mamishev, K. Sundara-Rajan, F. Yang, Y. Du, and M. Zahn,
“Interdigital sensors and transducers,” Proceedings of the IEEE,
vol. 92, no. 5, pp. 808–845, 2004.

[6] A. D’Amico, A. Palma, and E. Verona, “Surface acoustic wave
hydrogen sensor,” Sensors and Actuators, vol. 3, pp. 31–39,
1982.

[7] Y. J. Lee, H. B. Kim, Y. R. Roh, H. M. Cho, and S. Baik,
“Development of a SAW gas sensor for monitoring SO2 gas,”

Sensors and Actuators A: Physical, vol. 64, no. 2, pp. 173–178,
1998.

[8] R. A. McGill, V. K. Nguyen, R. Chung et al., “The “NRL-
SAWRHINO”: a nose for toxic gases,” Sensors and Actuators
B: Chemical, vol. 65, no. 1, pp. 10–13, 2000.

[9] F. C. Huang, Y. Y. Chen, and T. T. Wu, “A room temperature
surface acoustic wave hydrogen sensor with Pt coated ZnO
nanorods,” Nanotechnology, vol. 20, no. 6, Article ID 065501,
2009.

[10] A. Z. Sadek, W. Wlodarski, Y. X. Li et al., “A ZnO nanorod
based layered ZnO/64◦ YX LiNbO3 SAW hydrogen gas sen-
sor,” Thin Solid Films, vol. 515, no. 24, pp. 8705–8708, 2007.

[11] W. S. Wang, T. T. Wu, T. H. Chou, and Y. Y. Chen, “A ZnO
nanorod-based SAW oscillator system for ultraviolet detec-
tion,” Nanotechnology, vol. 20, no. 13, Article ID 135503, 2009.

[12] J. Hornsteiner, E. Born, G. Fischerauer, and E. Riha, “Surface
acoustic wave sensors for high-temperature applications,” in
Proceedings of the 1998 IEEE International Frequency Control
Symposium, pp. 615–620, May 1998.

[13] W. Soluch, “Design of SAW delay lines for sensors,” Sensors
and Actuators A: Physical, vol. 67, no. 1, pp. 60–64, 1998.

[14] P. Hari, M. Baumer, W. D. Tennyson, and L. A. Bumm, “ZnO
nanorod growth by chemical bath method,” Journal of Non-
Crystalline Solids, vol. 354, no. 19–25, pp. 2843–2848, 2008.

[15] B. B. Rao, “Zinc oxide ceramic semi-conductor gas sensor for
ethanol vapour,” Materials Chemistry and Physics, vol. 64, no.
1, pp. 62–65, 2000.

[16] H. Wohltjen, “Mechanism of operation and design considera-
tions for surface acoustic wave device vapour sensors,” Sensors
and Actuators, vol. 5, no. 4, pp. 307–325, 1984.



Hindawi Publishing Corporation
Smart Materials Research
Volume 2012, Article ID 391026, 9 pages
doi:10.1155/2012/391026

Research Article

Local Fatigue Evaluation in PZT Thin Films with
Nanoparticles by Piezoresponse Force Microscopy

B. S. Li

Material and Reliability, ASMPT, Singapore 768924

Correspondence should be addressed to B. S. Li, bsli@asmpt.com

Received 28 June 2011; Accepted 22 August 2011

Academic Editor: Tao Li

Copyright © 2012 B. S. Li. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Lead zirconate titanate (PZT) thin films with the morphotropic phase boundary composition (Zr/Ti= 52/48) have been prepared
using a modified diol-based sol-gel route by introducing 1–5 mol% barium titanate (BT) nanoseeds into the precursor solution on
platinized silicon substrates (Pt/Ti/SiO2/Si). Macroscopic electric properties of PZT film with nanoparticle showed a significant im-
provement of ferroelectric properties. This work aims at the systematic study of the local switching polarization behavior during
fatigue in PZT films with and without nanoparticles by using very recent developed scanning piezoelectric microscopy (SPM). We
show that the local fatigue performance, which is characterized by variations of local piezoloop with electric cycles, is significantly
improved by adding some nanoseeds. It has been verified by scanning electron microscope (SEM) that the film grain morphology
changes from columnar to granular structure with the addition of the nanoseeds. On the other hand, the existence of PtxPb transi-
tion phase, which existed in interface at early crystallization stage of pure PZT thin film, deteriorates the property of the interface.
These microstructures and the interfaces of these films significantly affect the electrons injection occurred on the interfaces. The
domain wall pinning induced by injected electrons and the succeeding penetration into the films is discussed to explain the fatigue
performance.

1. Introduction

Lead zirconate titanate (PZT) thin film has been a good can-
didate for application in ferroelectric materials in nonvolatile
ferroelectric random access memory (FERAM) due to its ex-
cellent ferroelectric properties [1, 2]. One prerequisite prop-
erty of PZT thin films for ferroelectric devices is the micro-
scopic perfection of the polarization switching, defined as
the symmetric switching between two opposite polarization
states. The occurrence of polarization fatigue, which is the
decrease of polarization during repeated electrical pulses, has
been an obstacle for full commercialization of the PZT thin
films, especially for applications of PZT thin films on Pt ele-
ctrode coated substrates. As such, extensive studies have been
carried out to disclose the microscopic fatigue nature in PZT
thin films [3–10]. Oxygen vacancies, which are very easy to
form during crystallization process and the most mobile
point defects in perovskite material like PZT, are deemed
to be a major factor in fatigue. Scott et al. argued that the
transition of oxygen vacancies into two-dimensional planar
arrays is a fatigue mechanism in perovskite ferroelectrics

[3, 5]. Park and Chadi investigated atomic relaxations around
oxygen-vacancy defects in ferroelectric perovskite PbTiO3

through first-principles pseudopotential total energy calcu-
lations [6]. The atomic relaxations around oxygen vacancies
may result in a tail-to-tail polarization and thus favor the
charge trapping and domain pinning. Lupascu and Rabe di-
rectly observed point defect clustering in perovskite ferro-
electrics during cyclic electrical pulses [7]. It seems, from
these data, that the redistribution of the point defect (mainly
oxygen vacancies) plays a crucial role in fatigue mechanism.
However, there are some arguments against this opinion
which are summarized in [8]:

(1) Doping is always used to control the oxygen vacancy
concentration, but the experimental results on the ef-
fect of doping of PZT films on fatigue are contradic-
tory.

(2) The activation energy which corresponds to the tem-
perature dependence of the fatigue rate (0.05 eV) is
much smaller than the typical one of the oxygen vaca-
ncy mobility in perovskites (1 eV).
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Considering the above arguments, one may draw the
conclusion that in fatigue mechanism, the crucial contribut-
ing factor was not the redistribution of the oxygen vacancies.
Studies reveal that charge carriers could also influence fa-
tigue. An apparent polarization attenuation exists in PZT and
BaTiO3 when ultraviolet illumination is used to generate ele-
ctron and hole pairs [9]. When a sample is fatigued, electrons
and holes injected from the electrodes into the ferroelectric
film can be trapped at deep levels and immobilized produc-
ing as a simple charged defect [8]. These defects associated
with the bound charges of the domain walls pin the reorien-
tation of the domains during fatigue. Cillessen et al. demon-
strated an electron injection model occurred in near-ele-
ctrode region [10]. According to this model, the coercive field
of the film will increase if the near-electrode electron injec-
tion is present. Du and Chen observed improvement of fati-
gue performance in PZT films when using P type silicon as
the top electrode, and they attributed the improved fatigue
endurance to absence of the electron penetration [11]. These
findings demonstrate that electrons injection during fatigue
plays a very important role in the fatigue performance of PZT
films.

In our previous work [12, 13], a novel approach to im-
prove microstructure and decrease the processing temper-
ature of PZT films on Pt/Si by sol-gel was developed. This
approach introduced small amounts of perovskite nanopar-
ticles into the precursor, and the films prepared by seeded
precursor show not only improved microstructure and ferro-
electric properties, but also fatigue endurance. Our results
show that an alternative to improve the fatigue endurance by
adding nanoseeds into the films has been found. However,
systematic studies on the seeding effect on fatigue perfor-
mance at a nanoscale level have not been conducted yet, and
the mechanism of this improvement remains to be discov-
ered.

It should be noted that the fatigue mechanisms men-
tioned only consider the variations in macroscopic hysteresis
loops before and after fatigue. In fact, this characterization
could not define the microscopic fatigue performance and
possible imprint along polarization axis well. Recently, piezo-
force microscopy (PFM) has been intensively used to study
the domain variations in ferroelectrics due to its significant
advantage for monitoring domain features and ability for
investigating local piezoresponse with piezoloop [14]. Fur-
thermore, compared with macroscopic hysteresis loops, the
microscopic piezoloop may well define the imprint phe-
nomenon along the polarization axis due to its displacement-
depended nature. In contrast, this kind of imprint cannot
be detected in macroscopic measurements of ferroelectric
polarization, because an arbitrary integration constant is
used in the polarization measurement [15]. Therefore, in this
work, PFM is utilized to analyze the local fatigue perfor-
mances in three kinds of PZT ferroelectric thin films. The
electron injection [16] and the succeeded domain pinning
by the penetrated electrons were investigated in microregion
by piezoloops. The diverse domain pinning processes in
these films during fatigue were reported here, and a possible
explanation was suggested.

2. Experimental Procedure

The PZT precursor solution was prepared according to the
stoichiometric formula Pb(Zr0.52Ti0.48)O3. No excess lead
was added. The starting reagents were lead acetate trihydrate,
titanium diisopropoxide bisacetylacetonate, and zirconium
acetylacetonate. A 0.4 M stock solution was used for the PZT
thin-film deposition. The viscosity of the solutions with and
without seeds was adjusted to 0.012 Pa s.

Ultra fine barium titanate (BT) powders (20 ∼ 80 nm)
were used as seeds. BT seed powder was prepared by a direct
hydrolysis synthesis in which titanium alkoxide mixed into
barium hydroxide solution at 90◦C. Perovskite phase was
directly formed after drying the powder at room tempera-
ture. The BT powder was milled and dispersed with a suitable
solvent and dispersant (Dispex A40; Allied Colloids, Ltd-
ammonium salt of a polycarboxylic acid) for 5 h using a vi-
brator mill. The suspension of BT seeds was mixed with the
PZT precursor sol according to certain ratios. The weight
ratios of BT seeds in PZT sol were 1% and 5%, respectively.
The sol was processed with vigorous stirring and followed by
a 20 min ultrasonic treatment. The stability of the PZT sus-
pension sols was measured with a rheometer.

PZT films were deposited on Pt/Ti/SiO2/Si multilayered
substrates by dip-coating. The substrate was dipped and
withdrawn from the precursor sol at a constant rate of
0.17 cm/s. The resulting wet films were dried on a hot plate
at 300◦C for 1 min to remove residual organics. After deposi-
tion of four layers, the films were fired at 550◦C for 30 min
in air. The PZT thin films with 1 wt% and 5 wt% BT seeds
are briefly called PZT-BT1 and PZT-BT5, respectively. The
thickness of these films were about 400 nm. The stoichiom-
etry and the interfaces quality of the films were studied by
Rutherford back scattering (RBS) spectrometry using a He+

beam at 1.6 MeV.

Surface morphology and domain structure inspection of
the films was performed via so-called piezoforce microscopy
(PFM) that relies on a local reverse piezoelectric effect exhib-
ited by the film’s surface. A modified commercial atomic
force microscope (Multimode, Nanoscope IIIA, Digital In-
struments) was used in the experiment to record synchro-
nously two different features: topography and piezoresponse.
A conductive Ti (1st layer) and Pt (2nd layer) coated tip
cantilever (NSC14/Ti-Pt, MikroMasch) system was used for
the application of external voltages and for effective piezo-
coefficient (deff) measurements. The first harmonics of the
cantilever vibration was detected under an ac voltage (3 V,
50 kHz) was applied between the grounded tip and the bot-
tom electrode. In the piezoresponse image, domains with op-
posite polarization exhibit different contrast. Dark regions
(hereafter referred to as negative domains) correspond to do-
mains with polarization oriented towards the substrate, and
bright regions (positive domains) refer to domains with po-
larization point at the free surface of the film. The local piezo-
electric hysteresis loops (piezoloops) before and after fatigue
were measured on a fixed point inside an unambiguous do-
main. The tip was put on the relative flat area to avoid the
interference caused by d31 and d15 vibration. The loop acqui-
sition consisted of applying a dc voltage, Vdc, for a short time
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Figure 1: Topographic images of PZT films without seeds (a), with 1% BT seeds (b), with 5% seeds (c), and corresponding piezoresponse
images (d), (e), and (f) in three kinds of PZT thin films. The scale bar in topographic image is same as that in piezoresponse one.

(≈1 s) and measuring the actual remanent piezoelectricity
when the dc voltage was reduced to zero for each piezoelec-
tric measurement. The voltage was swept by 1 V increments
in the range −20 V < Vdc < +20 V. The frequency and am-
plitude of electric field for fatigue is 50 kHz and 2 times of
the corresponding coercive field, respectively.

3. Results and Discussions

Typical topography and piezoresponse images of three kinds
of films are shown in Figure 1. Among these PZT films, pure
PZT film shows the lowest surface roughness, while PZT-BT5
film presents the roughest one. The rms roughnesses are
2.01 nm, 4.93 nm, and 7.33 nm for PZT, PZT-BT1, and PZT-
BT5 films, respectively. As suggested in [16], there were py-
rochlore residue phase forming a uniform cover on PZT
films. This may be the reason why the grains and the domain
populations did not correlate each other.

It is also shown in Figure 1 that these films possessed dif-
ferent grain sizes. From the results, as addition of 1 wt% BT
seeds did not result in a significant change in grain size,
whereas a significant decreased in grain size was observed in
PZT-BT5 film. Theoretically, nanoparticles added in the film
can act as nucleation centers to favor crystallization process.
Compared to the pure PZT films heated under the same con-
ditions, the extent of crystallization of the perovskite struc-
ture was much higher [13]. The smaller grain in PZT-BT5
film is due to the presence of excessive nucleation center,

which will increase the nucleation density and, therefore, to
smaller grains.

3.1. Static Fatigue Studies. Figure 2 shows the piezoloops
after different fatigue cycles in these films, which were mea-
sured consecutively for each film. The tip was immovable
during the fatigue process, so it was briefly called “static fatig-
ue”. For pure PZT film, square-like piezoloop were observed
when the measuring electric field was applied on the virgin
film. There was an aggravation of the pinched shape to some
degree with increasing of the fatigue switching cycles. After
the 3 × 108 switching cycles, the ferroelectric behavior was
entirely suppressed, and any expected correlation between
the piezoresponse and the voltage applied disappeared, espe-
cially in the up polarized state. This illustrates that there were
pinned domains in PZT film, because the domain size distri-
bution during the growth process determined the hysteresis
loop shape. Since a large ac field was applied in the fatigue
experiment, the interior component of the PZT film was ex-
cited [17]. Thus, the pinned area was not just beneath the tip
and localized in one domain. This might extend deep into
the film due to the highly inhomogeneous and large electric
field during fatigue experiment.

Note that PFM response has crystallographic depen-
dence, which was dominated by d33 value [18]. The relation
between the coercive field and off-axis orientation of the
grain could be approximately evaluated with [19]:

EP cos(θ) = A, (1)
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Figure 2: Local (upper) and macroscopic (lower) piezoloops obtained in different PZT films of different fatigue cycles. (a) PZT-BT5 thin
film, (b) PZT-BT1 film, and (c) PZT film. Inset in (c) shows variation of the piezoloops with electric cycles in PZT sample which is annealed
in nitrogen at 600◦C for 30 minutes.

where E is electric field, P is polarization, θ is off-axis angle
and A is a constant. Therefore, coercive field is expected to
increase with the increase of off-axis angle, while polarization
decreases to guarantee the product to be a constant. In
present, it is obvious that increase of the coercive voltage (or
decrease of the polarization) cannot be attributed to an off-
axis orientation of the grain, since the product of coercive
field and polarization significantly decreased after long-term
fatigue cycles. Thus, this shows that the fatigue mechanism
indeed involved a pinning process around domains. This is
also an indication that under the probing location, the do-
main walls became clamped, inhibiting the growth of oppo-
site domains so that a higher field was required to partly
switch the domain into the opposite state. The slope of the
piezoloop near the coercive field had a significant decrease,
which indicates a difficult nucleation and expansion of the
new domain.

Comparison of the loops in Figure 2(c) shows that the
piezoloop presents apparent imprint after fatigue. It seemed
that there was almost no positive displacement in PZT film
after severe fatigue. During the measuring of piezoloop, it
was believed that the switching begins with the nucleation
of reverse domain seeds just underneath the tip. The newly
growing domain then expanded to an equilibrium size reach
to some depth in the film. The piezoelectric displacement can
be expressed in the following way [20]:

deff = 1
Vac

∫ t

0
d33Ezdz = d33

Vac

[∫ l

0
Ezdz −

∫ t

l
Ezdz

]

= d33

Vac
[V(0)− 2V(l)],

(2)

where V(0) is the potential on the surface and V(l) is the
potential at the domain boundary. For the spherical model
V(l) ∼ V(0)R/(R + l) [20], where R is contact radius, l
is the distance from the center of the contact area. The
surface potential V(0) = Vtip = Vdc + Vac cos(ωt). Then,
the piezoelectric displacement is proportional to surface
potential. Thus, the imprint of piezoloop can be explained by
considering the large decrease of the Vdc. It is highly probable
that this decrease is caused by injection of electrons from
the tip. The possible mechanism for electron injection is a
thermoionic injection of negative charge carriers (electrons)
through the tip, as described with [21]

J = AT2 exp
(
− φ

KT

)
, (3)

where A and K are the Richardson and Boltzmann constants,
T is the temperature, and φ is the effective barrier for electron
injection. In other words, the increase in temperature along
the fatigue process brings about an increase in current den-
sity, which will simultaneously decrease the effective barrier
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Figure 3: Piezoresponse images of the PZT series films. (a)∼ (c) are piezoresponse images for PZT, PZT-BT1, and PZT-BT5 as-deposited
films, respectively; (d)∼ (f) show piezoresponse images on fatigued PZT series films; (g)∼ (i) show corresponding poling effects on these
films. The black frame represents poling area produced by moving the cantilever while applying a positive 20 Vdc voltage. Unswitchable
domains appear as dark color.

height φ. As a result, the electrons ejected from tip may screen
applied voltage and greatly decrease the Vdc of the PZT film
as a reverse bias voltage, resulting in a strong imprint in
piezoloop of PZT film. The mechanism for electron penetra-
tion may come from the high field induced by unscreened
embryo domains, which is probably expressed by Fowler-
Nordhein tunneling as [22]

J = CFNE
2
bc exp

[

−4
√

2m∗(qφb
)3/2

3qξEbc

]

, (4)

where CFN is the Fowler-Nordheim coefficient which de-
pends on the barrier height φB and the the electron effective
mass m∗ at the interface. Under such a high tunneling cur-
rent, the penetration of the charge can be expected especially
near the nucleation sites.

Comparing the piezoloops shown in Figures 3(a), 3(b),
and 3(c), an apparent difference in loop shapes after fatigue
was observed. After 3×108 fatigue cycles, the pinched degree
for seeded films was much more alleviated as compared with
unseeded PZT film. The slopes of the piezoloop near the
coercive field for seeded films decreased moderately, which
indicates that the domains in the area just under the tip were
not largely frozen. It implied that there were different fatigue
processes between seeded and unseeded films.

Some authors have suggested oxygen vacancy migration
or accumulation near the film electrode will result in elec-
trical fatigue [3, 5, 6]. To verify the role of oxygen vacancies
in fatigue course, the PZT sample was annealed in nitrogen
atmosphere for half an hour. The oxygen vacancies could not
be compensated by ambient oxygen during cooling process,
resulting in the distortion of the oxygen octahedron which
would deteriorate the ferroelectric properties. As shown in
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Figure 4: Piezoelectric histograms of three kinds of PZT films. Three types of histograms about virginal film, during fatigue and after fatigue,
are shown, respectively, in (a) PZT, (b) PZT-BT1, and (c) PZT-BT5 films.

the inset of Figure 2(c), the remnant polarization of nitro-
gen-processed sample before fatigue decreased to one-third
of the virginal sample. After 3 × 108 electrical cycles, the
fatigued loop of this sample was severely pinched, but from
the normalized viewpoint, it is unlikely that the oxygen
vacancies play a key role in the fatigue mechanism.

3.2. Dynamic Scanning Fatigue Studies. To further investigate
the fatigue effect in these PZT films, a further experiment was
carried out. A 2.35× 2.35μm2 square area was scanned for 6
cycles (about 50 minutes) by a conductive tip on which high
voltage was applied to induce repeated polarization switch-
ing. We briefly call this mode scanning fatigue, which
parallels the standing fatigue as presented earlier in Figure 3.
The scanning fatigue mode is equivalent to the application of
5 × 103 electrical pulses to each pixel on surface of the film.
After the fatigue operation, a new cantilever was used to
study the same original sample area. Then, a smaller area in-
side the original fatigued area was poled with high positive
voltage to observe the domain pinning in the fatigued area.
These results are shown in Figure 3. It is noticed that pure
PZT film shows a considerable change in the piezoresponse
pattern of the fatigued area, while PZT films with BT nano-
particles maintained their domain distributions. The right
column of Figure 3 shows the piezoresponse images of these
films, where a positive 20Vdc voltage was applied through the

scanning tip to induce reorientations on the corresponding
fatigued area. For pure PZT film, it is obvious that some
of the domains could not be reoriented and still exhibit its
original piezoelectric signals. This is a strong indication that
there were domains pinning around these regions [23]. In
the case of the PZT films, with nanoparticles, the area of un-
switchable region was much smaller as compared to PZT film
and further for PZT-BT5 film, the domain populations inside
the black frame could even be switched freely.

The piezohistograms of these films in as-deposited,
during-fatigue, and after-fatigue states obtained from corre-
sponding PFM images are shown in Figure 4. It is complex
to analyze the during-fatigue piezoresponse image due to an
intricate domain switching case which is involved into it.
Theoretically, when we consider the first harmonic piezore-
sponse during domain switching as a sine ac signal is used,
the amplitude of piezoelectric displacement will present two
same segments corresponding to one period of the ac signal.
Thus, the whole first harmonic signal acquired from upper
layer of the measured object should be zero. In fact, some sig-
nal strength must be present due to a highly inhomogeneous
electric field beneath the tip. However, we preferably consider
that this first harmonic signal results from the piezoelectric
contribution at deeper region just beneath the upper one in
the surface.
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Figure 5: Peak offset in corresponding histogram between (a) virginal film and after-fatigue film, (b) virginal film and during-fatigue film.

Generally, piezohistogram describes statistical distribu-
tion of domain population and provide a tangible reference
for domain orientation. The peak of a piezohistogfam refers
to the most probable domain configuration, and its width in-
dicates possible number of domain variations. The height of
the curve is highly width-dependent, because the number of
events is closely related to span of the interval. So, we ignore
the variation of height in these histograms. Analysis of piezo-
histograms for virgin films reveals that these PZT films ex-
hibit self-polarization effect. It is due to the strong built-in
field near the bottom electrode formed by the trapped elec-
trons and ionic defects near the film-bottom electrode inter-
face [24]. This effect produced an additional internal electric
field with a determinate direction, inducing mainly down-
ward domains in this area, as shown in Figure 4. Further-
more, a large offset of the piezohistogram is observed for
pure PZT film when a large ac voltage is applied to excite
domain switching. In contrast to the pure PZT film, the PZT
films with nanoparticles have smaller offset even almost zero
for PZT-BT5 film in that moment as shown in Figure 4(c).
After application of electric cycles, the pure PZT film shows a
negative offset, which indicates that its self-polarization will
be strengthened. On the contrary, films with nanoparticles
present small positive offsets as shown in Figures 4(b) and
4(c). Then, alleviation in their self-polarization can be ex-
pected.

Concerning sol-gel-derived PZT films, the presence of
built-in bias field near bottom electrode can result in self-
polarization. It is both probable that the injected electrons
come from bottom electrode or from tip, and these two types
of electrons induce reverse effect for self-polarization [24].
The results in Figure 5 follow that the aggravation of the
self-polarization during fatigue probably results from the
injection of electrons from the bottom electrode. It should
be noted that the aggravation degree is different for these
films. After the fatigue process ended, opposite offset shown
in Figure 5(a) implies that the injected electrons are trapped

in different region. For pure PZT film, they are located near
the bottom electrode, and for films with nanoparticles, they
stay near the surface.

To investigate the effect of injected electrons on switching
character, piezoloops for PZT and PZT-BT5 films was carried
out before and after scanning fatigue as shown in Figure 6.
Comparison of these two kinds of films reveals the scanning
fatigue cause opposite shifts in the vertical direction. It also
implies that charges are in different interface, resulting in
opposite bias field. We find that this result is in good agree-
ment with [23] measured on fatigue effect in PZT film [23].

We suggest that film microstructure may be responsible
for the fatigue performance. In our previous work [13], de-
tailed crystallization processes for these PZT films were de-
scribed. For PZT films with nanoparticles, nucleation occurs
at the surface of the bottom electrode, at the seed surfaces,
and at the top film surface, which brings about a higher
degree of perovskite crystallinity but a less orientated texture,
that is, granular structure. For pure PZT film, the nucleation
takes place only at the surface of the bottom electrode. Then,
columnar structure can be expected.

The change of film grain morphology from granular to
columnar may have an effect on the fatigue performance in
seeded and unseeded films. Generally, grain boundaries act
as current pass, and as a result, injected electrons may vanish
faster in films with lots of grain boundaries. Thus, the injec-
ted electrons will not pin the domain reorientations in films
with the addition of nanoparticles. Therefore, good fatigue
endurance is present in films with nanoparticles rather than
pure PZT film. It is interesting to note that this suggestion is
not in well consistent with the results in the reference [25],
in which greater polarization fatigue for a granular PZT film
was reported.

We further suggest that the inferior fatigue performance
in unseeded film is closely related to early crystalliza-
tion process. When the pure PZT film was pyrolyzed at
400◦C for 5 min, at the Pt/PZT interface, a PtxPb interlayer
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Figure 6: Variations of Piezoloop after fatigue for (a) unseeded and (b) seeded films.

was observed even though it disappeared in later period [13].
For seeded films pyrolyzed under the same conditions, the
PtxPb interlayer was reduced or not observed when seeds
content increased to 5%. Furthermore, there was evidence
that the morphology of PtxPb interlayer for PZT film was
continuous while it was intermittent for PZT films with
nanoparticles. Disappearance of the interlayer implies that
the location with such a transition phase is prone to trans-
form into heterogeneity which is easy to be penetrated by
injected electrons. Besides this, electrons are more difficult to
vanish in pure PZT film than in PZT films with nanoparticles
so that the injected electrons are easy to pin the domain
reorientation in pure PZT film. We believe that these are
the reasons behind the inferior fatigue performance for pure
PZT film. The possible incomplete compensation of depolar-
ization field [7] did not to influence the electron injection,
since we found in another experiment that static fatigue
showed no frequency dependence.

4. Conclusions

In summary, we have demonstrated that polarization fatigue
of PZT films depends on the addition of nanoseeds with
piezoresponse force microscopy. Piezoresponse images and
related piezoloops reveal that seeded films possess better fati-
gue endurance. We suggest that the film morphology and
the microstructure of the bottom interface play key roles in
the evolvement of the fatigue. Formation of the continuous
PtxPb interlayer in interface may damage the intactness of
the bottom electrode although the interlayer disappears in
latter crystallization. These areas probably act as the pipeline
for penetration of the electrons, and the fatigue endurance
degrades with the combinations between mobile carriers and
these electrons. In addition, the fatigue performance may
also be affected by film microstructure which will evolve

from columnar to granular growth with the addition of
nanoseeds.
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