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PREFACE

"Smart" materials respond to environmental stimuli with particular changes in some
variables. For that reason they are often also called responsive materials. Depending on
changes in some external conditions, "smart" materials change either their properties
(mechanical, electrical, appearance), their structure or composition, or their functions.
Mostly, "smart" materials are embedded in systems whose inherent properties can be
favorably changed to meet performance needs. Smart materials and structures have
widespread applications in ; 1. Materials science: composites, ceramics, processing science,
interface science, sensor/actuator materials, chiral materials, conducting and chiral polymers,
electrochromic materials, liquid crystals, molecular-level smart materials, biomaterials. 2.
Sensing and actuation: electromagnetic, acoustic, chemical and mechanical sensing and
actuation, single-measurand sensors, multiplexed multimeasurand distributed sensors and
actuators, sensor/actuator signal processing, compatibility of sensors and actuators with
conventional and advanced materials, smart sensors for materials and composites processing.
3. Optics and electromagnetics: optical fibre technology, active and adaptive optical systems
and components, tunable high-dielectric phase shifters, tunable surface control. 4. Structures:
smart skins for drag and turbulence control, other applications in aerospace/hydrospace
structures, civil infrastructures, transportation vehicles, manufacturing equipment,
repairability and maintainability. 5. Control: structural acoustic control, distributed control,
analogue and digital feedback control, real-time implementation, adaptive structure stability,
damage implications for structural control. 6. Information processing: neural networks, data
processing, data visualization and reliability. This new book presents leading new research
from around the globe in this field.

Electrorheological (ER) fluid is a smart suspension, whose structure and rheological
properties can be quickly tuned by an external electric field. This character attracts high
attentions in use of conventional and intelligent devices. In Chapter 1, we introduce new
advances in design and preparation of ER materials based on two routes including molecular
& crystal structure design and nanocomposite & hybrid design. And we specially present
some advanced preparation techniques, such as self-assembly, nanocomposite, hybrid, and so
on, in order to achieve the design about physical and chemical properties of high-performance
ER materials. Furthermore, we present new self-coupled dampers based on ER fluid and
piezoelectric ceramic for vibration control, and a flexible sandwiched ER composite for
sound transmission control. This new damper works depending on self-coupling effect
between ER fluid and piezoelectric ceramic and does not need the external power supply.
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In Chapter 2, a piezoelectric solid with a Griffith mode-I crack perpendicular to the
poling direction is analyzed within the framework of the theory of linear piezoelectricity. The
electroelasticity problems related to a crack of finite length and a penny-shaped crack have
been solved via using electric boundary conditions at the crack surfaces depending on crack
opening displacement. The Fourier transform and Hankel transform are employed to reduce
the associated mixed boundary value problems of two- and threedimensional cases to dual
integral equations. Solving resulting equations and using well-known infinite integrals related
to Bessel functions, explicit expressions for the electroelastic field in the entire plane or space
are obtained for a cracked piezoelectric material subjected to uniform combined far-field
electromechanical loading. The electric displacements at the crack surfaces exhibit a clear
nonlinear relation on applied electric and mechanical loadings. Impermeable and permeable
or conducting cracks can be taken as two limiting cases of the dielectric crack The field
intensity factors are determined. Particularly, the COD intensity factor is suggested as a
suitable fracture criterion for piezoelectric materials. Based on this criterion, relevant
experimental results can be explained successfully.

As discussed in Chapter 3, distributed actuation and sensing are the key elements in the
development of active structural control methodology. Piezoelectric materials are popularly
considered as active elements (actuators or sensors) due to their good frequency bandwidth,
low cost and fast energy conversion nature. As actuators, they develop isotropic or directional
actuation strains, which are governed by mainly five piezoelectric constants (ds;, dsa, d33, dis,
dy4). The longitudinal (d;3) and extension (ds;, ds;) actuations have been thoroughly studied;
however shear actuation (d;s) is relatively a new concept but shows promising feature. It is a
novel idea to combine the extension and shear actuations to develop a hybrid actuation mode
for active vibration control applications, exploiting the benefits of both. The hybrid active
laminate can be built, employing a transversely polarized (d;;) lamina and an axially
polarized (d;5) lamina. Appropriate constitutive models are derived with an assumption that
each lamina behaves as elastically orthotropic and electro-mechanically orthorhombic crystal
class mm2. A two node sandwich beam element is developed using the isoparametric FE
procedures to conduct numerical experiments. Active control analysis is performed using a
modal control approach and the procedure is outlined to obtain the reduced order models
without loosing the dynamic information of the vibrating systems.

Active stiffening (piezoelectric straining) and active damping (piezoelectric resistive
force) are the two active effects systematically analyzed by numerical studies. Collocated and
non-collocated actuator configurations are considered, employing extension and shear
actuators in sandwich beam architectures to evaluate the performance of above mentioned
active effects. In the vibration amplitude control, the shear actuation has been found very
effective, as it develops locally shear strain. Also, a sine wave actuation mode is observed
when a shear actuator is activated in a Clamped-Clamped construction. Interesting deflection
behaviours are observed under hybrid actuation mode for various boundary effects. The mode
shape control concept using piezoelectric stiffening has been introduced, where a Clamped-
Free laminated beam is taken as an illustration. It is a useful technique, as the mode shapes
influence significantly the dynamic instability of thin walled composite structures.

Chapter 4 presents a new piezoelectric shunt damping methodology to control unwanted
vibration of information storage devices. The first part of this article presents vibration
control of CD-ROM drive base. Admittance is introduced and numerically analyzed by
adopting commercial finite element code, and the simulated results are compared with
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experimentally measured ones. The piezoelectric shunt damping circuit is designed on the
basis of the target vibration modes obtained from the admittance analysis. It is demonstrated
through experimental realization that vibration of the CD-ROM drive base can be effectively
reduced by activating the proposed piezoelectric shunt circuit. The second part of this article
presents vibration control of HDD disk-spindle system. In the modeling of the HDD, a target
vibration mode which significantly restricts recording density increment of the drive is
determined by analyzing modal characteristics of the drive. A piezoelectric bimorph is
designed and integrated to the drive by considering the mode shape of the target vibration
mode. The sensitivity analysis method is then undertaken to determine optimal design
parameters. It is experimentally verified that vibration of the HDD system can be effectively
reduced by activating the proposed piezoelectric shunt circuits.

The scientific community across the globe is thrusting significant efforts toward the
development of new techniques for structural health monitoring (SHM) and non-destructive
evaluation (NDE), which could be equally suitable for civil-structures, heavy machinery,
aircraft and spaceships. This need arises from the fact that intensive usage combined with
long endurance causes gradual but unnoticed deterioration in structures, often leading to
unexpected disasters, such as the Columbia Shuttle breakdown in 2003. For wider
application, the techniques should be automatic, sufficiently sensitive, unobtrusive and cost-
effective. In this endeavour, the advent of the smart materials and structures and the related
technologies have triggered a new revolution. Smart piezoelectric-ceramic lead zirconate
titanate (PZT) materials, for example, have recently emerged as high frequency impedance
transducers for SHM and NDE. In this role, the PZT patches act as collocated actuators and
sensors and employ ultrasonic vibrations (typically in 30-400 kHz range) to glean out a
characteristic admittance ‘signature’ of the structure. The admittance signature encompasses
vital information governing the phenomenological nature of the structure, and can be
analysed to predict the onset of structural damages. As impedance transducers, the PZT
patches exhibit excellent performance as far as damage sensitivity and cost-effectiveness are
concerned. Typically, their sensitivity is high enough to capture any structural damage at the
incipient stage, well before it acquires detectable macroscopic dimensions. This new SHM/
NDE technique is popularly called the electro-mechanical impedance (EMI) technique in the
literature.

Chapter 5 describes the recent theoretical and technological developments in the field of
EMI technique. PZT-structure interaction models are first described, including a new one
proposed by the authors, followed by their application for structural identification and
quantitative damage prediction using the extracted mechanical impedance spectra. Results
from experiments on representative aerospace and civil structural components are presented.
A new experimental technique developed at the Nanyang Technological University (NTU),
Singapore, to predict in situ concrete strength non-destructively is then described. Calibration
of piezo-impedance transducers for damage assessment of concrete is covered next. Finally,
practical issues such as repeatability and transducer protection are elaborated. The recent
developments facilitate much broader as well as more meaningful applicability of the EMI
technique for SHM/ NDE of a wide spectrum of structural systems, ranging from aerospace
components to civil structures.

As presented in Chapter 6, Computationally effective inverse analysis algorithms are
crucial for damage detection and parametric identification, reliability and performance
evaluation and control design of real dynamic structural systems. Soft structural parametric
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identification strategies for structural health monitoring (SHM) with neural networks by the
direct use of forced vibration displacement, velocity or free vibration acceleration
measurements without any frequencies and/or mode shapes extraction from measurements are
proposed. Two three-layer back-propagation neural networks, an emulator neural network
(ENN) and a parametric evaluation neural network (PENN), are constructed to facilitate the
identification process. The rationality of the proposed methodologies is explained and the
theoretical basis for the construction of the ENN and PENN are described according to the
discrete time solution of structural vibration state space equation. The accuracy and efficacy
of the proposed strategies are examined by numerical simulations. The performance of the
free vibration measurement based methodology under different initial conditions and the
efficiency of neural networks with different architecture are also discussed. The effect of
measurement noises on the performance of the forced vibration dynamic responses based
parametric identification methodology is investigated and a noise-injection method is
introduced to improve the identification accuracy. Since the strategy does not require the
extraction of structural dynamic characteristics such as frequencies and mode shapes, it is
shown computationally efficient. Unlike any conventional system identification technique
that involves the inverse analysis with an optimization process, the proposed strategies in this
chapter can give the identification results in a substantially faster way and can be viable tools
for near real-time identification of civil infrastructures instrumented with monitoring system.
In Chapter 7, a learning algorithm for dynamic recurrent Elman neural networks is
proposed, based on an improved particle swarm optimization. The proposed algorithm
performs the evolution of network structure, weights, initial inputs of the context units and
self-feedback coefficient of the modified Elman network together. A novel control method is
presented successively based on the proposed algorithm. A novel dynamic identifier is
constructed to perform speed identification and also a controller is designed to perform speed
control for ultrasonic motors. Numerical results show that the designed identifier and
controller based on the proposed algorithm can both achieve higher convergence precision
and speed. The identifier can approximate the nonlinear input-output mapping of the USM
quite well, and the good control effectiveness of the controller is verified using different kinds
of speeds of constant, step, and sinusoidal types. Besides, the preliminary examination on the
randomly perturbation also shows the fairly robust characteristics of the two models.
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Chapter 1

NEW ADVANCES IN DESIGN AND PREPARATION
OF ELECTRORHEOLOGICAL MATERIALS
AND DEVICES

Xiaopeng Zhao', Jianbo Yin and Hong Tang
Institute of Electrorheological Technology, Deaprtment of Applied Physics,
Northwetern Polytechnical University, Xi’an 710072 P.R.China

Abstract

Electrorheological (ER) fluid is a smart suspension, whose structure and rheological
properties can be quickly tuned by an external electric field. This character attracts high
attentions in use of conventional and intelligent devices. In this article, we introduce new
advances in design and preparation of ER materials based on two routes including molecular
& crystal structure design and nanocomposite & hybrid design. And we specially present
some advanced preparation techniques, such as self-assembly, nanocomposite, hybrid, and so
on, in order to achieve the design about physical and chemical properties of high-performance
ER materials. Furthermore, we present new self-coupled dampers based on ER fluid and
piezoelectric ceramic for vibration control, and a flexible sandwiched ER composite for sound
transmission control. This new damper works depending on self-coupling effect between ER
fluid and piezoelectric ceramic and does not need the external power supply.

I Design and Preparation of Electrorheological Materials

1 Introduction

Smart or intelligent materials can adaptively change or respond to an external environmental
stimulus and produce a useful physical or chemical effect such as volume, mechanical stress
change, reversibility oxidization-deoxidization and so on. The stimuli may include
mechanical stress, temperature, an electric or magnetic field, photon irradiation, or chemicals

" E-mail address: xpzhao@nwpu.edu.cn
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(pH, ionic strength). A very important feature of the change or response of intelligent
materials is reversibility, which means that the useful physical or chemical effect is easily
tunable through simply changing the environmental stimuli conditions.[1]

Using external electric or magnetic stimuli to control the viscosity of fluids is very
interesting for science and technology because of the potential usage in active control of
conventional and intelligent devices. These intelligent fluids, whose viscosity can be tuned by
external fields, include liquid crystal (low molecular weight or liquid crystal polymer),
magnetic fluid, magnetorheological (MR) suspension, and electrorheological (ER) fluid. The
advantage of liquid crystal and magnetic fluid is the good suspended stability due to
molecular and nano-size dispersal phase. However, low shear stress induced by field and
narrow temperature range limit the application of liquid crystal and magnetic fluid. MR
suspension and ER fluid are made of micrometer soft magnetic and leaking dielectric
particles in liquid, respectively. Under magnetic field and electric field, MR suspension and
ER fluid can suddenly increase the viscosity and even change from a liquid-like state to a
solid-like state accompanied with a yield stress (about several kPa for ER fluid and several
ten kPa for MR suspension) to resist shearing deformation. This high shear stress makes MR
suspension and ER fluid possess wide potential use in active control of conventional and
intelligent devices. MR suspension and relative technology have been successfully used in
industry and we will not give a more detailed introduction about it here. Although ER fluid
shows rapider (ms) response to field and simpler control by electric field compared with MR
suspension, the insufficient performance of ER materials has limited the technological
development of ER fluid. Fortunately, many progresses in design and preparation of ER
materials and relative techniques have been made in recent years and these have been
revealed in recent several international conferences on ER fluids and MR suspensions [2-5].
Here we would like to give a brief introduction about some new design ways of ER materials
and self-coupling ER devices.

The ER fluids can be classified into two types, e.g. particle suspension system and
homogenous system. The homogenous ER system consists of single liquid component or
miscible blends. The most popular homogenous ER system is liquid crystal polymer solution
[6]. More investigations are made on suspension ER system and this system consists of
micrometer-size leaking dielectric particles in insulating liquid [7]. Under the influence of an
applied electric field, the dispersed dielectric particles will be polarized and attracted each
other to form chain or column structures (see Figure 1). These chains and columns enable ER
fluid suddenly increase its viscosity and even change from a liquid-like state to a solid-like
state that has a yield stress to resist shearing deformation. Interestingly, the change process of
viscosity or liquid-solid state of ER fluid is reversible as soon as the applied electric field is
removed. This field-induced thickening of materials is often referred to as the
“electrorheological effect” or “Winslow effect” because M. W. Winslow for the first time
discovered this phenomenon [8]. The popular characterization of ER effect is to evaluate the
steady-shear rheological response under electric field. The different ER behaviors of
suspension system and homogenous system can be clearly revealed by flow curve of shear
stress-shear rate [6]. Under zero electric field, both ER systems show common rheological
behavior that can be modeled as the Newtonian fluid. When the electric field is applied, the
homogenous ER system only shows viscosity increase as Figure 2(b), while the suspensions
ER system not only increases its viscosity but possesses a yield stress as shown in Figure 2
(a), which is often modeled as the Bingham fluid described by the following relationship:
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T=7,40,7 (1)

Where y is the shear rate, 7 is the shear stress, T, is the dynamic yield stress, 77 )l is

the plastic viscosity. The yield stress, 7, o E“, varies as electric field strength E and where

a is equal to 2 for low to moderate field strengths. But for large field strengths, a can decrease

below 2. The plastic viscosity, 77, is largely independent of electric field strength and

approximately equal to the high shear rate suspension viscosity in the absence of an electric

field. In addition, another parameter of apparent suspension viscosity, 77, (defined as

7= / ) is also used to characterized ER effect. The influences for ER effect mainly
e

originate from the intrinsic factors of ER materials including physical and chemical properties
and the extrinsic factors including electric field strength, frequency, electrode morphology,
temperature, and so on.

0.5 kv/imm

Figure 1 Photographs of chain structure of the ER fluid without electric field (a) and with 0.5 kV/mm
electric field (b).

//E;W!’nlm 3kV/imm
L2} n
@ 2kV/mm i ZKVimm
B F
© T
o 1 kVimm 2 1 kV/mm
175} /// w
0 kV/imm 0 kV/mm
_———___'__'_———_—____'.
Shear rate Shear rate
(a) (b)

Figure 2 Relationship between shear stress and shear rate in the absence and presence of an electric
field (a) suspension ER system (b) homogeneous ER system

The tunable and quick rheological response to external electric field of ER fluid make
them potentially high use in various mechanical devices such as clutches, valves, damping
devices, and other areas such as polishing, display, ink jet printer, human muscle stimulator,
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mechanical sensor, and so on [9,10]. In particular, some recent studies showed that ER fluid
may be used to prepare some optical or microwave devices and sound control due to its
particular structure under electric field [11]. Because the suspensions composed of solid
particles and insulating oil are most widely studied ER materials and its performances are key
to ER technical applications, we will give an introduction about the recent progress in design
and preparation of ER materials in this section.

2 ER Mechanisms

Since the first discovery of ER effect by Winslow in 1947 [8], the origin of the ER effect has
received continuous attention and several different mechanisms, including the polarization
model, the electric double layers, the water bridges, the conduction model, have been
proposed. Although the electrostatic polarization mechanism appears to explain most
experimental observations, other phenomena are likely to influence behavior in some systems
or under some conditions. Therefore, there are no sound mechanisms that can interpret all ER
phenomena.

2.1 Polarization Mechanism

The electrostatic polarization mechanism, proposed firstly by Winslow [8], attributes the
origin of the ER effect to the field-induced polarization of the disperse phase particles relative
to the continuous phase. The polarization can arise from a number of charge transport
mechanisms, including electronic, atomic, dipolar, nomadic, interfacial polarization. It can be
described that when the electric field is applied, particle’s charge distribution leads a dipole
formation of particle and thus neighboring dipolar particles are attracted to each other to form
a particle chain align along the direction of electric field. When the particle volume fraction is
enough large, the interaction between chains induce the fibrous structures observed
experimentally. In order to make the suspension flow, the fibrous columns must be deformed
or broken. As a result, the larger shear stress is required to overcome the attractive dipolar
particle interactions and thus the apparent viscosity of ER fluid is increased [12]. Based on
the polarization mechanism, researchers have developed quantitative equation to attempt to
calculate particle interaction of ER fluids at electric field by model the particle as point-
dipole. The electrostatic interaction between dipole can be described as Figure 3. The
resulting force is shown in equation (2).

4
FeLmns e e ootk k] o
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Figure 3 Electrostatic interactions between dipoles under electric field

Where e, and e,, are the unit vectors in the » and @ directions, respectively.

B= [‘9?_1] / (ngr 2], where €,,&, and &, is vacuum dielectric constant and the real
£, £,
dielectric constant of particles and oil phase, respectively. d and R is the diameter of particles
and destine between two particles. E is electric field strength.

The classical work of using polarization model is to predict the BCT structure (see Figure
4) in fibrous column of ER fluid and this structure is verified by experiment observation using
optical scatter technique [13,14]. However, the calculated yield stress is still far away from
the experimental result and some ER experiments can not be well interpreted by the
conventional polarization mechanism. For example, according to the polarization mechanism,
the material of an extremely high dielectric constant as the particulate phase of the ER fluid
wills a stronger ER effect. Barium titanate suspension with dielectric constant over 1000,
however, presents ER inactivity under a dc field. After adsorbing a small amount of water or
being stimulated by an ac field, BaTiO; shows a note ER effect. Furthermore, the
conventional polarization model also fails to describe other important ER experiment, such as

the dependence of ER effect on the electric field frequency and shearing.

Figure 4 The BCT structure of in fibrous column of ER fluid

In fact, all ER suspensions possess some level of conductivity, which can be revealed by
the measurable leaking current. Block have insisted that the conductivity is very important to
high ER effect and proposed a particle conductivity range of 10°~10°s/m [15]. Anderson
[16] and Davis [17] pointed out that under dc and low-frequency ac electric fields, particle
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polarization and particle interactions would be controlled by the particle and fluid
conductivities rather than by the particle and fluid dielectric constant. Conductivity in the
bulk of both phases will result in free charge accumulation at the particle/fluid interface and
the migration of free charges to the interface prompts the interfacial polarization. In a dc field,
mobile charges accumulating at the interface screen the field within a particle, and particle
polarization is completely determined by conductivities. In a high-frequency ac field, mobile
charges have insufficient time to respond, leading to polarization dominated solely by
dielectric constant, unaffected by conductivities. At intermediate frequencies, both
permittivity and conductivity play a role. Thus, two important factors in polarization are both
considered to treat ER effect. The Maxwell-Wagner model is the simplest description of
particle polarization accounting for the particle and fluid bulk conductivities, as well as their
dielectric constant. In this theory, the dielectric constant and conductivities of the individual
phases are assumed to be constants, independent of frequency. The complex dielectric

constants of the disperse and continuous phases are written & =& —ig", where ¢ is real

part of complex dielectric constant and & image part, which is also expressed by ——,
27

where o is the conductivity and f is frequency. Thus, the electrostatic interaction force

between dipole can be described as equation (3).

4
F B %ﬂ'gogcgz eﬁrzch (%j [(3 COSZ 9 o l)el + (Sln 20)69] (3)

Here, noted that “effective polarizability” is not only related to real dielectric constant but

also related to conductivity. It is revealed by ﬂeﬁ-z that is written as:

{(a)t)2 + I’g”} + (o)’ {1 - g‘l

d d

/Bef = :Bj

2
[+ (or)?]
£, &, o,-0, £, +2e¢,
Where ﬂd:—,ﬂc:—,t =& ———.
£, +2e, o,+20, o,+20,

Because this mechanism treats particle polarization by using complex dielectric constant,
it can be called dynamic polarization model that can well interpret ER phenomena under
frequency and shearing fields. Of course, due to the used point-dipole model, the calculated
electrostatic forces are still different with experimental result.
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2.2 Electric Double Layers and Water Bridge Model

Another proposed mechanism is the electric double layers by Klass et al [18]. In this model
(see Figure 5), each article is considered to be surrounded by a diffuse counter ion cloud for
balance of charge, e.g. an electric double layer. Under the applied field, this cloud will distort
and overlap with the counter ion clouds of its neighbors. This enhances the electrostatic
repulsion between particles which must be overcome in order for the particles to flow past
one another. This mechanism has been criticized because double layers in ER fluids will be
very large even prior to any distortion. No quantitative theory has been developed based on
this mechanism, but as the deformation of the electric double layer is a polarization
phenomenon, this mechanism is simply a special case of the electrostatic polarization
mechanism described above, as noted by Block and Kelly [19].

F++r++++++++++++]

E=0 E 0

Figure 5. A sketch map of electric double layers model

E E

«

052 mm

- ﬂ: S8 mm ———

Figure 6 “Surfactant Bridge” set up between two surfactant containing spheres with different gap under
electric field. (Reproduced from [22], Copyright Elsevier 1996)
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Stangroom [20] attributes the large increase in suspension viscosity to the formation of
water bridges between particles, which must be broken (inter-facial tension must be
overcome) in order to make suspension flow. See et al [21] have given a modified water-
bridge theory. When the field is applied, ions dissolved in water will move and carry water to
the particle surface and thus permitting the formation of bridges between particles. Here,
water is assumed to migrate to the interparticle gap in order to minimize the total energy; as
water has a large dc dielectric constant, the electrostatic energy will be minimized if the water
resides in the gap where the electric field strength is much larger than the nominal field
strength. In addition, Kim et al [22] extended this model to surfactant containing ER materials
and experimental observed “Surfactant Bridge” shown as Figure 6. When the field is
removed, the water retreats due to surface tension or disjoining pressure. The water-bridge
mechanism gives good correspondence to many water-containing ER material systems, in
which a decreased ER effect with decreasing water content has been found. Unfortunately,
some systems exhibit a significant ER effect when being anhydrous, providing evidence
against this mechanism.

Furthermore, electric double layer and water-bridge mechanisms do not give a
quantitative function for yield stress. But these mechanisms seem to can not be ignored in
preparation of ER materials, in particular colloid based ER materials found recently.

2.3 Conduction Model

Another important experimental phenomenon is that the yield stress often has a square
dependence on electric field strength at low electric field, while linear dependence when the
electric field is higher than critical field strength. However, the yield stress result calculated
by polarization model is not in accordance with this experimental result. Although the field
distribution and particle interactions have been demonstrated to be dominated by the particle
and fluid conductivities in dc and low-frequency ac fields, the conductivities are treated as
constant. In fact, when the particle conductivity is much larger than the oil phase
conductivity, the field strength in the region between two closely spaced particles will be
much larger than the nominal field strength. Under large electric fields, the fluid conductivity
increases nonlinearly with field strength. Felici et al. and Foulc et al. [23] firstly investigated
the role of nonlinear conduction in ER fluid and developed approximate expressions for the
electrostatic interaction between conducting particles when non-linear conduction controls the
behavior.

For small applied electric fields, in which case the fluid conductivity in the outer region

remains constant, 0 is given by (%) ln(%) =TI/ independent of field strength, where

['=0,/0, ). Thus the force of attraction between two particles is
F ~4m’e e KTE; (4)

where, K. = [7[ In(a/ 5)]71 is independent of E. The force is still proportional to EO2

when non-linear conduction is limited to the inner region.
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For large applied fields, the fluid conductivity in the outer region will be enhanced. The
authors employ Onsager’s theory of the field-enhanced solute dissociation to arrive at an
approximate expression for the field-dependent fluid conductivity,

c.(E)=0,(0{(1-4)+ A4 exp (Eij (5)

where 4 = 0.1 and E = 0.335 kV/mm’ for non-polar liquids with &,=2.2. & is again
determined by balancing the conductance in the solid with that in the outer liquid region, and
the force of attraction becomes equation (6) and thus the force is now linear in £, .

F ~2m’e,e,E'E, {In[(10T/ 7)Q2E, | E)"*1 ©6)

These different mechanisms mention above help us to deeply understand ER effect, but
no sound mechanism can interpret all observed ER phenomena. This may be related to the
complexity of ER fluid. Now, the first object of ER mechanism is to well determine the
electrostatic forces between particles in ER fluid, but this problem is very challenging for a
variety of reasons. The practical ER fluids are often heterogeneous, multi-component
systems, consisting of particles and oil, often accompanied by activators, stabilizers, and ionic
impurities. The particles are usually nonspherical, irregular and often porous. Thus, multiple
modes of polarization, nonuniform charge distributions and the formation of electric double
layers, nonlinear dielectric phenomena. The final object of ER mechanisms is to attempt to
predict the yield stress and rheological properties of ER fluid under electric and shearing
fields. Meanwhile, other forces including hydrodynamic forces (in particular at high shear
rate), Brownian force (at high temperature), short-range repulsive forces and colloidal
interactions (for fine particles system), water bridge force (high water containing system and
surfactant modified system) have to be considered [24].

Therefore, the present mechanisms cannot still well predict the yield stress based on the
physical properties of ER suspension components and on the operating conditions such as
field strength, temperature, frequency, etc. They thus could not provide a clear clue or
implication on how to formulate a good ER suspension. New ER mechanisms including more
parameters or considering complexity indeed need to be developed.

3 Components of Electrorheological Fluids

The suspension type ER fluid is the typical two phase system that consists of micrometer-size
leaking dielectric particles in insulating liquid. The dispersed phase is solid particulates
ranging from inorganic to organics to composites. In order to obtain an available ER effect,
the solid particulates must possess some required physical and chemical properties including
good dielectric, conduction properties, suitable density, size and shape, chemical stability, and
so on. So the particulate materials must be carefully selected and designed on the basis of
their physical and chemical properties. This will be discussed Section 4.



10 Xiaopeng Zhao, Jianbo Yin and Hong Tang

In addition, in order to achieve good ER performance, the particle volume fraction is
between 0.05 and 0.50 [10]. The ER fluid may loss its flow behaviors and rapid response
when the particle volume fraction is too high. Especially, the reversibility, as an important
character of smart materials, may be lost at high particle volume fraction. But the ER effect or
shear stress is relative weak when the particle volume fraction is too low due to the difficulty
of formation of chain or fibrous structures. The particulate size and shape also have an impact
on the ER effect [10]. The influence of particle size on the ER effect is quite diverse. Particles
of size from several ten nanometer to several ten micrometer are commonly used in the
preparation of ER fluids. The ER effect is expected to be weak if the particles are too small
because Brownian motion tends to compete with particles’ interaction. However, very large
particles are also expected to display a weak ER effect because sedimentation will prevent the
particles from forming fibrillation structure. Some experimental and simulation results also
show the relationship between the ER effect and particle size [25]. The yield stress has been
indeed found to increase with increasing particle size and the molecular dynamics simulation
show that the shear stress of an ER fluid should be proportional to the cube of the particle
diameter, but the largest apparent viscosity has been observed with smaller particles in other
ER fluids. In addition, the shear stress of the bimodal suspension system with two different
size particles was found to decrease both theoretically and experimentally with the volume
fraction of smaller particles, reaching a minimum at a certain point that depended on the
ratios of the particle sizes. However, an unusually large enhancement of static yield stress was
observed upon adding nanoparticles of lead zirconate or lead titanate to an ER fluid
containing 50 um glass spheres [26]. Recently, some researchers reported a more effective
ER effect, so called “giant ER fluid”, in the nanoparticles suspension [27]. This suspension is
composed of barium titanyl oxalate nanoparticles coated with urea and silicone oil. The
nanoparticle has a core-shell structure. The particle size is about 70nm. However, the
disadvantages including slow response, poor shearing dependence are also found in this
nanoparticles suspension. Furthermore, the nanoparticle is difficult to be dispersed due to
congregation in suspension system and tends to again congregation. But these influences are
not discussed in all studies. The particle shapes also have influences on the ER effect
according to the theory and experiment results [28,29]. The dielectric properties of a
heterogeneous system largely depend on the geometry of the dispersed particles. Since the ER
effect is induced by an external electric field, the dielectric properties of a suspension are
believed to play a significant role in the ER effect, as does the geometry of the dispersed
particles. Ellipsoidal particles are expected to give a stronger ER effect than spherical
particles as the ellipsoidal particles strengthen particle chain formation due to a greater
electric-field induced moment. Experimental results show that the dynamic modulus increases
almost linearly with the particle geometric aspect ratio (length-to-diameter). An
ellipsoidal/spherical blend system shows a much stronger ER effect than a one-component
system. The prickly particles have also been considered to shows stronger ER effect due to
interlocking effect between particles and this is also found by experiment recently. However,
the response time of ellipsoidal and prickly particles may be slowed.

The dispersing phase of an ER fluid is insulating oil or other non-conductive liquid with
low viscosity and high chemical stability. An ideal dispersing liquid material should have a
high boiling point (over 200 °C), a low viscosity (mPas), a high breakdown strength (greater
than 7 kV/mm), and a relatively high density. Currently used oil may include silicone oil
(polydimethylsiloxane with different polymeric degree), vegetable oil, mineral oil, paraffin,
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kerosene, chlorinated hydrocarbons, transformer oil, and so on. High density oils but high lost
such as fluoro-or phenyl-silicone oil are also used to improve particle sedimentation
properties. In some cases, the ER effect strongly depends on the dispersing phase if the
dielectric constant or conductivity of the dispersing phase is comparable to that of the
dispersed phase. The ER effect is greatly enhanced if one kind of particulate material is mixed
with a liquid that is also ER active. The particulate materials can also be dispersed in a liquid
mixture composed of two different solutions in order to improve the stability and ER effect.
The dielectric constant, conductivity, and viscosity of the dispersing phase are important
parameters for determining whether the dispersing phase will make a large impact on the ER
effect of the whole suspension.

4 Design and Preparation of ER Materials

According to the practical application, some basic requirements of ER fluid must be satisfied.
In order to obtain an available ER performance, the particulate materials must be carefully
selected and designed due to the polarization and interaction of particles phase are key to
resulting ER effect. In common, the solid particulates must possess some optimal physical
and chemical properties including good dielectric, conduction properties, suitable density,
size and shape, chemical stability, and so on [10,15,19].

In the past years, two different formations including extrinsic (water-containing) and
intrinsic (water-free) ER materials have been developed. The extrinsic ER materials, such as
silica gel, starch poly(lithium methacrylate), cellulose, almost all require the presence of water
or other polar liquids adsorbed onto the surface of particles to produce ER effect [10,30]. The
water content rather than natural structure of particles is directly related to the ER activity of
the extrinsic ER system. The function of the adsorbed water or other polar liquids is described
to create water-bridge or mobile charge carriers on the surface of the particles due to its
solvency to impurity ions. The migration of these solved ions, as charge carriers, causes an
interfacial polarization to induce ER effect under electric field. But, adsorbed water or other
polar liquids greatly increases the current density of ER fluid and limits working temperature
stability because of the diminution of adsorbed water or other polar liquids at high
temperature. These disadvantages result in unavailable in practical application.

To overcome the shortcoming of extrinsic ER system, water-free ER fluid has been
developed with anhydrous particles in oil since 1987. Aluminosilicate [31], carbonaceous
[32], and semi-conducting polymers [33] are three famous ER material systems. These water-
free ER materials, whose ER effect is related to its natural structure, such as polar groups and
intrinsic charge carriers, promote the improvement of ER effect and the understating about
ER mechanisms. which possess a wide working temperature range and a relatively low
current density, But the insufficient yield stress or low ER activity of these anhydrous ER
materials have not been well overcome, the pursuit of high active ER materials is still a
continuous, pivotal issue for ER technical application. In the past decade, many new ER
materials with higher performance have been developed, which further promote the
improvement of ER technology and the understating about ER mechanisms. We present two
important routes to design and preparation of ER materials including molecular and crystal
structure design and meso-scale nanocomposite design.
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4.1 ER Materials Based on Molecular and Crystal Structure Design

4.1.1 Inorganic ER Materials
Aluminosilicates

Amorphous and crystalline aluminosilicates are very important ER materials. In
particular Filisko used anhydrous aluminosilicates as dispersed phase of ER fluids and found
the strong ER effect in 1990 [31]. This discovery, combined with semiconductiong polymer
ER materials invented by Block et al [33], open era of anhydrous ER materials.
Aluminosilicates, as active ER materials, may include zeolite materials (the general formula
is HyOw Mun)[(AlO,)(SiO,),], where M is metal cation or a mixture of metal cations of
average valence charge n; X, y, and w are integers) and clay (montmorillonite and kaolinite)
materials. The zeolite including type 3A, 5A, and X is most widely used aluminosilicates ER
materials. Figure 7 is the typical structure of type A zeolite. It is composed of tetrahedral
AlO4 and SiOy4 linked through oxygen atoms to form open frameworks. The negative charges
that accompany each aluminum atom in the frameworkare balanced by the extra framework
metal cations. The ER effect of these aluminosilicates systems is considered to be originated
from the interfacial polarization induced by mobility of metal cations loosely bound in
framework. The ER activity can be changed with metal cations concentration and diameter,
and thus we can easily obtain excepted physical and chemical properties for high ER
performance by modification and design on the crystal structure, cation composition, etc.
Furthermore, the surface area and pore size of the microporous molecular sieve materials is
also important for ER activity due to the influence on carriers drift and aggregation. The
aluminosilicate materials are very attractive due to their strong ER effect and the yield
stresses of aluminosilicates ER material easily reach several kPa at kV/mm electric field, but
the current density is relatively high, especially at high temperatures because the ER effect is
associated with mobility of metal cations and the porous materials are easily to adsorb
moisture and contain crystallized water. Another shortcoming is large and irreversible particle
sedimentation. Furthermore, aluminosilicate particles are hard, and abrasive to the ER device.

Figure 7 Unit cell structure of type A zeolite(LTA, Nay, (H,0)27/8(Al,S11,045)s) (Reproduced from
Ref[9], Copyright Wiley 2001)

Carbonaceous

Carbonaceous materials are obtained via heat treatment from various sources, including
coal, liquefied coal, coke, petroleum, resins, carbon blacks, paraffins, olefins, pitch, tar,
polycyclic aromatic compounds (naphthalene, biphenyl, naphthalene sulfonic acid,
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anthracene sulfonic acid, phenanthrene sulfonic acid, etc.), polymers (polyethylene,
poly(methyl acrylate), poly(vinyl chloride), phenol resin, polyacrylonitrile, etc.). This kind of
fluid is claimed to show a strong ER effect, low electric power consumption, and excellent
durability. Fullerene-type materials have also been found to show are markable ER effect.
Fullerene-enriched soot and fullerene mixtures, particularly C60 mixed with C70 with a trace
amount of C84 and C92, display ER behavior. The ER properties of fullerene-type materials
can be tailored by appropriate encapsulation of ions within the hollow sphere or by adsorption
on the surface [10,32].

Metal Oxide

Metal oxide has wide types and different electric properties and various types of metal
oxides have been used in ER fluids, but no high-performance metal oxide based ER materials
have been developed. In particular, TiO, is a very typical ER material that has attracted
considerable attention as a potential candidate for high performance ER material due to its
high dielectric constant [34]. However, the very low yield stress of this ER fluid is in contrast
with its distinct chain structure when in dry state. This is amazing and cannot be understood
by the conventional polarization mechanisms. It has been reported that the ER activity of
TiO, could be promoted by adsorption of moisture and this phenomenon had been explained
by the increase of conductivity [35]. But the ER activity of pure crystalline TiO, based ER
system 1is still very weak after absorption of moisture even if its conductivity increases by
several orders of magnitude. Moreover, the extrinsic effect of adsorbed water is not helpful to
understand this particular ER material. Therefore, TiO, is a very good model material to
understand ER mechanism of metal oxide and preparation of active metal oxide ER materials.

According to the polarization mechanism, ER effect originates from the dielectric
polarization of particles dispersed in medium oil. The parameters in connection with particle
polarization such as dielectric constant, dielectric loss or conductivity have been accepted as
basic factors dominating ER effect [36,37]. Although TiO, possessed high dielectric constant,
its conductivity or dielectric loss was found to be very low, which may be related to its
natural structure that atomic or ion polarization dominated dielectric properties. It’s well
known that the chemical natures including molecular and crystal structure of materials are
critically important to the dielectric and polarization properties. Thus, it is possible to modify
the dielectric and polarization properties to increase ER activity by designing of molecular
and crystal structure of ER materials. In the recent reports [38-40], doping, as one means of
modifying the properties of a wide variety of materials, was introduced to improve ER
activity by Zhao et al. The ER system composed of doped TiO, with rare earth was
synthesized by Sol-gel technique for use in ER fluids. The yield stress of typical cerium-
doped TiO, suspension was about 5.0 kPa at 3 kV/mm and 7.0 kPa at 4 kV/mm, which were
ten times higher than that of pure TiO, suspension. Especially, the yield stress showed a
marked dependence on RE doping degree. Substitution of 10 mol % cerium or 8§ mol %
lanthanum for Ti could obtain the highest yield stress. These were well explained by the
dielectric measurements that showed an increase in the dielectric loss and the dielectric
constant at low frequency and their regular change with rare earth content. Figure 8 shows the
typical rheological curves of rare earth-doped TiO, ER fluid at room temperature.
Interestingly, doping not only improve ER activity of TiO, but also broaden the temperature
stability from 10-60°C for pure TiO, to 10-110°C for doped TiO, (see Figure 9). The current
density is very small only about 5pA/cm® at 4kV/mm in modified TiO, ER fluid, which is
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much lower compared with aluminosilicates based ER materials. Based on the structure
analysis and dielectric and conduction measurements, doping induced ER enhancement of
TiO, was attributed to the improvement in the dielectric and conduction properties, which
may be resulted from the activated internal structure including defect and impurities of TiO,
due to doping. Furthermore, Li, et al also [41] noted that the crystal size, phase structure also
had an influence on the ER effect of rare earth-doped TiO, system. This method recently was
extended to other transition metal ions doping such as, chromium ion [42]. Different from
doping Ce** with large radius and same valence with Ti4+, the transition metal Cr ions with
different valence (see the XPS spectra in Figure 10) with Ti*" is employed to activate the
internal structure of TiO,. The result of rheological experiments shows that Cr-doping can
also significantly enhance ER activity of TiO,. Figure 11 Flow curves of shear stress of pure
TiO, ER suspension and typical 10 mol% Cr-doped TiO, ER suspension at zero electric field
and 3 kV/mm dc electric field.
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Figure 8. Shear stress of Ce-doped TiO,/silcone oil suspension as a function of shear rate under
different dc electric field (Ce/Ti=8.5 mol %, T=2501, particle volume fraction = 20%)
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Figure 11. Flow curves of shear stress of pure TiO, ER suspension (open system) and typical 10 mol%
Cr-doped TiO, ER suspension (solid system) at zero electric field and 3 kV/mm dc electric field
(volume fraction=18 %, 7=30 °C)

Another important inorganic ER material is perovskite material. Because of the high
dielectri constant of perovskite, the use of such as BaTiOs, SrTiO; and CaTiO; as ER active
substrates have also been paid attention for some time [15,43,44]. In terms of dielectric
polarization mechanisms, the ER effect of perovskite materials is presumed to be large
because of the high dielectric constant. However, some investigations showed that pure dry
perovskite materials were fairly weak in ER effect, even BaTiO; was suffered from
electrophoretic effects under high dc electric field. This was amazing and could not be also
understood by the conventional polarization mechanisms. More studies had been carried out
in order to understand the reasons of weak ER effect of perovskite materials. Low
conductivity or dielectric loss, originating from intrinsic fast polarization process of
perovskite materials under dc or low frequency ac electric field, had been suggested to be
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responsible for the poor ER effect under dc or low frequency ac field [45,39]. It had been
reported that perovskite materials, in particular BaTiO;, as substrate were frequency
promoted, which was explained according to the mechanism of dielectric constant and
conductivity mismatch [43]. In order to overcome the poor ER effect and well understand ER
mechanism, some researchers obtained ER enhancement by means of adsorbing water or
surfactant onto the surface of BaTiO; particles to modify its polarization and conduction
properties[46]. But it should be noted that the extrinsic effect of adsorbed water or surfactant
is not helpful to understand the intrinsic properties of BaTiO; or other perovskite materials
that results in the weak ER effect. Furthermore, to our knowledge, no high-performance
perovskite-based ER materials have been produced. Thus, it is of great interest to design and
prepare perovskite-based ER materials in order to consider the ER mechanisms and explore
new ways to prepare high-performance perovskite-based ER materials. In recent reports, Yin
and Zhao [47,48] choose cubic BaTiO; and achieve its ER enhancement under dc electric
field by modifying its intrinsic structure with doping rare earth Y ions, which is synthesized
by means of sol-gel technique. Figure 12 is the XRD patterns of Y-doped BaTiO; with
different doping degree. It is demonstrated that Y>* substitutes for Ba®", which causes lattice-
distorting defects. Optical observation (Figure 13) and rheological experiemnts (Figure 14)
show that Y-doped BaTiOs suspension has clear fibrillation structure and notable ER effect
under dc electric field, while the pure cubic BaTiO; suspension suffers from electrophoretic
effects and its ER effect is very weak. The ER effect of typical Y-doped BaTiO; ER
suspension is ten times that of pure BaTiO; ER suspension. Based on the electrical
measurements, the enhancement of ER activity of BaTiO; may be attributed to the increase of
conductivity due to Y doping. The enhancement in ER activity of cubic BaTiO; under dc
electric field by doping rare earth Y ions is helpful to further understand the perovskite based
ER materials with high dielectric constant but low ER activity.

Due to wide choices in types and simple modification in electric properties, metal oxide
based ER materials are interesting for preparation of active ER materials and understating of
ER mechanisms. But shortcomings including large sedimentation, hard and abrasive to the
ER device, are also difficult to be overcome.
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Figure 12. XRD patterns of calcined powder with different Y doping degree (a) 0 mol%, (b) 1.8 mol%,
(c) 4.4 mol%, (d) 8.9 mol%, (e) 13.8 mol%, (f) 17.6 mol%.
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(b)

Figure 13 Photographs of structure without electric field and after application of 2 kV/mm dc electric
field for 30 second (a) pure BaTiO; and (b) 13.8 mol% Y-doped BaTiOs suspensions (particle volume
fraction = 5 %, 7=30 °C)
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Figure 14 Flow curve of shear stress of pure BaTiO; suspension and typical 13.8 mol% Y-doped
BaTiO; suspension as a function of shear rate at different dc electric field strengths (particle volume
fraction = 18%, T=30 °C)

Mesoporous molecular sieve

Mesostructured and mesoporous materials have been attracted considered attentions in
the development of materials science in the past decade. High special surface area, nano-size
mesoscopic interspace and interface bring mesoporous materials many novel properties that
are different from conventional solid, such as enhanced photoelectrical behaviors, sensor,
special adsorption behaviors, catalysis, and so on. These open view for scientists to design
highly functional materials. Having been considered the importance of large interfacial or
surface polarization to high ER activity, the possible contribution from high surface area
mesoporous structure to ER activity has been noted recently. Choi et al [49] firstly used
siliceous mesoporous molecular sieve as an ER dispersal phase. The yield stress was 50 Pa
under 3 kV/mm dc electric field for the diluted suspension made of 20 wt.% MCM-41 in



18 Xiaopeng Zhao, Jianbo Yin and Hong Tang

silicone oil and they found that the ER effect was influenced by water in mesopores. Yin and
Zhao [50,51] developed non-siliceous mesoporous rare-earth doped TiO, ER system by
hydrothermal method. This mesoporous ER materials was found to have enhanced ER effect
compared with nonporous doped TiO; particles but the low crystalline nature of framework
was found to result in thermal instability of ER and electric properties in repeated temperature
effect test lately. The further crystallization of framework damaged to mesoporous structure
and greatly decreased surface area. This limited its application potential and understanding
about the contribution from mesostructure to ER effect. In order to verify the effect of
mesopores and high surface area, they prepared a more thermally stable mesoporous rare
earth-doped TiO; using long-chain copolymer template and indeed found a large ER activity
enhancement compared with single rare earth-doped TiO, [52]. Figure 15 (a) and (b) showed
the structure comparison and N, isotherm comparison of nonporous Ce-doped TiO, and
mesoporous particle. It was found that this mesoporous material possessed lots of mesopores
and nanocrystalline framework. Its special surface area can reach 180m%/ g~ 230m2/g, which
exceeded the surface area about 29m*/g of nonporous one. Its static yield stress reached very
high level about 70kPa at 4kV/mm dc electric field. But it also showed high zero field
viscosity and shearing instability in dynamic shearing measurement due to high particle
concentration. The yield stress was decreased to 8kPa and showed good shearing dependence
as soon as the particle concentration was decreased. By dielectric spectra analysis, the
enhanced interfacial polarizability, which may be originated from activated pore-wall
chemistry and high interface or surface area structure, were considered to be responsible for
the ER enhancement. Figure 16 is dielectric spectra comparison of nonporous pure TiO,
nonporous Ce-doped TiO, and mesoporous Ce-doped TiO, ER fluids at room temperature.
They also found that the ER activity increased with surface area and high porosity sample
showed higher ER activity.
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Figure 16. Dielectric spectra of pure nonporous TiO, (triangular), nonporous Ce-doped TiO, (circle),
and mesoporous Ce-doped TiO, ER fluids (Square) (T=25°C, particle volume fraction = 18%).

Mesoporous materials not only possessed high surface area but also nano-size
mesoscopic interspace and framework. It is easy to adjust the physical and chemical
properties by either framework modification or mesopore modification for pursuit of expected
dielectric and polarization. Therefore, we can prepare active mesoporous ER materials either
based on molecular and crystal structure design or based on meso-scale design. The more
attentions on mesoporous ER materials indeed need to be paid.

4.1.2 Organic ER Materials
Polymeric semiconducting material

Since Block reported the first polymeric semiconductive materials, polyaniline (PANI),
show a strong ER effect. The polymeric semiconductive materials including polypyrroles
(PPy), poly(p-phenylene) (PPP), polythiophenes, poly(naphthalene quinine radicals) (PNQR),
poly(acene quinine radicals) (PANQ), poly(phenylenediamine), oxidized polyacrylonitrile
and their derivatives have been developed as ER active materials [9,53,54]. Figure 17 gives
the molecular structure of various available polymeric semiconductive ER materials. The
generally characteristic of the polymeric semiconductive materials are electronic conductive
materials with a 7 -conjugated bond structure. The interfacial polarization, induced by
electronic movement in particles, is believed to be attributed to ER effect. Therefore, the
adjustment of electronic concentration or conductivity is key to ER effect of polymeric
semiconducting materials.

o X,

(a) (b)
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Figure 17 molecular structure of various available polymeric semiconductive ER materials (a) PANI,
(b) PNQR, (c) PPy, and (d) PPP

Polyanilines and its derivatives such as polymethylaninline, polyethylaniline,
polymethoxylaniline, and polyethoxyaniline are popularly used ER materials because they
can be easily prepared by oxidization polymerization and their conductivity is easily
controlled by protonation and charge transfer doping using conventional chemical and
electrochemicalmethods [54]. The protonation/deprotonation equilibrium occurs for two of
the oxidation states, depending on the pH value. Figure 18 shows oxidized state, reduced
state, and mixed state of PANI. Due to the condcuctivity requirement of ER materials, the
PANI with mixed state is most used in ER fluid.

AQNZQCN oxidized state
DHN_OQ reduced state
@LO%GP@EN J’?} mixed state

Figure 18 shows oxidized state, reduced state, and mixed state of PANI.

The polymeric semiconductiing materials are believed to have better dispersing ability
and mechanical properties compared to inorganic materials due to lower apparent density and
soft and non-abrasive to ER devices. These advantages have attracted much attention to
investigate ER effect of polymeric semiconductive materials in the past few years. However,
some problems, such as high current density and relative weak ER effect compared with
inorganic ER materials have not well overcome up to now. Various approaches have been
proposed to improve the performance, for example, coating conducting polyaniline surfaces
with non-conductive polymer layer, synthesizing N-substituted copolyaniline and so on
[55,56].

(2) Polymer with polar groups
The second type of organic ER material is polymer containing polar group such as amine
(-NH,), hydroxyl (-OH), amino-cyano (-NHCN), and so on [57]. The high ER performance
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of these materials is closely related to their molecular structure, in particular branched polar
group, and it is believed that the dipole orientation polarization of polar groups is dominated
to the ER effect. Besides the specially developed ER materials such as sulfonic polystyrene
[58], some organic polymers that contain polysaccharide or consist of glucose units, such as
starch, chitosan, and cellulose, have been adopted as ER dispersed phase. In the early studies,
polysaccharide polar polymer such as starch, cellulose and chitosan often need the presence
of water and impurity ions to promote ER effect. This limited its temperature stability and
result in large current density. Recently, those wet-base polysaccharide materials including
cellulose and starch have been converted into the dry-base materials that exhibit optimal ER
performance by the modified structures. Choi et al [59] prepared the phosphate cellulose,
phosphate starch and found ER effect in dry state. Figure 19 shows the chemical structure of
linear reacted amylase group in potato starch. Poato tuber starch is characterized by high
content of phosphate in which the phosphate groups are located as monoester at the C-6
(~70%) and the C-3 (~30%) positions of the glucose residues. This phosphate starch was
found to show good ER effect when dry. Unlike polymeric semiconductive materials and
sulfonic polystyrene, one of the advantages of these polysaccharide materials is no toxicity,
low cost, and bio-consistent. Therefore, more attention indeed needs to be paid on
polysaccharide based ER materials. Of course, the disadvantages from natural structure of
polysaccharide result in thermal instability.
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Figure 19 Chemical structure of potato starch: (a) 30% and (b) 70% (Reproduced fro Ref [59],
Copyright American Chemical Society 2005)

Recently, Zhao et al [60-62] further proposed the cyclodextrin based ER materials due to
the high thermal stability of cyclodextrin and its special structure (see Figure 20) that could
be modified by supramolecular assembly for optimal dielectric properties. According to the
point that the host structure and the properties can be easily modified by the formation of
host-guest complex, the supramolecular complexes of [ -cyclodextrin cross-linking

polymer/1-(2-pyridlazo)-2-naphthol ( -CDP-PAN) particles were synthesized. Figure 21
shows the comparison of yield stress of the typical #-CDP, 3 -CDP-PAN ER fluids under
different electric fields. It was found that the yield stress of the typical £ -CDP-PAN ER
fluid was 6.16 KPa in 5 kV/mm, which is much higher than that of pure [ -cyclodextrin
polymer ( -CDP), that of pure 1-(2-pyridlazo)-2-naphthol (PAN) as well as that of the
mixture of the host with the guest( # -CDP-PAN). As expected, the improvement of dielectric
and conductivity properties of b-CDP resulted in good ER effect of [ -CDP-PAN.
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Furthermore, it was found that the cross-linking degree (CLD) of the polymer strongly
influences the ER behavior of f-CDP-PAN and f-CDP. When CLD remains in the range

of 4-6, [ -CDP-PAN exhibits much stronger ER effect, and for £ -CDP, its suitable range is

5-8. The significant preponderance of the host—guest complex formation is that the host
structure can be controlled easily by adding different guests. Thus, Zhao et al further
synthesized six supramolecular complexes of pS-cyclodextrin cross-linking polymer with
salicylicacid (f-CDP-1), 5-chlorosalicylic acid (8-CDP-2), 3,5-dichlorosalicylic acid (8-CDP-
3), S-nitrosalicylic acid (B-CDP-4), 3,5-dinitrosalicylicacid (S-CDP-5), or 3-hydroxy-2-
naphthoic acid (f-CDP-6) particles (see structure in Figure 22). It was found that the yield
stress of the typical f-CDP-1 ER fluid was 5.6 kPa in 4 kV/mm, which is much higher than
that of pure fS-cyclodextrin polymer ($-CDP), that of pure salicylic acid as well as that of the
mixture of the host with the guest. It is clearly indicated that the formation of supramolecular
complexes between f-CDP and salicylic acid can enhance the ER properties of the host. The
similar results for other supramolecular complexes with different guests have also been
obtained under the same DC electric fields. The yield stress of supramolecular complexes is
strongly affected by the structure of guests. Among the six investigated guests, 3-hydroxy-2-
naphthoic acid gave the highest ER property having a yield stress of 9.8 kPa under 4 kV/mm
DC while cross-linked with f-CDP to form S-CDP-6. The yield stress of f-CDP-6 was
significantly increased by 72%in comparison with that of the pure f-CDP. However, the yield
stress of f-CDP-1-5 slightly increased by 34-41% as compared with that of the pure f-CDP.
The achieved results indicate that the ER effect of host—guest complexes can be greatly
affected by the changes of the tremendous guest structure, whereas the slight guest structural
transposition, such as altering different groups of a guest, can only obtain the adjacent
electrorheological behavior. The dielectric properties of these host-guest complexes also
proved that the ER effect can be affected by the properties of guest.

Figure 20 Chemical structure and corresponding molecular size
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Figure 21 The yield stress of f-CDP-PAN[IS-CDPIIPAN, simple mixture of f-CDP and PAN ER
fluids as a function of dc electric fields (T= 25°C, particle volume fraction = 31%)
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Figure 22 Schematic structure of the preparation of f-CDP and supramolecular composite f-CDP-1-6

4.2 ER Materials Based on Nanocomposite and Hybrid Design

The introduction above is focused on molecular and crystal structure design and preparation
of pure inorganic and organic materials for achievement of ER activity. Although the
inorganic and organic show many advantages, the disadvantages from single component are
also prominent and difficult to be harmonized. Attempt to obtain ER materials with
comprehensive performance, the fabrication of composite materials are available and these
organic/inorganic composite ER materials are expected to have the advantages of both
organic and inorganic ER materials. The most popular composite ER materials are core/shell
composite particles. On one hand, the particle sedimentation property is expected to improve
when the particles are coated onto a low density polymer or hollow particles. On the other
hand, researchers hope to obtain high shear stress ER fluids by multi-coated particulates.
According to the theoretical investigations, it is feasible to increase the electrostatic
interaction and ER effect by using double-coated microsphere composed of conducting core
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and high conducting constant dielectric coating layer [63]. And the experimental results also
showed that this conducting/ conducting coating spheres had higher static yield stress than
that of uncoated spheres. Furthermore, mondisperse spherical core/shell composite is
interesting as model materials to investigate the ER mechanisms by changing the core
diameter and coating thickness. Although various core/shell composite particles have been
proposed, no materials have successfully used in practical ER fluids for applications. The
possible reasons includ complex preparation, coating layer wreck, and weak ER effect.

Recently, nanocomposite and hybrid materials have been used to prepare composite ER
materials. Different from conventional core/shell composite, nanocomposite and hybrid ER
materials  possess  stronger interaction between two components involving
inorganic/inorganic, inorganic/organic, or organic/organic and no phase separation can be
observed at the macro-scale size. These materials possess more stable mechanical property
compared with conventional core/shell composite. In particular, these nano-size composite
and molecular hybrids have been demonstrated to bring combined advantages of both
components and even good synergistic effect to ER effect.

4.2.1 MMT Based Nanocomposite ER Materials

Montmorillonite (MMT) is a natural candidate for nanocomposite due to special structure of
nano-size layer. Figure 23 shows the crystal structure of MMT. Like microporous zeolite, the
cations absorbed in the interlayer of MMT, as charge carries, can move to induce strong
interfacial polarization under electric field. This special structure makes MMT attract
attention for use as ER materials. Furthermore, MMT is also low cost and its lamellar
structure may also improve the stability of anti-sedimentation of the ER suspension.
However, the open lamellar structure and the cations absorbed in the interlayer of MMT are
often found to cause an unexpected high current density in pure MMT ER fluid, which results
in instability of ER effect. Several approaches have been proposed to attempt to obtain ER
active MMT nanocomposite based ER materials. We introduce here two interesting routes
including polymer conductor intercalated MMT nanocomposite and nanocrystal coated MMT
nanocomposite.

1¢]

4Si
40+2(0H)
4Al or 6Mg
4032(HO)

Figure 23 the 2D crystal structure of Na” MMT
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Polyaniline/MMT nanocomposite

Choi et al. [64] firstly introduced a kind of conducting polyaniline (PANI)/MMT
nanocomposites with intercalated nanostructure as ER material. This nanocomposite
possessed an extended single chain conducting PANI inserted between the layers of MMT
due to the confinement in the nanometer size gallery. However, its yield stress was much
lower than that of pure PANI and no synergistic effect was found. Lu et al [65] also prepared
ER fluid based on polymer conductor-montmorillonite clay nanocomposite by an emulsion
intercalation method. Figure 24 are the XRD patterns of pure MMT and PANI/MMT
nanocomposites. The shift towards lower angle of low-angle diffraction peak indicated that
PANI had well intercalated into MMT layers. And the PANI/MMT nanocomposite possessed
significantly small particles diameter about 100-200nm. In order to reduce the conductivity of
PANI-MMT particles prepared by the chemical oxidation of aniline in the presence of acidic
dopant, the PANI-MMT particles were immersed in NH; aqueous solution (pH=10) for 12 h
[66]. This immersed time for controlling conductivity was surprise longer compared with
immersed time (only several minutes to several hours) for controlling conductivity of pure
PANI. This may be related to the protection function of MMT layer to PANI macromolecular
(see the schematic structure in Figure 25). Figure 26 shows the yield stress as function of
electric field for PANI/MMT nanocomposite ER fluid at room temperature. It was found that
the yield stress of PANI-MMT ER fluid was 7.19 kPa in 3 kV/mm, which is much higher
than that of pure polyaniline (PANI), that of pure montmorillonite (MMT) as well as that of
the mixture of polyaniline with clay (PANI+MMT). But it also showed high zero-field
viscosity. Especially, in the range of 10~100 [J, the yield stress changed only 6.5 % with the
variation of temperature. This good temperature stability revealed the merit of
inorganic/organic nanocomposite. Furthermore, they also extended this nanocomposite to
poly-N-methaniline/montmorillonite (PNMA/MMT) nanocomposite [67], PoPD/MMT
nanocomposite particles by an emulsion intercalation method. Figure 27 shows schematic
structure of PNMA-MMT and PoPD/MMT. Besides the similar ER effect was found in this
nanocomposite, the effect of guest molecular structure on ER effect was also noted.
Furthermore, Lim et al [68] supplied a kind of ER fluids using both PANI-MMT
nanocomposite particles and pure PANI particles as dispersed phase. They noted that there
was synergistic effect to enhance shear stress by using this mixture. However, no temperature
effect was given in their results.
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Figure 24 XRD patterns of pure MMT (a) and PANI/MMT nanocomposites (b).
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Figure 25 Schematic structure of the PANI/MMT nanocomposites
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electric field and corresponding leaking current density.
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Figure 27 Schematic structure of the PNMA/MMT (a), and PoPD/MMT (b) nanocomposites.
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Nanocrystallite coated MMT nanocomposite

Since Choi et al. firstly introduced MMT composites and both Lu and Lim made some
progress in improving the ER properties, but the yield stress of these kinds of ER fluids were
still not as high as that researchers expected. Physically, the polarization, which originates
from the local migration of cations absorbed in the interlayer of MMT, is important to ER
activity of MMT. However, it should be noted that the modification about MMT ER materials
are mainly focused on replacing the natural inorganic cations with polymer. Although this
replacing greatly decreases the current density of MMT, the ER activity also becomes weak
due to the lack of strong polarization sources from local migration of cations absorbed in the
interlayer. Recently, Xiang et al [68] designed a novel kind of TiO, nanocrystallites-coated
montmorillonite (MMT/TiO,) nanocomposite ER material that showed high ER effect as well
as good temperature. In the composite, MMT is the bases for its low cost and special
structure. High dielectric constant anatase with nanocrystallines is well coated on the surface
of MMT flakes (see Figure 28), which is expected to confine the long-range movement of
active cations in interlayer so as to decrease its current density and induce strong interfacial
polarization in composite particles. The content of TiO, is demonstrated to have an important
influence on the ER effect (see Figure 29). When the content of TiO, is about 20wt%, the ER
effect of MMT/TiO, ER fluid reaches its maximum, which is about 5 times as high as that of
pure MMT ER fluid and 27 times as high as that of pure TiO, ER fluid. They use interfacial
polarization mechanism to explain the ER effect based on dielectric spectra technique.
Furthermore, nanocrystal TiO, coating is found to overcome congregation of MMT flake and
greatly increased anti-sedimentation ability.

BRER42 26

Figure 28 SEM photograph of pure MMT (a) and titania nanocrystallite coated MMT(b). The inset in
(b) is the TEM image of titania nanocrystallite coated MMT with scale bar of 100nm
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Figure 30 The scheme for formation and polarization of titania nanocrystallite coated MMT
nanocomposite particles suspended in silicone oil

4.2.2 Kaolinite Based Nanocomposite ER Materials
Polar liquid interacted kaolinite ER material

Considering many advantages including low cost, simple preparation and high anti-
sedimentation, Zhao et al further designed and prepared kaolinite nanocomposite ER
materials [70]. But different from MMT, Kaolinite is a hydrated aluminosiliate possessing the
ideal composition Al,Si,0Os5(OH), and no cations is adsorbed in layers So the polarization
sources for ER effect are lack as soon as the chemiadsobed water is removed. Zhao et al [71]
introduced small polar molecules such as DMSO into the interlayers of kaolinite by the means
of an intercalation method. The result of XRD in Figure 31 shows that the peak of 7.15A
(doo1) of kaolinite disappears completely after kaolinite is reacted with DMSO, and that a new
peak at 11.10 A is observed. This result indicates that DMSO is intercalated into the
interlayer space of kaolinite and that the kaolinite-DMSO composite is formed. The used
small polar molecules DMSO possessed both high dipole moment and high boiling point,
which is found to well induce optimal polarization properties to obtain ER effect in kaolinite.
But this ER activity is still low which is not satisfied with the practical application.
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Figure 31 XRD pattern of (a) kaolinite and (b) DMSO/kaolinite nanocomposite

TiO, nanocrystal coated kaonite ER material

Recently, Wang et al [72] attempted to obtain optimal ER performance by introducing the
ion into kaolinite particles, as a means to increase the polarizable ability by imitating structure
of zeolite and MMT. Kaolinite, as opposed to montmorillonite, has very low cation exchange
capacities. They choose a mechanochemical method to activate kaolinite with alkali halide
(For example: NaCl). However the ion introduced by these methods is easily moved under the
electric field, moreover the movement of ion is occurring not only at the inside of particle, but
also among the particles. So the leaking current intensity is found to increase rapidly and even
electric breakdown is happen. Following the polarization mechanism, they further used TiO,
nanocrystallites-coated mechanochemically activated kaolinite by the sol-gel method in order
to limit the movement of ion (such as Na', Cl etc.). The schematic illustration of the design
of this nanocomposite material and its polarization behavior are shown in Figure 32. Figure
33 shows the dielectric spectra of modified kaolinite/34wt% titanium oxide nanocomposite
ER fluid. Comparing modified kaolinite/titanium oxide with single component or
kaolinite/titanium oxide, it is found that modified kaolinite/titanium oxide has a larger

dielectric constant enhancement Ag and a strong interfacial polarization occurs with a clear
dielectric loss peak around 2 kHz (f,..;). This clearly shows the contributions from doping
NaCl by the mechanochemical activation on the enhancement of interfacial polarization.
Figure 34 show the static yield stress and leaking current density of modified kaolinite/34wt%
titanium oxide nanocomposite ER fluid under different electric field strength. The shear stress
of modified kaolinite/34wt% titanium oxide ERF is about 9.5kPa at 4kV/mm, which are 11.5
times of that of pure kaolinite ERF and 2.2 times of that of kaolinite/titanium oxide ERF
respectively. Because no ions are introduced into the kaolinite/titanium oxide core/shell
material, its leaking current density is very low (5pA/cm” under 4kV/mm) and thus the ER
effect is relevantly low. On the other hand, if the modified core (modified kaolinite) is not
coated, the ions in the core may freely migrate among the particles under the electric field.
The leaking current density of modified kaolinite ERF is enormously increased (as high as
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85pA/cm” under 4kV/mm), even electric break-down occurs and thus the ER effect of
modified kaolinite is still low.

mechanochemical electric

actlvatlon Enl—gel Field
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Figure 32 Schematic illustration of fabrication process of TiO, coated kaolinite and its polarization
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Figure 33 Dielectric spectra of modified kaolinite/34wt% titanium oxide nanocomposite ER fluid
(particle volume farction = 25%)
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Figure 34 The static yield stress (a) and leaking current density (b) of modified kaolinite/34wt%
titanium oxide nanocomposite ER fluid under different electric field strength (particle volume farction
=25%)
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Polysaccharide/kaolinite hybrid ER material

As mention above, polysaccharide showed potential as low cost and environment-
friendly ER materials but poor thermal stability. Zhao et al [73] developed kaolinite/CMS
nanocomposite with a displacement method and DMSO was used as an intermediate
precursor. However, due to large molecular weight and long chain structure of CMS, this
nanocomposite was found to form hybrid system containing was used to carry out the
displacement. The merit from formation of kaolinite/CMS hybrid is to improve the thermal
stability of polysaccharide. Figure 35 is the TG-DTG curve for pure CMS, kaolinite and
nanocomposite.
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Figure 35 TGA diagram for kaolinite, CMS and Kaolinite-CMS particles respectively
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The peak is visible in the CMS trace along with a strong endotherm at 2761 corresponding to
the carbonization and decomposition of CMS. But the peak in the kaolinite-CMS trace along
with a strong endothermic moving to 2881 shows the better thermal stability than that of

CMS. Under E=4 kV/mm and ;;ZIOSS'I, the shear stress of kaolinite-CMS nanocomposite

electrorheological fluid can reach 8380Pa (see Figure 36). At the suitable component ratio of
nanocomposite, the optimum electrorheological effect can be attained and the kaolinite-CMS
nanocomposite electrorheological fluid also exhibits good temperature effect (see Figure 37).
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Figure 37 The temperature dependence of shear stress of kaolinite-CMS, kaolinite and CMS ERFs

respectively (E=1kV/mm, } =1.60 s

4.2.3 Mesoporous Silica Based Nanocomposite

Besides natural porous materials such as clay and aluminosilicate, artificial porous materials
have also been used to prepare nanocomposite. These artificial porous materials, in particular
mesoporous molecular sieve possessed more controlled physical and chemical properties for
design of required ER active materials. Choi et al [74-76] synthesized nanocomposite based
on mesoporous silica (MCM-41 and SBA-15) and conducting polymer. Different from clay
materials, mesoporous materials possess larger pore size and pore volume, which can
accommodate more the other PANI. Here, the nanocomposite of PANI in mesoporous silica
for ER materials have a conducting PANI only within insulating MCM channels, which are
dielectric and conducting components placed inside of the uniform channels of the
mesoporous particles (see Figure 38). This nanocomposite is found to show increased ER
effect compared with pure MCM-41 and extended shear stress dependence on shear rate
compared with pure PANIL
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Figure 38 Proposed schematic diagram of a partial PANI/MCM-41 nano-composite, in which
conducting PANI is filled in the uniform one-dimentional channels of MCM-41 (left); Figure 39 Flow
curve of shear stress-shear rate of PANI/MCM-41 nanocomposite ER fluid (right). (Reproduced from
Ref [75], Copyright American Chemical Society 2004)

4.3 Molecular-Scale Organic/Inorganic Hybrids

4.3.1 Polysaccharide / Titania Hybrid Gel

Besides wide investigation on nano-scale organic/inorganic hybrids ER materials mention
above, the molecular-scale organic/inorganic hybrids ER material is interesting to well
combine the advantages of both organic and inorganic ER materials. Zhao and Duan [77]
firstly tried to synthesize an organic/inorganic hybrid colloid made of modified
carboxylmethyl starch (CMS) and titania gel was synthesized by an in situ sol—gel technique.
They first synthesized soluble starch and then mixed with commercially available butyl
tetratitanate and surfactant under pH=3 to form clear solution. After aging, wet gel were
produced and dried in a vacuum over to obtain dry gel particles. During the reaction process,
the rapid hydrolyzation of tatinium salt must be avoided in order to form inorganic polymer
net. Due to the highly active surfaces hybrid particles and their characteristic dielectric
behavior, the suspensions of hybrids in silicone oil display a remarkable ER effect. The static
yield stress can be above 37 kPa (the measured shear rate is fixed at 5 s ' and the largest
stress was used to plot curve, see Figure 40) under a dc electric field of 4 kV/mm at room
temperature, which is much higher than that of simple blends of starch and titania particles
[78]. Meanwhile, according to the temperature effect test in Figure 41 the temperature
dependence is found to be optimal compared with pure starch, which clearly indicate the
formation of inorganic/organic hybrid had an important contribution to improve thermal
stability of organic component. Furthermore, sedimentation stability is optimized due to low
density of this hybrid and dispersal ability of CMS. Based on existing experimental results,
they further propose that dielectric properties and surface (interface) activity were two
necessary conditions fulfilling the requirement of high ER activity. However, the deep
mechanism is still illegibility.
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Figure 40 The shear stress and leaking current density of modified CMS/TiO, hybrid ERF as a function
of electric field
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amorphous TiO,; (b), and CMS/TiO,hybrid ER fluids (¢) (E= 2 kV/mm)

4.3.2 Glycerol/Surfactant/Titania Hybrid Gel

According to the physical picture of water-activated ER system, an ER fluid based on
glycerol-activated titania organic-inorganic hybrid gel particles and silicone oil is prepared
[79,80]. The reason of choosing glycerol rather than water or other polar liquids as activator
is that the glycerol has a high dielectric constant and suitable solvency to ions owing to its
high viscosity. This advantage of glycerol will merit increasing the dielectric properties of
titania gel and avoid the large leaking current density through ER fluid like adsorbed water.
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Furthermore, the high boiling point and low volatility of glycerol may merit the temperature
stability of ER fluid at high temperature. It’s also worthy to notice that a small amount of
ionic surfactant hexadecyltrimethylammonium bromide (CTAB) is especially added into the
hybrid gel particles in order to enhance charge carriers concentration in particles because it
can be dissolved in glycerol. The preliminary rheological experiments show that
extraordinary high static yield strength over 12.6 kPa in this ER fluid can be obtained when 3
kV/mm dc electric field is applied. The glycerol content is demonstrated to have an influence
on ER effect and temperature dependence. Figure 42 shows the dependence of static yield
stress and corresponding current density of glycerol-actived titania ER fluid on glycerol
concentration.
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Figure 42 (a) The dependence of static yield stress of glycerol-actived titania ER fluid on glycerol
concentration (particle concentration=20wt%, T=30°C); (b) The dependence of current density of
glycerol-actived titania ER fluid on glycerol concentration (particle concentration =20wt%, T=30°C)

II Design and Manufacturing of Electrorheological Devices

1 Electrorheological Self-Coupled Dampers

1.1 Introduction

In the application of ER fluid, ER dampers can be classified into three typical modes of
working [81]: shear [82], flow [83] and squeeze-film [84, 85]. In the shear mode, one of two
electrodes moves linearly or rotationally. ER fluids undergo a shear movement and flow in
parallel to the electrodes. The sliding-plate ER damper designed by Duclos [86] is a shear
mode damper. It harnesses the shear stress of the ER fluid filled between the sliding
electrodes to control outside vibrations. In the flow mode, two electrodes are fixed to form a
flow channel as valve systems do. By changing the electric field, one can change the flow
resistance of the ER fluid and ultimately control damping forces [87, 88]. The squeeze-film
mode features a time—varying electrode gap processing the ER fluid vertically. Researches
have shown that a squeeze-film mode damper has some good properties [89-91]. Recently,
Furusho et al. [92] have developed a kind of ER haptic device, a mechanical interface thought
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to be useful in various possible applications [93]. The core components of the ER haptic
device are two ER clutches acting as actuators. Choi et al. [94] have developed a shear-mode
type ER car-engine mount. In full car system test the ER engine mount improves ride quality
better than conventional hydraulic engine mount. Zhao and his co-workers have designed and
manufactured many ER devices, including liquid-liquid ER smart windows [95], dampers for
rotor vibration control [96], electric generation devices for deflection adaptive control [97],
anti-vibration devices for aircraft wing [98], smart microwave attenuators [99], and so on. All
the researches show attractively versatile applications of ER fluids in fields of mechanic,
microwave, and optics.

In the conventional ER devices, including the ER devices mentioned above, an external
high voltage power supply is needed to provide an electric field to stimulate ER fluids. In
order to achieve an accurate control, a commanding system (e.g. computers and sensors) is
also needed to control the voltage. So the conventional ER devices are relatively complex.
We propose a new design method and develop a kind of self-coupled ER damper, which is
composed of ER fluids and piezoelectric ceramics. The high voltage source is substituted by
the piezoelectric ceramics in the damper system. The whole damper is a self-coupled system
of ER fluids and piezoceramics. The first generation ER self-coupled damper, including the
spring-direct-pressing type damper and the wedge-push type damper, showed manifest
vibration suppression effects in experiments. In the second generation ER self-coupled
damper, several modifications have been adopted and the damper performance as a whole has
been improved.

1.2 Working Principle of Self-Coupled ER Dampers

Since ER fluids in ER dampers consume relatively low energy, we use piezoelectric ceramics
to substitute for high voltage sources as electric-field providers for the solidification of the ER
fluid. In this way, some advantages are contributed to the ER damper. The high voltage
source and control equipment are eliminated and the whole device would be reduced in size.
On the other hand, the voltage applied to ER fluids is generated by piezoelectric ceramics and
its magnitude is determined automatically by the outside vibrations. So the vibration
suppression system has auto-adjusting characteristics. The working scheme of the ER damper
is illustrated in figure 1.

Vibraion |F2E s Bieznetentnc Cermicel iage Ot e

Damping Changeand Vibration Control

Figure 1. Working course of adaptive damper composed of ER fluid and piezoelectric ceramic.

Figure 2 shows schematically the change of main structure of an ER damper system that
alters from the typical conventional ER damper into the proposed self-coupled ER damper. It
can be seen that in a conventional ER damper system, a sensor is employed to detect the
status of the vibrating system and the vibration information is conveyed to a computer and
analyzed here. The high-voltage control command is sent to the high voltage supply and an
optimum control for the system is realized in the close loop process. While in the self-coupled
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ER damper, the computer, the sensor and the high voltage supply are together supplanted by a
series of piezoelectric ceramics. So the self-coupled ER damper is relatively simple in
structure and has adaptive control characteristics ether.
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Figure 2 Structure comparison of a conventional ER damper and a self-coupled ER damper

The output voltage of a cylinder piezoelectric ceramics is [100]
V'=g33hF/S (1)

where % is the height of the cylinder piezoelectric ceramic, S is the crossing area of the
cylinder and g33 is the piezoelectric constant. The geometry of the piezoelectric ceramics
used in our design (Pb(Zr-Ti)O3, made by Radio Ceramic Component factory, Zibo,
Shandong province, China) is ¢7 x 15 mm and its g33 is 25 x 10° Vm N\,
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Figure 3. The voltage output of piezoelectric ceramic vs. pressure intensity.
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Figure 3 shows the pressure—voltage property of the piezoceramics. The voltage output
from the piezoceramics was measured by an electrometer (Q3-V, made in Beijing, China). A
mechanical test machine (ZD10/90, made in Germany) generated pressure and applied it to
the ceramic. The test showed that when an external pressure stress ranging from 0 to 70 MPa
was applied to the piezoceramics, the piezoceramics generated a voltage output ranging from
0 to almost 7 kV.

1.3 The First Generation Product: Adaptive ER-piezoceramic Damper

1.3.1 Spring-Direct-Pressing Type Damper [101]

The structure of the adaptive damper composed of ER fluids and piezoelectric ceramics is
shown in figure 4. There are holes in the piston and the electrode fixtures, through which the
ER fluid filling the damper cavity flows freely. Piezoelectric ceramics are fixed beneath the
pressing plate. A sealing rubber is looped onto the pressing plate so that the ER fluid cannot
exude into the chamber containing the ceramics. The piston and the pressing plate are
connected by a stiff spring. A set of concentric electrodes is fixed onto the piston rod by the
electrode fixtures. These electrodes are connected to the output electrodes of the piezoelectric
ceramics.

Piston rod
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L ER fluid
Electrode
Onuter cylinder
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N = Y Spring
- =l Pressing plate
Sealing rubber

f T R
J Al =L
= Piezoelectiic

1 . CETamics

A==

Figure 4. Spring-direct-pressing type damper.

The working process of this damper is as follows: when the piston moves up and down, it
compresses or releases the spring. At the same time, the stimulated piezoelectric ceramics
produces a high voltage and hence an electric field between the electrodes. Thus, the ER fluid
flowing between these electrodes is solidified. As a result, the system damping increases and
the vibration is suppressed.
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1.3.2 Wedge-Push Type Damper [102]
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Figure 5. Wedge-push type damper.

The wedge-push type ER damper has a wedge pad fixed on one end of the piston rod.
The ceramics are placed in a box that has a rotary wrench. As the wrench rotates, the
piezoelectric ceramics are compressed by a bias axle, which rotates with the wrench. The
voltage output produced by the ceramics is conducted by electric wires to concentric
electrodes that are fixed inside the cylinder. The whole structure of the damper is shown in
figure 5. The working process of the damper is as follows: when the piston and the wedge pad
move up and down, the wedge pad rotates or releases the wrenches. In this way, the
piezoelectric ceramics generate a voltage output that is conducted to the concentric
electrodes. At the same time, the ER fluid flowing through the electrodes is solidified and its
flow is restricted. The damping inside the cylinder increases and the movement of the piston
is suppressed.

We fabricate a wedge-push type damper and conduct a test to demonstrate the vibration
suppression effect of the damper. The geometry of the outer cylinder of the wedge-push type
damper is 52 x 100 mm. The height of the electrodes is 60 mm. The diameter of the inner
electrode is 40 mm. The gap between the inner and outer electrodes is 1.5 mm. The thickness
of the outer cylinder is 3 mm.

1.3.3 Vibration Suppression Properties

The ER fluid used in the damper is a suspension of rare earth doped TiO, particles in silicone
oil [103]. The volume content of particles in the ER fluid is set to 27% in this experiment.
The yield stress of the suspension is over 4kPa under a DC electric field of 2.5kV/mm.
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Figure 6. Schematic diagram of the experiment.

The experimental connection diagram is shown as Fig.6. To test the vibration suppression
effect of the damper, a vibration stimulator (JZ5-5) providing driving force is perpendicularly
erected and its driving rod is connected with an accelerator sensor and then the wedge-push
ER damper that waits to be tested. The damper bottom is fixed on the ground. The vibrations
provided by the stimulator are applied on the damper. The accelerator sensor conveys
detected signals to an electric charge amplifier (DHF-9) and a signal analyzer (CF350). Test
results are printed from a printer.

The output power of the stimulator is set at 75%. Fig. 7(a) and Fig. 7(b) are curves of
accelerator amplitude vs. frequency. The former is the result of the condition where the
ceramics’ voltage output is absent, while the later is the result of the other condition where
the ceramics’ output is present. Similarly, setting the output power of the stimulator at 50%,
disconnecting or connecting the ceramics’ voltage respectively, we get Fig. 8(a) and Fig. 8(b)
accordingly. In these figures the ordinate of plot is the magnitude of electric signal measured
by accelerator sensor in scale of milli-volt.
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Figure 7. The accelerator amplitude spectrum on frequency domain under 75% driving power: (a) the
voltage output of piezoceramic is absent and (b) the voltage is present.

Comparing Fig. 7(a) and Fig. 7(b), it can be seen that the envelope of accelerator
magnitude spectrum in Fig. 7(b) is lower than in Fig. 7(a). It infers that after connected the
voltage output of piezoceramics the accelerator magnitude decreased. Furthermore, according

to the relationship of displacement amplitude and accelerator amplitude, 4, = 4, / o, it

implies that the displacement amplitude decreases too. In addition, the frequency of maximal
accelerator amplitude moves toward the direction of high frequency from 57.3Hz in Fig. 7(a)
where the piezoceramics voltage is absent to 64.7Hz in Fig. 7(b) where the piezoceramics
voltage is present. It is shown that because of the stimulation of electric field generated from
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the piezoceramics, the ER fluid in damper solidifies and its yield stress increases; so the
damping force of the damper increases and the vibration of damper piston is suppressed.
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Figure 8. The accelerator amplitude spectrum on frequency domain under 50% driving power, (a) the
voltage output of piezoceramic is absent and (b) the voltage is present.

In Fig. 8(a) and Fig. 8(b) the output power of stimulator decreased. It still can be seen
that the envelope in Fig. 8(b) got lower than Fig. 8(a), but the degree of decrease is light.
However the motion of frequency of maximal accelerator amplitude is still obvious, moving
from 56.6Hz in Fig. 8(a) to 65.7Hz in Fig. 8(b) where the voltage is present. This is due to the
ER effect, which makes the damping force of damper increase and the vibration of damper
suppressed.

The curves in Fig. 7 and Fig. 8 are serrated but smooth ones. This probably is induced by
the non-linear factors in the damper system, such as the friction between the wedge piston and
the wrench of ceramic box, the non-linearity of the wrenching force vs. the displacement of
vibration, and the swash of ER fluid in damper. But from a viewpoint of whole the decrease
of the envelope of curves and the motion of maximal amplitude of accelerator toward high
frequency are both obvious.
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1.4 The Second Generation Product: Self-Coupled ER Damper

The above mentioned wedge-push type and spring-direct-pressing type damper were the first
generation products of ER-Piezoceramic dampers [101, 102, 104, 105]. There were some
design-defects in their structures. (i) In the ER damper proposed in Chinese patent (ZL
96236145.3), the piezo-ceramics were placed directly under the piston via a spring and the
ER fluid was filled in the whole piston cavity as well as the spring cavity. So a lot of ER fluid
was needed and it would increase the cost of damper because of the relatively high price of
good ER fluid nowadays. (ii) The ER damper in Chinese patent (ZL96236426.6) employed a
lever-like structure to enlarge the pressure applied upon the piezo-ceramics. So if the external
pressure was large, the piezo-ceramics would suffer a larger pressure and even be crumbled.
(iii) The number of piezo-ceramics in the first generation damper was two and the piezo-
ceramics were connected electrically in parallel style, so the generated voltage output would
be relatively low. Hence the stimulation to ER fluid would be weak. Besides, the structural
stability of the damper under loads in Patent (ZL96236426.6) was not very fine. The defects
mentioned above would limit the application of the adaptive ER dampers.

With this respect, the second-generation product of the ER-piezo-ceramic damper is
developed. New designs in structure are adopted for overcoming the defects in the first
generation damper and hence improving the performance of damper. The new designs include
(a) the number, arrangement style and electrically connecting style of piezo-ceramics, (b) load
applying model, (c) hole-channel in the concentric cylinder electrode. After the new damper
(self-coupled ER damper) has been made, the experimental study has been conducted. It is
shown that the self-coupled ER damper exhibits more manifest the suppression effect in
frequency response function (FRF) amplitude and the movement of resonant frequency than
the first generation damper.

1.4.1 Configuration of the Self-Coupled ER Damper [106]

Figure 9 is the cutaway view of a manufactured self-coupled ER damper. Three aspects of
modification for structure design have been adopted in the second-generation damper
compared with the first one.

(1). The number, arrangement style and electrically connecting style of piezoelectric
ceramics are modified in the second-generation damper. See table 1. (a) Three piezoelectric
ceramics, instead of two, are employed in the second-generation damper and the arrangement
style of piezo-ceramics is adjusted into triangularity. This triangular style guarantees a better
stability of the damper applied under load. (b) The electrically connecting style of piezo-
ceramics is changed from in-parallel to in-series. In this way the total voltage output is
boosted and then the stimulation for ER fluid is more manifest.
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Figure 9. The cutaway view of the manufactured self-coupled ER damper.

TABLE 1. Comparison for piezoelectric ceramics between two generation dampers

Number | Arrangement style (top view) | Connecting style
Hgtonrad In parallel
First generation Damper 2 3 Gaplretse
8
] In series
Second-generation Damper 3 &)
LY,
FR fluid Piezu?lectric
CETAamlcC
Piezoelectrig FR fluid
ceramic w
(a) (b)

Figure 10. Comparison for the load application mode between (a) the first generation damper and (b)

the second-generation damper.

(2). The load application model is modified as shown in figure 10. The piezo-ceramics
are positioned upper the damping cavity (see figure 9) instead of the reverse order in the first
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generation damper [104]. The modified structure allows that the acting force of external load
is transmitted on piezoelectric ceramics efficiently. So the working sensitivity of the whole
system is improved.

(3). In figure 9, the hole-channels are added to the electrodes of concentric cylinder, and
connect with the damping cavity and the gap of cylinder electrodes. Since the yield stress of
ER fluid is not high enough in present, the design of structure can substantially improve the
load-bearing ability of the system.

Table.2 lists some quantitative comparing data between the two generation dampers.
Modifications mentioned above make the new generation damper to excel in structure
stability, working sensitivity and load-bearing ability.

Table 2. Comparison for stability, sensitivity and load-bearing ability between two generation
dampers

The first generation damper

The second-generation damper

box;
Load application mode:
load-ER-piezoceramics

1(a) Stability Wedge piston easily sliding | Piston in direct-push type moving
out laterally; coaxially;
Piezo-ceramics arranged in | Piezo-ceramics  arranged  in
parallel triangle

1(b) Voltage output Only 2kV or so Over 5kV

2 Working sensitivity Friction between wedge face | No friction face in direct-push
and wrench of piezo-ceramic | type damper;

Load application mode:
load-piezoceramics-ER

600N

SkN

3 Load-bearing ability

A self-coupled ER damper has been manufactured. The photographs of the damper are
shown in Figure 11. The damper is divided into five parts, driving-force-applied (including
piston and piston rod), piezoelectric power supply (including spring, pressing-spring plate and
piezoelectric ceramics), damping part (including inner and outer damping cylinders, ER
fluid), electric connecting part (wires and insulating plate) and packing or encapsulating part
(e.g. fasteners) [106].

Figure 11. Photographs for (a) the facade and (b) the components of the manufactured self-coupled ER
damper.
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The working process of the ER damper can be explained as following. When the driving
force applies on the piston rod and makes the rod moving up and down, the pressing-spring
plate moves with the rod too. A pressure is applied on the piezoelectric ceramics via the
spring and the insulating plate. An output voltage is generated from the piezoelectric ceramics
under the pressure. The output voltage is connected on the inner and outer electrodes. The ER
fluid filled between the electrodes is induced and its viscosity increases quickly. Propelled by
the moving piston, the ER fluid flows through the hole-channels in the bottom of the damping
cavity and comes back through the hole-channels in the upper of the damping cavity. Since
the viscosity of ER fluid increases drastically, a damping force acts back on the piston and
then the wvibration suppression is achieved. The presented damper is composed of
electrorheological fluid and piezoelectric ceramics. It not only can be self-energized without
an external power source but also generates the voltage magnitude according to the strength
of external excitation. The stronger the external excitation is, the higher the pressure acting on
piezo-ceramics and the voltage generated from piezo-ceramics is. Hence a more effective
solidification occurs in ER fluid. As a result, the damper exhibits a more effective vibration
suppression effect. In this meaning, the damper possesses a feature of adaptive control.

1.4.2 Vibration Properties of Dampers [107]

The previously prepared 8.5% mol Ce-doped TiO, ER fluid was used in this experiment. The
synthesis method of the material was expounded in reference [38]&[40]. The
electrorheological properties of Ce-doped TiO, ER fluid is shown in figure 8.
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Figure 12. Schematic setup of the experiment apparatus for the test of the self-coupled ER damper.

The experiment apparatus and the damper were set up as figure 12. The performance of
ER damper was tested on a vibration test table (VS-300-2, Dong Ling Vibration Test
Instrument Co. Ltd, Suzhou, Jiangsu, China). The driving force was applied with a driving
rod. The acceleration amplitude of the driving rod was set at 3.5g, where g represents the
gravitational acceleration. A sweeping sine excitation was applied on the piston rod of the
damper at a sweeping speed of 8 octave/min and in frequency range of 5-270 Hz. The
excitation is sinusoidal function, and its frequency increases with time. The method is a usual
method for testing damping behaviors. An impedance head was positioned on the piston rod,
and then the driving rod was pressed on the impedance head. Signals of the measured piston’s
acceleration and the driving force were simultaneously obtained from the impedance head and
conveyed to the data collector (HP-VXI, model analysis software: LMS-CADA-X). Under
the same condition except the connecting status of electric wires and electrodes, which would
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be on or off status, the curves of frequency response function (FRF) were obtained in figure
13. The input of FRF is force (N), while the output is acceleration (m/sz). The definition of

FRF is FRF = A(w)/H(w) , where A(w) is the output, while H(w) is the input.
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Figure 13. Frequency response function in the test of the self-coupled ER damper at the acceleration
amplitudes of 3.5¢g for the driving rod, where g represents the gravitational acceleration.

1.4.3 Theoretical Model for the Self-Coupled ER Damper [107]
In order to analyze the damper property, the following denotations are adopted. The mass of
piston is m; its radius is R and its weight is neglected. The driving force is a sinuate pressure

and the function of pressure vs. frequency and time is F b= Fsinwt . The damping force

generated by ER fluid is F.

The direction that the piston moves down is the positive direction of axis X. When the
piston stays at equilibrium position, its displacement is equal to zero.

The relevant coefficients of piezoelectric ceramic are ds; (piezoelectric constant) and
capacitance C,,. The elastic constant of spring is k. The piezo-ceramics and the spring in the
damper are always the state being pressed even when the piston is at zero displacement, so
the pre-pressure is set as F.

The viscosity coefficient of ER fluid is  and its function as the external electric field E is

U=, +AE”. Where 4 and @ are the experimental constants relevant to ER fluid

materials andy is the magnitude ofy under zero electric field.
The gap between the inner and outer electrodes is d, and the height of electrodes is /. The
capacitance induced by ER fluid is Cgz. The external pressure is expressed as

F,=Fsinat. (1)

So the vibration equation of piston can be written as
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F,—F, —kx=mx. 2)
By substitution, we get
Fsin(at) — Fp —kx = mx . (3)
The pressure applied upon the piezoelectric ceramic is
F,=ke+F,. )
So the electric field between the electrodes can be derived as

0,. _ F, xd _(kx+Fp)><d33

= = , )
dxC dx(C,+Cg) dx(C,+Cg)

E:K:
d

where O

electrodes and C is the whole capacitance of the circuit.
In this way, the viscosity coefficient £ of ER fluid can be expressed as

- 1s the output charge of piezoelectric ceramic, V' is the voltage between the

(kx+ F)xd., } ©

=u,+AE” =y, + Ax
H=Hy Hy {dx(cpz“'cm)

The flowing velocity of ER fluid in damper cavity is X , so the damping force applied on
the piston can be calculated as [108]

4
Fy =12mux—L 5, (7)
D, xd

where D, is the average value of inner and outer electrodes. By substituting Equation (6) into
Equation (7), we get

X- )]

e+ Fyxdy | R
FR=127r(yO+A>{( ) 33} « R x!

X
dx(C,. +Cpg) D, xd’

Moreover, substituting Equation (8) into Equation (3), we get

X —kx =mx. 9

kx + F )d ¢ 4
F sin( ot) =127 (u, + A4 ( 2LE ) R 13
d(C, +Cgx)| D,
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It is assumed that a sweeping sine excitation is applied on the piston rod of damper with a
sweeping speed of 8 octave/min. w=2wx1.054412" . The relevant constants are set as a=2;
F=500 N; us=2.0 Pass; d;s=350x10"" C/N; d=0.001 m; k=40000 N/m; R=0.020 m;
D,=0.056 m; =0.030 m; m=0.5 kg; C,;=231x10"° F; Cpr=334 <10 F.

Firstly, setting A=0, it means that the output voltage of piezoelectric ceramic is absent,
i.e. the electric field E=0. The calculated curve of piston displacement versus time is obtained
in figure 14(a).
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Figure 14. The simulation results for the vibration of the self-coupled ER damper (a) without the output
voltage of piezo-ceramic and (b) with the output voltage of piezo-ceramic.

Secondly, setting 4=10.0x107"?, it means that the output voltage of piezoelectric ceramic
is present, i. e. E>E,, E. represents the critical electric field for making ER fluid active [109].
The calculated curve of piston displacement versus time is obtained in figure 14(b).
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In figures 14(a), E=0, the displacement amplitude of piston is 0.005m at time of 0
second. The maximum of displacement amplitude is about 0.016m. In figure 15(b), E>E,, the
displacement amplitude decreases drastically. The maximum of displacement amplitude is
about 0.004m or 0.007m. The decrement of the maximum of displacement amplitude is
obvious. It means that the self-coupled ER damper has a manifest vibration suppression
effect.

The driving force is set as a sinusoidal function, while the frequency of driving force is
set as an exponential function of time, i.e., w=27x1.054412 '. With increase in time, the
frequency also increases. By adopting the assumption, the decrements of displacement
amplitude near resonant frequency, which is mainly concerned by us, can be showed clearly.
In figure 14(a)&(b), when time exceeds 70s, the frequency has reached very high, so the
displacement amplitude trends to a small value.

In figures 13, when the output voltage of piezo-ceramics is connected onto the electrodes,
the envelopes of FRF change drastically. It shows that the voltage generated from the piezo-
ceramics has stimulated the ER fluid filled in the damping cavity and the working state of ER
damper system changes manifestly. This point verifies that the method of using piezo-
ceramics to stimulate ER damper is feasible in practice.

It can be seen form figure 13 that the envelope of FRF with the voltage of piezo-ceramics
is generally lower than that of the ceramic-voltage-disconnected. Especially at the frequency
range of 220-250 Hz, the decrement of FRF amplitude can be over 30% of the primitive one.
This means that the vibration suppression effect of self-coupled ER damper is manifest. This
character is identical to that of conventional ER damper, which usually uses an external high
voltage power supply.

It also can be seen from figure 14 that the resonant frequency of 198 Hz moves to 208 Hz
or so when the voltage of piezo-ceramics is connected. The movement of resonance peak
verifies that the ER fluid in the damper is stimulated and the vibration-state of damper is
changed manifestly.

Compared with our previous adaptive ER dampers [104,105], The second-generation
damper has been modified in (a) the number, arrangement style and electrically connecting
style of piezo-ceramics; (b) load applying model; (c) hole-channel in the concentric cylinder
electrode. These modifications improve not only the structural stability of the new damper,
but the working reliability also. Compared with the first generation damper, the second-
generation damper has a better suppression effect in FRF amplitude and a more manifest
frequency movement of the resonant mode.

The theoretical model is an on-and-off state model. The off state represents that the
voltage of piezoelectric ceramics is disconnected, while the on state is connected. The
simulation result shows that the damper vibration changes accordingly from off state to on
state, see figure 14(a)&(b), the amplitude of resonant peak decreases from 0.016m (off state)
to 0.007m (on state). In damper experiment, see figure 13, it has been verified that the
frequency response functions are varied from 6.5ms”/N (voltage-disconnected state) to
2.2ms /N (voltage —connected state) at frequency of 220 Hz. In theoretical simulation, it is
also shown that the displacement trends to small value when time exceeds 70s. The driving
force, in which the frequency is set as an exponential function of time, leads to the result. We
adopt the assumption in order to emphasize the on/off effect.

It is verified from the experimental results that the method of employing piezoelectric
ceramics and ER fluid to form an automatic feedback control system is feasible. In addition,
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the design method could be implemented extensively into many kinds of design for self-
adaptive control system, such as acoustic insulation and control. The self-coupled control
system based on the methodology is not only reduced in design and manufacture but also very
convenient of operating in practical application.

2 Flexible Sound-Tunable ER Composite Layer

2.1 Introduction

The study of wave propagation in artificial periodic media has attracted a growing interest in
recent years because of the implications in technology and the broad view instrumental in
understanding a large area of physical problems. Photonic crystal, a novel material that has
been highly predicted by researchers for a variety of applications in microphotonic devices
and miniaturized optical circuits, leads the research way [110-112]. Phononic crystals also
named acoustic/sonic band gap media are the elastic analogs of photonic crystals and have
also received renewed attention recently [113-116]. Like electronic energy bands in solids,
there is a stop band, namely acoustic band gap, in phononic crystal’s transmission spectra
where the propagation of acoustic waves and vibrations is forbidden. The feature of stop band
in frequency domain bestows the materials a series of special properties with respect to
acoustic waves and vibrations. By adjusting the band gap structures in phononic crystals, one
can even realize the free manipulation of sound flow. So phononic crystals are expected of a
potential application in technology. Phononic crystals can be harnessed in environment noises
shielding, nonabsorbing acoustic mirrors, ultrasonic silent blocks and vibrationless cavities
for high-precision mechanical systems working in a given frequency range. With
appropriately engineered defect modes the novel material can be tailored into a sort of
acoustic device, such as waveguides, filters, and wavelength multiplexers [116-118].
Phononic crystals are inhomogeneous elastic media composed of one, two, or three-
dimensional periodic arrays of inclusions embedded in a matrix [118]. The materials of
inclusion and matrix can be one of the following pairs: solid/solid, fluid/fluid, and mixed
solid/fluid. In order to achieve a wide band gap, the inclusions and the matrix should have a
large contrast in physical properties such as density and speeds of sound. Besides, a sufficient
filling factor of inclusions is also required. Researches on the formation of band gaps were
well addressed in literature [119-121]. The interesting effects of various defects on band gaps
could be found in Refs 117, 122-124. Band gaps can be rationally enlarged by different ways,
such as reduction of the structure symmetry and insertion of a material at well-chosen places
in unit cell [125]. Liu et al. devised a three-component phononic crystal that utilize the third
component (soft or hard elastic materials) placed between the inclusions and matrix, and
proposed a resonance mechanism that is possible to create an acoustic band gap [114, 126].
They also illustrated that the gap formation mechanism can be tuned continuously from a
resonance gap to a Bragg gap by changing the softness of the third component. Bragg gap, so
important to photonic crystals, requires rigid symmetry, periodicity, and orderness of the
periodic media. The central wavelength in Bragg gap is of the magnitude of the lattice
constant. However, this feature is not convenient for realizing acoustic band gap in low
frequency domain because of large size structures. Unlike Bragg gap, the resonance gap is
usually independent of symmetry, orderness, and periodicity and its central frequency is
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determined by the resonant frequency of unit cell. So a central wavelength of resonance gap
far larger than the magnitude of lattice constant is realizable in phononic crystal. It provides a
possible method to realize acoustic band gap in very low frequency domain with small size
structures.

On the other hand, a new kind of tunable phononic band gap system, which employs a set
of parallel solid square-section columns as inclusions, are proposed by Goffaux et al. [125].
By altering the geometry of the system via rotating these columns, the phononic band gap can
be tuned continually. However, the driving mechanism is complex. Moreover, in three-
dimensional phononic crystals the rotation of inclusions is not easy to realize. The topic of
tunable acoustic band gap is intriguing. If the acoustic properties of inclusion or matrix in
composite can be directly adjusted via a certain means and, in the meanwhile, the system
geometry and each phase in composite keep still, then an active control in tuning acoustic
band gaps can be achieved.

For this purpose, smart materials are considered. Electrorheological (ER) fluids, among
the smart materials, have excellent electrically tunable characteristics in many physical
properties (e.g. viscoelasticity). Subject to an external electric field, the yield stresses and the
complex modulus in ER fluids show strong reliabilities to the strength of electric field [127,
128]. The smart fluids have been applied or experimented for a variety of applications, such
as industrial electro-mechanic control devices, medical devices, tunable optic devices and
tunable acoustic structures. Although many acoustic properties, such as impedance, sound
velocity and attenuation, have been investigated in ER fluids [129, 130], phase changes of the
transmitted sound are seldom mentioned to the authors’ best knowledge. Because of its
electrically tunable properties, ER fluid provides a feasible technical methodology of tuning
via the electric field the acoustic band gap in ER-fluid-embedded phononic crystals.

We have devised a flexible thin ER layer, which is composed of two films of conducting-
glue-painted plastic electrodes and ER fluid. The ER layer is experimented on a self-made
sound-generating cavity. Experimental results show that at frequency range of 80-150 Hz not
only the transmitted sound pressure level (SPL) increases dramatically with the electric field
but also the phase of the transmitted sound wave changes manifest. The corresponding
wavelengths (about 2-4 m) of frequency range of 80-150 Hz are far large than the size of the
ER layer (90mm*x90mmx1.2mm). The tunable characteristics of the flexible thin ER layer
under the so low frequencies are thought of useful in composing tunable phononic crystals
with compact structures. Besides, the flexible thin ER layer can be utilized to develop
controllable acoustic devices, such as sound amplifiers and phase tuners.

2.2 Sound Tunable Characteristics of Flexible ER Layer [131]

The configuration of the flexible thin ER layer is shown in Figure 15(a). It includes two
sheets of plastic film (0.1 mm thickness), whose inner surfaces are painted with a thin layer of
conducting glue respectively so as to serve as electrodes, ER fluid, PMMA spacer and
fixtures. The supple plastic sheets are adhered to fixtures on sides, keeping a slight tension in
the sheet surface. ER fluid is sandwiched between the two plastic sheets. The size of the ER
layer is 90x90 mm with a total thickness of 1.2 mm.
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Figure 15. (a) Configuration of the thin electrorheological fluid layer and (b) schematic diagram of the
measurement setup

A speaker (7 cm of diameter size) connected with an acoustic signal generator (XFS-8,
Tianjin 11" radio factory, China) is fixed at the focus of a parabolic reflector, which makes
the sound an approximately collimated beam towards the ER layer. The parabolic reflector
and the speaker form a sound-generating cavity. The parabolic reflector is packed around with
plastic foam material outside in order to reduce the sound radiation from its surface. The ER
layer is laid horizontally on the rim of the reflector. A microphone (CR523, Beijing 797
Audio, China) is positioned close to the upper side of the ER layer in order to detect changes
in the received sound pressure. Signal from the microphone is amplified by an amplifier
(Amoisonic 777, China) and then inputted to channel (CH) X of an oscilloscope (GOS-620,
Goodwill, Taiwan). The input voltage for the speaker is also connected to CH Y so as to
observe the change in Lissajous figures. The experimental setup is shown in figure 15(b). The
ER fluid used in experiment is a suspension of corn-starch powder in silicone oil. The corn
starch powder is dehydrated at 60 for 3 hours in order to reduce the leak current in ER fluid.

The sound frequency is tuned manually from 75 Hz to 240 Hz with a progressing step of
5 Hz or 10 Hz. At each frequency, the SPL under different external electric field strength is
obtained, and then the data are plotted as figure 16. It should be pointed out that as we change
the strength of electric field at a measuring frequency point, the voltage for the speaker is kept
at a same value. The sound pressure amplitude is expressed as P=V/S, where V is the
reading of voltage amplitude from oscilloscope and S represents the microphone sensitivity.
The formula of SPL is gpy, —20]0g ; , where Py is reference sound pressure and p, =20uP, -

0

20 AV
n10

V. We set V' as the average value of voltage amplitude for ﬁve times measurements andAV is
the difference between the measuring value and the average one. AV /V can reach 10%. So the
maximalA(SPL) is about 0.9dB. The experiment errors may come from the influence of
measuring environment and the precision limit of experiment apparatus. The relative changes
of SPL at the presence of electric field are mainly concerned and verified qualitatively from
the data.

The uncertainty of SPL can be deduced as A(spr) = , where AV is the uncertainty of
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Figure 16. Transmitted sound pressure level as a function of frequency for three volume fractions ¢ :
(a) p=31%, (b) p=23%, and (c) p=16%. Data with same electric field £ are linked by means of cubic
B-spline in order to guide eyes and their error bars are marked.

As shown in Figures 16(a), 16(b), and 16(c), with increase in the applied electric-field
strength E, the SPL increases generally in frequency range of 80-150 Hz except several
frequency points, which are different for the different starch volume fraction ¢. At these
frequencies the SPL exhibits somewhat abnormal changing behaviors (see 95Hz and 160Hz
in figure 16(a), 150Hz in figure 16(b)). A hump within 80-150Hz at each E appears and the
ordinate of the hump increases accordingly with E. When@is low, see figure 17, the
increasing tendency of SPL with electric field is mild. But the increasing tendency steepens
with a higher @.

We denote the frequency band in which the SPL can be tuned electrically as responding
frequency band I, the SPL difference between the electric-present one to the electric-absent
one as D and its maximal value within/™ is D,,. As shown in table 3, wheng increases from
16% to 31%, I moves from 75-140Hz or so to 90-170Hz or so, and D, increases
approximately from 4dB to 15dB. It implies that the tunability of SPL with high volume
fraction is higher than that with low volume fraction.
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Figure 17. Sound pressure level as a function of electric field E at the sound frequency of 120 Hz
H=31%).
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Table 3. Responding frequency band/” and maximal sound pressure level difference D, for
different volume fractiong.

@ (%) I (Hz-Hz) Dm (dB)
16 75-140 4
23 85-160 6
31 90-170 15

The input signals to the speaker are sinusoidal. The detected signals on oscilloscope are
sinusoidal too except for frequencies of 140-150Hz. Within 140-150Hz the signals in CH X
for sound pressure are non-sinusoidal. This may be relevant to the complex vibration in the
ER layer. Phase angle changes of the measured sound wave can be analyzed from Lissajous
figures on the oscilloscope. The phase difference in each Lissajous figure can be calculated as
following

[Ag| = sin™'|x, (1

B ‘J’O

where A@ is the phase difference between CH X and CH Y, x, and y, are the intercepts of

Lissajous figure on axis x and y respectively, and A4,, 4, are the projection lengths of Lissajous
figure on axis x, y respectively.

Figure 18 shows the phase difference as a function of E. It can be seen that the absolute
value of phase difference increases with the electric field.

The sound energy received by microphone in experiment can come from the following
sources. That is the direct transmitted sound wave (DTSW) through the ER layer, the
diffracting sound wave (DSW) from the clearance between the ER layer specimen and the
reflector, the sound radiation from the ER layer surface (SRER), and the sound radiation from
the reflector surface and the packing material (SRRP). Figure 19 is a comparison of the SPLs
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between different specimens. It shows that the three curves, representing no-specimen,
empty-thin-layer and with-ER-fluid-at-0V/mm respectively, approximately have the same
SPL within 90-160 Hz. It implies that the thin ER layer with ER fluid has little influence to
the SPL within 90-160 Hz under E=0V/mm. But when the electric field is present, the
influence of layer manifestly appears. The SPL increases drastically and a resonant peak
appears at frequencies of 80-150Hz. Additionally, DSW and SRRP should not change
obviously between without and with electric field. So it implies that the increment of SPL
with electric field and the resonant peak are not from the increments of DTSW, DSW and
SRRP, but from that of the so-called SRER.
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Figure 18. Phase difference as a function of electric field at volume fraction 31%.
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Figure 19. Comparison of the SPL spectrum for different specimen (® no specimen, * empty layer,
ER layer at £=0 kV/mm). The data for ER layer at E=0kV/mm is obtained by averaging the
corresponding data in figure 17.
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Figure 20. Schematic drawings of the ER layer and its Voigt mechanic model

The thin ER layer is excited by the vibrating air in the reflector and also vibrates
forcedly. The vibration of the ER layer is complex due to the filled ER fluid. The vibrational
characteristics of ER fluid under an electric field are governed by the electric-induced
viscoelasticity in the material. The Voigt model that consists of a spring and a parallel
dashpot can be adopted to model the ER fluid in the layer approximately [128, 132]. See
figure 20. When the electric field is absent, the elasticity in ER fluid is weak and the viscosity
is in dominance. Then, the damping in ER fluid attenuates the vibration in the lower plastic
film that is directly stimulated by the vibrating air in the reflector. So the vibration in the
upper plastic film excited by the ER fluid is weak and results in a low sound radiation from
the surface of upper plastic film [133]. This can interpret the approximately same SPL in
figure 19. When the electric field is present, the elasticity in ER fluid increases drastically and
the viscosity also increases somewhat. The increasing elasticity in ER fluid transmits the
vibrational energy from the lower plastic film to the upper one. Thus the coupling vibration in
the upper plastic film is enhanced after the electric field is applied. As a result, the sound
radiation from the upper plastic film surface is also improved. So the resonant peak appears in
the plot of SPL vs frequency. Similarly, as the elasticity in ER fluid increases with the electric
field, the phase difference between the vibrations in the upper plastic film and in the lower
plastic film changes accordingly. It can explain the observed phase difference changes in
Lissajous figures. Generally, the restore modulus in ER fluid with high volume fraction is
higher than that with low volume fraction under the same electric field. This may explain the
changing characteristics in SPL in term of ¢.

In fact, ER fluids are complex in viscoelasticity properties as many investigators
addressed [103,104]. Experimental results and theoretical analysis show that the
viscoelasticity properties of ER materials are dependent on applied electric field strength,
strain amplitude, and strain frequency [104]. In the so-called yield region ER fluids can be
treated as a mode of nonlinear viscoelastic (or viscoelastic-plastic). The complex
viscoelasticity in ER fluids causes the complexity in the vibrational characteristics in the ER
layer. These complex vibrational characteristics in the thin ER layer may lead to the special
points in frequency domain, where the SPL changes strangely with the electric field. We just
present here a rough sketch of explanation for the experimental results. A precise calculation
based on a rational model is desired to reveal the complex mechanism in the thin ER layer
under acoustic waves.

2.3 Vibration-Radiation Model of the ER Layer [134]

The transmission spectrum of SPL shows a typical resonance effect and, intuitively, it is
relevant to vibrations in the sandwiched ER layer (plastic electrodes and ER fluid) in the
presence of electric field. The thin ER layer is excited by the vibrating air in the parabolic
reflector and also vibrates forcedly. The vibrating ER layer can be approximately modeled as
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a piston sound-radiator with diameter 2a smaller than the side length of the square panel, see
inset (a) of Fig. 21. The sound pressure at the point P, which is at the central-vertical axis and
with a distance of z from the piston center, can be expressed as [133]

k V4
i[wt——(R+z)+—
Hot=2(Rez)+7]

P =2p,C, Sin%(R —z)e ) (1)

where p, is the air density, ¢, the sound speed in air, k the wave vector, R the distance from P

to the rim of piston, and u, the velocity amplitude of piston surface along z. In the case of
long wavelength or low frequency, i.e. ka<<l, so k(R-z)<ka<<l, we has the approximation of

sinE(R -~ E(R — 7). By substitution we get
2 2

i[wt—%(RJrz)Jr%]

pP=D,€ , )

denoting the sound pressure amplitude p, = p,c,u, k(R —z) . u, is a key factor to determine

Pms, here, we set up a reduced vibration model to calculate it.
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FIG. 21. Simulation results of " |A2 | / Fb as a function of frequency for different electric field £. The

ER panel can be approximately modeled as a piston sound-radiator in inset (a) and the transmitted

sound pressure amplitude p,, at point P is proportional to ®* | A2| / F, . The two pieces of plastic film

and ER fluid can be approximately modeled as a bi-freedom system in inset (b) and the effect of

electric field on ER fluid can be reflected from the elastic element &k . and viscous one c.

As depicted in the inset (b) of Fig. 21, the upper plastic film and the lower one can be
modeled as two mass elements connecting on ground via elastic elements k; and k,, and
viscous element c¢; and ¢, respectively. The sandwiched ER fluid is treated as an elastic
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element &, and viscous one ¢, in the so-called Voigt model for viscoelastic materials and the
mass of ER fluid (m,) is fixed on the lower plastic film. A force F excites the lower plastic

film due to the vibrating air beneath. F is set as E)e’m , Where Fj is the amplitude of F and @
the sound frequency. Moreover, we set displacements of the lower and the upper plastic film
as x, = A e, x, = A,e"”, respectively, where 4,, 4, represent the displacement amplitude

and can be complex numbers. The vibration equations for the two pieces of plastic film can
be written as

(my +m,)X, +kx, +k,(x, —x,)+¢x +c,(x, —X,) = E)eiwt 3)
myx, + k,x, +k,(x, —x,)+c,x, +c,(x,—x,) =0 ’
where m, is the mass of lower or upper plastic film. So 4, can be derived as
2 . . 2 . -1
4, _ (k, +iwe, —m @)+ (ky +k, —myo” +ioc, +za)cf,)[k1 —(my+m)o” +ioc] | &)
E k,+iwc,

The sound is directly radiated from the surface of the upper plastic film, so the velocity of
the upper plastic film is of primary importance and it can be calculated as

v, =X, =iwA,e'” with the module of a)|A2|. By substituting it into the expression of p,,,

we get p, = poa)2 |A2| (R — z) . In the equivalent vibration model, &, and c, for ER materials

can be approximately expressed as a simple function of storage modulus G’ and loss modulus
G” ie., k, = 7G'r*/d , and c, = 7G"r* (wd), where r is the radius of piston and d the

thickness of ER fluid. G’ and G” can be measured in an experiment setup with one vertically
oscillating electrode and other unmoved electrode [135]. Here, we use Liu et al’s [135]
experimental data in simulations. G =0, 675, 1330, 2250, 2700Pa and G =50, 400, 470, 720,
755Pa, when the electric field £ is 0, 0.17, 0.33, 0.67, 1.00kV/mm, respectively. The data is
obtained at small sinusoidal oscillation strain (~1O'5) so that ER fluid works in linear regime.
The other constant parameters are set as: k;=k,=15000N/m, c¢;=c,=5Pas, =33mm, d=1mm,

my=6x10"kg, and m~2.8x10kg. Figure 21 plots the simulation results of a)2|A2|/F ,

which can represents p,,, as a function of sound frequency. The sound radiation peaks about
120Hz are exhibited with the presence of electric field due to the reinforced vibration
occurring in the plastic film of ER layer. In addition, both the amplitude and the frequency of
the sound radiation peak increase with increase in E as a result of the variation of the electric-
field-dependent storage and loss modulus. The simulation qualitatively agrees with the
experiment plot in Fig. 16(a). Strictly, the presented model could be somewhat crude since
many details are simplified. For example, the vibration of the four-side-fixed ER layer may be
far more complex and the storage and loss modulus vary with frequency. These may account
for the simulation deviation in higher frequencies. In essence, the simple model presents a
clear physical picture of sound transmission process that explains the characteristics observed
in experiments very well.
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Within the band of 80-150Hz, the flexible thin ER fluid layer exhibits manifest tunable
features. Sound pressure level and phase angle can all be adjusted by varying the electric field
strength. The corresponding wavelengths of the responding frequencies of 80-150Hz are far
larger than the size of the ER layer. These tunable characteristics provide a methodology of
designing phononic crystals with tunable acoustic band gap in low frequency domain. For
example, these ER layers could be employed as inclusion layers in layered one-dimensional
phononic crystals or applied in the of unit cell composite as a design element in multi-
dimensional phononic crystals. The composite inclusions or unit cells with tunable
characteristics might achieve the active control of acoustic band gap. Besides, the flexible
thin ER layers own can be utilized to develop controllable acoustic devices, such as sound
amplifiers and phase tuners.

Summary

The tunable and quick rheological responses to external electric field of ER fluid have
attracted highly attentions due to the potential use in both conventional and intelligent
devices. Since the discovery of ER fluids, many developments in the mechanisms, materials
and applications have made. We discuss some new advances in design and preparation of ER
materials based on two routes including molecular & crystal structure design and
nanocomposite & hybrid design. Especially, in order to achieve the design about optimal
physical and chemical properties of ER materials, some advanced preparation techniques,
such as self-assembly, nanocomposite, and so on, are also used. These new design and
preparation ways not only extend ER materials but also bring merit for high-performances.
On the other hand, based on the idea of intelligent materials and systems, the ER fluid is
employed to act as actuator for vibration control and the piezoelectric ceramic is used as
vibration responder and exciter for the solidification of ER fluids. The first generation
ER/piezo damper realized the adaptive control and the manifest vibration suppression effect
have been observed in experiments. In the second generation ER self-coupled damper, many
new designs have been adopted. These modifications improved the structural stability and the
working reliability of the ER damper. A flexible sandwiched ER composite layer is designed
and fabricated and the sound transmission behaviors of the ER layer have been investigated
carefully. The transmitted sound pressure level and the phase can be modulated by the
external electric field. ER fluids can be used in constructing tunable acoustic devices.
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Chapter 2

ELECTROELASTICITY PROBLEMS
OF PIEZOELECTRIC MATERIALSAND A FULL
SOLUTION OF A DIELECTRIC CRACK

Xian-Fang Li*
Institute of Mechanics and Sensor Technology,
School of Civil Engineering and Architecture,
Central South University, Changsha, Hunan 410083, China

Abstract

A piezoelectric solid with a Griffith mode-1 crack perpendicular to the poling di-
rection is analyzed within the framework of the theory of linear piezoelectricity. The
electroelasticity problems related to a crack of finite length and a penny-shaped crack
have been solved via using electric boundary conditions at the crack surfaces depend-
ing on crack opening displacement. The Fourier transform and Hankel transform are
employed to reduce the associated mixed boundary value problems of two- and three-
dimensional cases to dua integral equations. Solving resulting equations and using
well-known infinite integrals related to Bessel functions, explicit expressions for the
electroelastic field in the entire plane or space are obtained for a cracked piezoel ectric
material subjected to uniform combined far-field electromechanical loading. The elec-
tric displacements at the crack surfaces exhibit a clear nonlinear relation on applied
electric and mechanical loadings. Impermeable and permeable or conducting cracks
can be taken as two limiting cases of the dielectric crack The field intensity factors
are determined. Particularly, the COD intensity factor is suggested as a suitable frac-
ture criterion for piezoelectric materials. Based on this criterion, relevant experimental
results can be explained successfully.

Keywords: Fracture criterion; Dielectric crack; Full electroelastic field; Piezoelectric ma-
terials.

*E-mail address: xfli@mail.csu.edu.cn
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1 Introduction

With the development of modern micro electromechanical system, piezoelectric/ ferroel ec-
tric ceramics have been used widely in techniques such as actuators, sensors, transducers,
etc. due to the intrinsic coupling feature between elastic and electric behaviors (Haertling,
1987; Rao and Sunar, 1994; Uchino, 1996). However, a fatal disadvantage is that they
are very susceptible to fracture because of their brittleness when operating in an environ-
ment of high voltage. Conseguently, the presence of some defects including dislocations,
cracks, hole might accelerate the failure of the piezoel ectric structures owing to electroelas-
tic field concentration near the front boundary of the mentioned above defects under applied
electromechanical loading (Pisarenko et al., 1985; Tobin and Pak, 1993; Cao and Evans,
1994; etc.). To understand the failure mechanism of piezoelectric materials and maintain
the stability of cracked piezoelectric structures, the theoretical analysis of elastic and elec-
tric behaviors is prerequisite. So far, great efforts have been made on this field (e.g. Suo
et al., 1992; Pak, 1990; 1992; Sosa and Khutoryansky, 1996; Qin and Yu, 1997; Zhang
et al., 1998; Ru, 1999; Gao and Fan, 1999; Wang and Han, 1999; Shindo et a., 2000;
McMeeking, 1999, 2001; Gao and Wang, 2001; Li and Lee, 20043; etc.).

Similar to purely elastic media, in cracked piezoel ectric materials, there are often three
types of cracks, called as mode-l, Il and Il cracks. Of course, due to anisotropy of a
piezoel ectric solid, the position and direction of an embedded crack isof importance. Onthe
other hand, because of the complexity of electric boundary conditions at the crack surfaces,
an electroelasticity problem associated with a crack in a piezoelectric solid is more difficult
to solve than its counterpart in purely elastic media (Qin, 2001; Zhang et al. 2002).

For the so-called mode-111 cracks, the situation becomes very simpleif the crack is pen-
etrating through the piezoelectric solid along the poling direction. Such cracks have been
intensely studied and electroel astic fields have been abtained for avariety of crack geome-
try. For this case, the crack surface deforms only along the poling direction under applied
electromechanical loadings perpendicular to the poling direction; so the treatment of elec-
tric boundary conditionsisrelatively easy. In other words, the crack surfaces are permeable
for a crack having no thickness (Shindo et al, 1997; Li, 2002). Even considering a pro-
longed €lliptic hole, the corresponding boundary-value problem can be solved by complex
variable technique (Zhang and Tong, 1996). A large number of work relating to antiplane
shear cracks have been reported such as Parton (1976), Dunn (1994), Zhong and Meguid
(1997), Kwon and Lee (2000), Li and Duan (2001), among others.

As compared to mode-111 cracks, the mode-I crack is commonly encountered in engi-
neering applications. For mode-1 cracks lying at a plane perpendicular to the poling axis,
crack opening displacement (COD) relates to applied electromechanical loadings, differ-
ing from the above-mentioned mode-11l cracks. Electric boundary conditions therefore
vary with COD. If imposing either permeable electric boundary conditions or impermeable
electric boundary conditions during the entire stage of deformation, it certainly makes the
desired resultsin errors. For two limiting cases of impermeable and permeable cracks, an-
aytic results have been determined by Pak (1992), Sosa and Khutoryansky (1996), Shindo
et a (2000), Kogan et al (1996), Huang (1997), Yang and Lee (2001). Generally speaking,
aredistic crack isfull of air or vacuum, so that the permittivity of the crack interior cannot
neglected and then the electric displacement inside the crack interior is present. Based on
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these considerations, Hao and Shen (1994) suggested an approximate relation describing
the electric displacement at the crack surface (i.e. (12) below). For such electric boundary
conditions, many researchers have made some worksincluding McMeeking (1999), Xu and
Rajapakse (2001), Yang (2001), Liu et al. (2001), Wang and Jiang (2002), Wang and Mai
(2003), Li and Lee (2004a).

Here within the framework of the theory of linear elastic fracture mechanics, basic
electroelasticity problems are described in Section 2. According to electric boundary con-
ditions governed by COD together with far-field electromechanical loadings, the explicit
expressions for afull electroelastic field have been determined for the two-dimensional and
three-dimensional piezoelectric solids in Sections 3 and 4, respectively. Furthermore, in
Section 5 the COD intensity factor is suggested as a suitable fracture criterion, which indi-
catesthat when far-field stressis prescribed, applied positive e ectric field decreases fracture
toughness, while negative electric field increases fracture toughness. However, when far-
field strain is prescribed, applied positive electric field increases fracture toughness, while
negative electric field decreases fracture toughness.

2 Electroelasticity Problems

2.1 Basic Equations

For an infinite, homogeneous piezoel ectric material, elastic behaviors and el ectric behaviors
are coupled. In other words, applied mechanical |oadings cause not only elastic deformation
but also electric field. Conversely, applied electric fields produce not only electric displace-
ment but also elastic deformation. In general, the former is referred to as piezoel ectricity,
and the latter is converse piezoelectric effect. Mathematically, in the framework of the
theory of linear piezoelectricity, the constitutive equations have four different forms, and
usually in fracture mechanics a system of typical constitutive equations take the following
form (Ikeda, 1990)

o=CFs—¢E, (1a)
D =es+€°F, (1b)

where o, s, D, and F are the stress tensor, strain tensor, electric displacement vector, and
electric field vector, respectively; CF e, and ¢* are the eastic stiffness tensor measured
under a constant electric field condition, the piezoelectric constant tensor, and the dielec-
tric permittivity tensor measured a uniform strain condition, respectively. Here e; is the
transposed matrix of e.

For acompletely anisotropic piezoelectric solid, there are 45 material constants, includ-
ing21in C¥, 18ine, and 6in c*. However, for aclass of common piezoel ectric ceramics
with point groups 6mm exhibiting atransversely isotropic property, the number of involved
material constants reduces to 10, where 5in CF, 3ine, and 2 in £5. For common com-
mercially available piezoelectric ceramics such as PZT-4, PZT-5H, etc, relevant material
properties are given in Table 1. If we denote the poling direction as x3-axis (or z-axis),
and the isotropic plane as the z1x2-plane (or xy-plane), the congtitutive equations for a
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transversely isotropic piezoel ectric ceramic take the following form

Ozz = C118zz + C128yy + €135, — €31, (29)
Oyy = C128zz + C118yy + €135, — €31 F, (2b)
02z = C138zz + C135yy + €3352, — €331, (20)
Oyz = 2¢445y. — €15y, (2d)
Oz = 2C44842 — €15, (2¢)
Oy = (€11 — C12) Sy, (2f)
D, = 26155z, + €11 Ex, (33
D, = 2e158y, + 11 Ey, (3b)
D, = e318;4 + €318yy + €335, + €33E.. (30)

Here the components of strain and electric field can be expressed in terms of elastic
displacements, and electric potential, by the following equations, respectively,

_ 1 aul 8Uj

Sij = 5 <a$] + 81‘1> ’ (49)
__99

m=-22, (@b

inwhich i, j stand for x, y and z.
In the absence of body forces and free charges, the equilibrium equations of stresses
and electric displacements require

ox oy oz 0 (53
00yy | Ooyy 0oy,

o + 3y + 5. = 0, (5b)
00 3 N 0oy, n 00, _o, (50)

oz dy 0z

and 8D, oD, 8D
x Y Z
5t o e =0 (6)

Table 1. The relevant material properties

Dielectric

Elastic Piezoelectric permittivities
stiffnesses (GPa) constants (C/m?) (NF/m)

Ci1 C3 Cua Ci2 Ci3 €3 €33 €15 €11 €33

PZT-4 139 113 256 778 743 -698 1384 1344 6.0 5.47
PZT-5H 126 117 353 55 53 -65 233 17 151 13
PZT-7 130 119 25 83 83 -103 147 135 171 18.6
BaTiO3 150 146 44 66 66 -435 175 114 128 15
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Figure 1. Cracked piezoelectric material subjected to applied loading.

2.2 Boundary Conditions

To solve an electroelasticity problem of a cracked piezoelectric material, besides the above
system of basic governing partia differential equations, appropriate boundary conditions
must be furnished. In general, at the boundary of a piezoelectric material, two kinds of
boundary conditions may be applied, one arising from mechanical part and the other arising
from electric part; so it isassumed (Fig. 1) that

ainlr,, =T (z,y,2) € Ty, (73)
uilr,, = U; (z,y,2) € Iy, (7b)
and
Djnj|re = Dy, ($,y,2) el., (8a)
¢|Fe = d)07 (:E?y? Z) € Fga (8b)

where I',,,, IS, T, and I'¢ denote partial boundaries, I',,, U I',, = I'.U I'¢ is the total
boundary, n = (n1,n2,n3) andt = (1, to, t3) arerespectively thedirections of the outward
normal and tangential vectors of the boundary surface involved. Here T;, U; are prescribed
stress and displacement, and Dy, ¢ are prescribed charge and potential, respectively.

For a crack problem, the boundary conditions at the crack surfaces are of significance.
As usual, the mechanical boundary conditions at the crack surfaces are clearly free of trac-
tion, which can be written as

On = 07 Ot = 07 ($>y> Z) € Ev (9)

where ¥ stands for the crack surfaces. For the electric boundary conditions at the crack
surfaces, the situation becomes more complicated since the electric fields are permeable
relative to an opening crack, i.e.

D;L_ = Dga ¢+ = é_a (iL',y,Z) € Za (10&)
D; = D;"L_a ¢ = é—'—a (ZL’,y,Z) €2, (lOb)
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where a quantity with a bar denotes the one in the crack interior.

In fact, due to the opening of crack, the crack interior such as vacuum can be treated
as a dielectric; so there are an electric potential difference across the opening crack. In
other words, ¢ # ¢~. Such a statement has been supported by an experimental evidence
in Schneider et al. (2003), who observed a distinct drop of electric potential between two
surfaces of an opening crack, which also impliesthe existence of electric field in the opening
dielectric crack interior. Furthermore, as compared to the crack length, the opening height
isvery small, which allows us to assume E,, in the crack interior to be a constant, given by

Ad
Au’
where Au and A¢ are the jumps of elastic displacement and potential across the crack.

Hence, the electric displacement inside the opening crack is governed by the following
relation

E,=-— (11)

_ _A¢
D, = —aﬂ. (12)
Thisis equivalent to that given by Hao and Shen (1994), Wang and Jiang (2002). Note
that Au and A¢ are last values of crack opening displacement and potentia difference
across the crack surfaces posterior to deformation, not prior to deformation. If enforcing
that the above relation holds before deformation, it means D = D, ¢* = ¢, equivaent
to the assumption of the so-called permeable crack. Consequently, due to the opening of
a crack, the results corresponding to the permesable crack certainly exist some errors as
compared to those for areadlistic crack. Therefore, the above relation (12) in fact reflects a
nonlinear procedure whereinitia electric boundary conditions are dominated by last values
of Au and A¢. Itisfurther noted that the selection of such boundary conditions differ from
formulation of elastic boundary conditions since elastic boundary conditions are described
based on the boundary surface prior to deformation, rather than posterior to deformation.
On the other hand, another kind of electric boundary conditions has been formulated
by Gao and Fan (1999), and Zhang et a. (2002), who treated a crack as a limiting case
of an eliptical hole by setting a shorter axis to approach zero. Clearly, for area dliptical
hole such atreatment gives an exact solution. In other words, electric boundary conditions
are aso described based on the boundary before deformation. However, for a crack having
no thickness prior to deformation, the crack surfaces are electrically contacting. Under the
action of applied loadings, the crack may either open or close depending on the magni-
tude and direction of mechanical and electric loadings. Therefore, it is believed that (12)
is superior to other electric boundary conditions. Moreover, two usual impermeable and
conducting cracks can be taken as two limiting cases. The former correspondsto & — 0,
which yields D,, = 0, in agreement with the so-called impermeable electric boundary con-
dition (Pak, 1990). This case imposes the dielectric permittivity of crack interior to vanish,
and the electric displacement in the crack interior and at the boundary are equal to zero.
The latter correspondsto & — oo, which leadsto ¢™ = ¢~ = 0, coinciding with the so-
called conducting electric boundary conditions. Obviously, for afinite value ranging from
0 to oo, the desired results must lie between those of two limiting cases. It is interesting
to point out that for certain cases, the conducting crack is equivalent to a permeable crack,
i.e. adopting (12) before deformation meaning A¢ = 0, which specifies continuous electric
displacement and potential across the crack surfaces (Parton, 1976).
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3 Two-Dimensional Problems

This part is focused on a class of two-dimensional problems of plane strain. Suppose the
piezoel ectric medium under consideration is infinite along the y-axis. All mechanical and
electric loading are independent of y, so for the above-stated plane strain problem, we have
uy = 0and 9/0y = 0. Here, consider the distribution of electroelastic field in the 2 z-plane,
and the piezoel ectric plane is subjected to severa possible loadings at infinity. For example,
they can be written as

oze =0, 0yy = 0°°, E,=E>, Z — 00, (1339
oze =0, S,, = 8°°, E,=E>, Z — 00, (13b)
Ozz = 0, 0y = 0, D, = D*, z — 00, (14a)
Oz = 0, S, = 8°°, D, = D>, z — 00, (14b)

where o> (s*°) and E*° (D*°) are known constants. It is easily seen that a solution pro-
cedure for the last two casesis similar to that for the first two cases. Thus in what follows
we only deal with the first two cases. Another reason for such a treatment is that com-
pared to electric displacement, applied electric fields are readily dominated and measured
in experiment.

From the equilibrium equations as well as the constitutive equations one can find that
elastic displacements and potential satisfy the basic governing equations

32ux 82ux a2uz 82
gy T ey +(c1s+ear) g+ (ear +ews) 5 - =0, (15a)
(92 82u aqu a2¢ 82(25
155 =+ c33 2 + (c13 + 644)89062 tesg s tesy s =0, (15b)
0%u, 9%, 0%u, 0% 0%¢
€5 g5 Tyt (es3 + 615)ﬂ —Elgs Gy = 0. (15¢)

3.1 General Solution

In this subsection, we represent elastic displacements and potential in terms of three gener-
alized harmonic functions F;(z, z). To thisend, similar to the analysis of Wang and Zheng
(1995), one can introduce an auxiliary function £ such that

oF oF oF

Uy = oz Uz:773$> ¢:774g~ (16)
Inserting the above into (15) and collecting some terms yields
611?915 + [caa + (13 + caa)n3 + (€31 + €15)74] %2;; =0, (179)
[c13 + ca4 + caam3 + €15M4] (33; + [c33m3 + €33n4] Ez;;; =0, (17b)
le3s + e15 + e15m3 — €1174] 8;35 + [e33n3 — €33m4] a;; =0. (17c)
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The above system of partial differential equations have non-trivial solutions, so the
coefficients must satisfy the following relations

c11 _ a3 + C44 + C44M3 + €15M4
caq + (€13 + caa)nz + (e31 + e15)ma €337M3 + €3374
€33 + e15 + €573 — €1174 9

= =, (18)
€3373 — £3374

from which, eliminating 3 and 74, one can deduce a characteristic equation for -y

a0y’ + boy! + cov® +do = 0, (19)
with
ap = caa(c3333 + €33), (20a)
bo = —2case15e33 — C11€33 — ca3(cascrr + cr1e33) + e33(c13 + caa)*+
2e33(c13 4 caa)(e31 + e15) — cige33 — ca3(ez1 + e15)?, (20b)
co = 2c11e15€e33 + 044655 + c11(e33e11 + caaess) —eni(cis + C44)2—
2e15(c13 + caa)(e31 + e15) + cqe1n + caa(ess + e1s)?, (20c)
dop = —011(644811 + 6%5). (20d)

In principle, the roots of Eq. (19) has three different cases, including three distinct
eigenvalues (or roots) fyj?(j = 1,2,3), two distinct eigenvalues, and three identical eigen-
values. Since the characteristic equation is a cubic equation, with the aid of the Cardan’s
formula, the solution can be given explicitly as

b
2_,2_ %
’Y] - X] 3&0’ (21)
where
X%:{’/S+ﬁ+\3/5—ﬁ, (22a)
2 =wV/S+ VT +w?\/S— VT, (22b)
B =w?\/S+ VT +w\/S— VT, (22¢)
with
w— (—1 + Z\/i) /2 23)
and

_ 9apboco — 27a3d0 —~2bg

B 4b%d0 —~b%cg-— 18agbocody +>27a%d3 +>4aoc%
3 = )
54dag

S
108a§

, T

(24)

Clearly, the cases of three possible rootstake place dependingonT > 0,7 = 0,7 < 0,

which correspond to one real root and a pair of conjugate complex roots, three rea roots
with at least two-fold roots, and three distinct real roots, respectively.
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For the above three cases, the introduced auxiliary function £ is governed by

0*F;  ,0%F,

% 12 55 =0 M #EB %, (25)
OPF | ,0°F 9 . L\
Tt =0 (gatidga) B0 af#ed=id @
0? 0?
(Z e ) r=o  t=h=db @

respectively, where F); specifies the onerelated to ;. Once generalized harmonic functions
F; arefound, so the elastic displacement and potential are expressed in terms of F;;. For for
the case of three distinct roots, one can give elastic displacements and el ectric potential

3 3
OF, OF,
Uy = 4 O Znsg az ¢:j2774j8za (28)

wherens; and n4; are those satisfying (18) when v = ;. Under such circumstances, elastic
stresses, strains, electric displacements, and electric fields are also expressed in terms of
Fj, i.e.

3
0> F; 02F;
Oaw =) [cn ag';; + (c13m35 + €31745) 5.3 ] , (29)
=1
3
0*F; 2F.
0.y = Z [013 895; + (c33n35 + €33m45) (9,22]] , (29b)
=1
- O°F,
Oy = Z [caa (1 + n3j) + 6157743] 9293 (29¢)
=1
Z 8952 ’ (30a)
Z%g 3 7 (30b)
1 g 0 F;
se2= 5 > (14 m3) 57, (300)
=1
3 oF
D, = Z leis (1 +m35) — e11m4j] 7%= or 8 (319)
j=1
3
0*F; 2F:
D=3} [631(%2] + (es373j — €33715) 872] , (31b)

1

<.
Il
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and

>, O’F;

=1
3
O*F;
=1

For a general transversely isotropic piezoelectric material, the characteristic equation
has commonly three distinct eigenvalues; so in what follows we only cope with this case.
Moreover, in this case Re() is chosen larger than zero. Table 2 lists some eigenvalues
related to relevant piezoel ectric ceramics. By the way, the above-suggested general solution
can solve avariety of electroelasticity problemsincluding arectangular piezoelectric block
subjected to simple applied electromechanical loadings such as simply supported beams,
purely bending beams, etc.

Table 2. The eigenvalues of relevant material properties

T 2 3
PZT-4 1.08707 + 0.27439¢  1.08707 — 0.27439: 1.19103
PZT-5H 1.03727 +0.19316¢ 1.03727 — 0.19316¢ 1.07104
PZT-7 1.01129 + 0.39482¢ 1.01129 — 0.39482¢  0.9693
BaTiO3 0.99851 + 0.229147 0.99851 — 0.22914¢ 0.92705

3.2 Didectric Crack Problems

Consider apiezoelectric material with apenetrating Griffith crack along the y-direction. For
convenience, it is assumed that the crack is perpendicular to the poling axis and is situated
a|z] < a,—00 < y < 00,z = 0, asshown in Fig. 2. For this case, it is sufficient to
consider the upper half piezoelectric body. The electroelastic field in the lower part can be
directly given by symmetry from the counterpart in the upper part. Hence the electroelastic
behaviorsin the upper half-planeis only solved.

To obtain a desired electroelastic field, it is convenient to employ the Fourier trans-
form technique to convert the associated boundary-value problem to dual integral equations
(Sneddon, 1951). This can be achieved by taking F;(z, z) as the following Fourier cosine
integrals

Fj(x,2) = — /0 ;Aj(g)e%ﬁz cos(€x)de, (33)

for z > 0, where A;(£)’s are unknown functions to be determined through appropriate
electric and elastic boundary conditions. Using the above-derived general solution, by su-
perposition of a uniform electromechanical field of a piezoelectric plane without crack one
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N

Figure 2. A piezoelectric ceramic with a crack of length 2a perpendicular to the poling
direction.

can find that an appropriate solution suitable for dealing with the problem posed by (13) is

(z,2) Z/ )e % sin(Ex)dé + By, (34a)
(z,2) 2773]7]/ Aj( cos(f:z:)d§ + B3z, (34b)
3 oo
$(x,2) = D> i /0 A;(£)e5% cos(Ex)dE + Buz, (340)
j=1

where By (k = 1, 3,4) are unknown constants to be determined. Furthermore, expressions
for the stresses and electric displacementsin terms of A;(¢) are aso obtainable. They are

Um(x Z Z ﬁoj / {A )e V5% COS(fl‘)d{ +c11B1 + 01333 + €31B4, (358.)
7=1

022(, 2) Zﬁlﬂ/ €A;(€)e %% cos(éx)dE + 1381 + c33Bs + e33 By, (35)

7=1

Ozz(, 2) Zﬁgj/ EA;(&)e ~738% sin(Ex)dE, (35¢)
3 o0

Do) ==y /0 EA;(€)e W sin(ga)dk, (362)
j=1

3 )
- Z Baj / EA;j(€)e 1% cos(Ex)dE + e31 By + e33 B3 — €338y, (36h)
— 0
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where
= (c13m35 + €31745) ’Y] c11, (379)
51] = (c33m3;5 + €33M45) VJ 13, (37Db)
= [caa(1 + m35) + e15ma5] 75, (37¢)
633 = [e1s(1 +m35) — 511774]] Vs> (37d)
Baj = (essns; — €33n4;) Y — €31. (37¢)

Asastraightforward check, substitution of (35) and (36) into the equilibrium equations
revealsthat they are satisfied identically. The remaining task is how to get unknown B; and
A;(&) through appropriate electric and elastic boundary conditions and further determine
electroelastic field for the corresponding crack problem.

Consideration of symmetry of the problem allows usto conclude that the shear stress at
the crack plane vanishes, i.e.

0z2(2,0) =0, —00 < & < 00. (38)
Since attention is restricted to the upper half-plane, the following conditions
’LLZ(QL‘,O) =0, qb(x,O) =0, |$| > a (39)

must be supplemented because of symmetry of the problem. Besides, at the crack surfaces,
electromechanical boundary conditions

0, —a <z <a, (409)
D, —a <z < a, (40b)

0:2(x,0)
D(,0)

where D is a parameter to be determined, governed by the relation (12).

Firstly, to look for three unknown constants By (k = 1, 3,4) involved in (34), appli-
cation of the boundary conditions at infinity in (13) readily results in a system of linear
equations, which can be used to determine uniquely By (k = 1, 3,4). Omitting the detailed
procedure, the final result is

B, — —c130™° + (c33€31 *2013633) Eooj (412)
C11€33 — (€13

By — c110%° + (c11e33 — ;13631) E°°7 (41b)
C11€33 — (i3

By =—E*, (41c)

for prescribed stress and electric field at infinity, and

_ 00 Fo©
Bl _ C138 + €31 ’ (42a)

C11
By = 5%, (42b)
By=—E>®, (420)
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for prescribed strain and electric field at infinity.

Knowledge of By, (k = 1,3,4) permits us to further seek the disturbed electroelastic
field of a piezoelectric body weakened by a Griffith crack. To this end, by substituting the
above resultsinto (35) and (36), utilizing the boundary conditions (38) yields

3
> B Aj(€) =0. (43)
j=1

Also, application of (35b) and (36b) to the conditions (40a) and (40b), respectively,
leads to

3 oo
Yoo [ et s =0, —a<s<a (a4
=1

3 oo
— 254]'/0 EA;(€) cos(éx)dé + Dy = D, —a<z<a, (44b)
j=1

with
og = o>, (45a)

2 2
C11€33 — C13€31 €33€3] 1+ Cr1€33 — 2c13€33€31

C11€33 — C33

for prescribed stress and electric field at infinity, and

5 + 633:| E*°, (45b)
C11€33 — (13

s c13e31
og = (633 — ) s + ( — 633) E*°, (463.)
C11 C11
2
Dy = <633 — 013631> $° + <631 + 633) EOO, (46b)
C11 C11

for prescribed stress and electric field at infinity.
Additionally, from (34b) and (34c) in conjunction with the conditions in (39) we have

3 )

S [ A cosears =0, el >0, (473
=1

J3 .

S [ A eosears =0, ol >0 (47b)
j=1

Thus we obtain two coupled systems of simultaneous dual integral equations for
A;(€)(j = 1,2,3) with aparameter D governed by (12), or

3 0o 3 0o
DYy [ Ai@cos(en)ds = —= Y mpny [ A€ cos(ends (@9
s 0 = 0

To solve A; (£) , weintroduce a new intermediate auxiliary function A(¢) such that

4(6) = a;A(6) (49)
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where a;’s are unknown constants. Now upon substitution of (49) into (44) and (47) to-
gether with (48) and (43), after some algebra one can get

3
oo Z 64Jaj D Dy Z ﬁljaj =0, (503.)
3 -
Z D773] + 5774] Vit = 0, (50b)
7j=1
Zﬁzjag’ =0, (50c)
j=1
and
| a@eostende =0, Jalza (512)
0
/0 EAE) cos(én)dE = @, |a] <a, (51b)
where _
Dy — D
Q=—2"Y (52)
S5 Baja;

Hence, we have derived a system of algebraic equations for a; with an unknown para-
meter D and dual integral equationsfor A (¢) .
It is worth mentioning that due to (50a), Q can become

00

3
=1 Pja;

when g # 0. Conversely, in the absence of mechanical loading, the expression (52) has an
advantage over the results (53) since the latter failsin this case.

Q= (53)

3.3 Electric Displacement at the Crack Surfaces

Owing to the fact that the system of equations (50) for a; has non-trivial solutions, the
determinant of the coefficient matrix A must vanish, namely

det A =0, (54
where

Bub +Bnoy  Pr2D+ oy PisD + Basoo
A= | (nuD+nué)n  (ms2D +ma2g) v2  (n3sD + nusé) 3 | (55)
P21 Ba2 23

with D = D — Dy
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Expanding this determinant yields a quadratic equation for D, and solving the resulting
quadratic eguation, one can get

D _ —mq + \/m% — 4m0m2 ' (56)

2mo
where
mo = Eoq det [B4, B2, m2] — EDg det [B1, B2, 12] (573)
my = edet [B1, B2, m2] + oo det [Ba, B2,m1] — Do det [B1, B2, m] (57b)
mg = det [B1, B2, m] . (57¢)

Hereafter ), denotes the vector composed of (x1, Ok2, Ok3)e(k = 0,1, ...,4), and ni_o
denotes the vector composed of (7x17v1, nk2v2, Me3Y3)e(k = 3,4), t being the transpose. In
the obtained two roots, only one is reasonable and the other is superfluous, which should
be neglected. An acceptable D may be selected such that Au.(x,0) > 0, the physical
interpretation of which is obviously to avoid penetration of two crack surfaces. The derived
result indicates that apart from the material properties of the piezoel ectric matrix, the elec-
tric displacement D of the crack interior is also dependent on the dielectric permittivity of
the crack interior. Moreover, not only applied electric loading but also on applied mechan-
ical loading at infinity have pronounced influence on D. From subsequent analysis for a
three-dimensional problem, we know the dependence of D on o and Dy is unchanged.

In particular, for several special situations, D may be given via some simple expres-
sions.

1°) In the absence of applied mechanical loading at infinity, this situation gives

det [/817 627 772] z
det [/817 627 771] ‘

Obvioudly, the first solution pertains to the case where a piezoelectric body with-
out crack or two crack surfaces contact each other, and the second solution is reliant
on the material properties and not on applied loading suitable for an opening crack.
From this, one further finds electric field inside the opening crack to be a constant
—det [B1, B2, m2] / det [51, B2, m] , independent of applied electric field and the dielectric
permittivity.

2°) In the case of an impermeable crack, ¢ is approximately assumed to be zero. Here,
from the obtained solution we find

D=D, orD=-— (58)

det [/847 ﬁ?u 771]
Odet [81, B2, 1]

Clearly, from the physical interpretation, the former D = 0 is suitable only for an
opening crack and the other solution for a closed crack.
3°) For aconducting crack, ¢ iscommonly set to beinfinity. In this situation, we obtain

- det [B4, B2, m2]
D = Dy — gpSou P 2,72
0 Odet [517627772]

D=0,0rD=Dy— o (59)

(60)
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Figure 3: Electric displacement at the crack surfaces for a cracked PZT-4 as a function of
applied electric field for atwo-dimensional case, @) o> = 8MPa, b) s = 2 x 1074

which indicates that D is a linear function of applied electric loading as well as applied
mechanical loading.

Here we consider a cracked PZT-4 and plot some variations of the el ectric displacement
at the crack surfaces against applied electric field when subjected to applied far-field stress
o® = 8MPaor far-field strain s = 2 x 10~* in Fig. 3. From Fig. 3 it is seen for
a vacuum crack, the electric displacements at the crack surfaces lie between those for an
impermeable crack and a conducting crack. In addition, the curve corresponding to ¢, =
/e = 0 (g0 = 8.85 x 10712F/m) has an apparent critical locus, i.e. the crack is closed
as £ is less than this critical value, and the crack starts to open as £°° exceeds it for
0> = 8MPa. On the other hand, for s> = 2 x 10~*, we observe that if applied electric
field is large enough, the electric displacements at the crack surfaces coincide with those
for aconducting crack or contacting cracks, which takes place when E°° arrives at a certain
critical value at which the crack startsto close. Furthermore, it isnoted that for two collinear
cracks of equal length, a detailed process for determining electric displacement at the crack
surfacesis similar, and moreover the dependence relation remains unchanged.

3.4 Full Electroelastic Field in the Entire Piezoelectric Plane

Once D isdetermined, nontrivia solutions of a; can be expressed in terms of D viasolving
arbitrary two equations of (50). For example,

[aﬂ _ [ B2 B3
as 00faz2 + (D — Do) pr2 00fas + (D — Do) fus

B21
[00541 + (D — Dy) 511} - (61)

Next, we turn our attention to a pair of simultaneous dua integral equations (51) for
A(€). Toderive A (£), one can express A (£) in terms of anew unknown function ¢ (¢) as
follows

Ale) = /O "o () I (et o, (62)
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where J,,(-) is the Bessel function of thefirst kind of order n, and here n = 0. Taking into
account the equality (Gradshteyn and Ryzhik, 1980)

00 0, x>t

/ Jo (&t) cos ExdE = 1 ’ z <t (63)
0 2 — 2

it iseasily found that Eqg. (51a) is automatically fulfilled upon substitution of (62). On the

other hand, when substituting (62) into Eg. (51b), it can be transformed to

/0 ' ;’;(t)ﬁdt — O, (64)

which isastandard Abel integral eguation, where in deriving the above Abel integral equa-
tion, the following result (Gradshteyn and Ryzhik, 1980)

o0 —L oz
/ Jo (&t) sin xd€ = 2 — 12 (65)
0 0, r <t
By use of the known solution, we obtain

¢ (v) = Qu. (66)

Recalling the following property of Bessel functions (Abramowitz and Stegun, 1972)

dlzJi (z)]
we put (66) into (62) and get
aJi(&a

A = Y1 (69

3

With the above obtained results, a full electroelastic field in the entire piezoelectric
plane with a dielectric crack can be determined. This can be achieved by substituting (68)
into (34) for elastic displacements and potential. Making use of some equalities involving
infinite integrals of Bessal functions (Fabrikant, 2003),

/0 h ée—cﬁ J1(a€) cos(be)de — % {\ 12— - c] , (69)
/O - 2605 Ji(a) sin(b¢)de = é {b — /b2 — l%} , (69D)

[ e eomtigg = - - 2V (690

0 a a 3 1

[ e e sinpeds = 2V Gy (69d)
0 a ly—1

whereRe(c) > |Im(a + b)|,

I = [\/(a+b)2+02—\/(a—b)2+62], (70a)

[\/(a +0)24 2+ /(a—Db)2+ 62] , (70b)

Iy =

N =N -
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one can derive explicit expressions for the elastic displacements and potential as follows

3
2)=QY aj|r— /22 12| + By, (71a)
Jz::l J { 1j 1
3
uy(r,2) = Q anjyjaj [\ /l%j - 'yjz} + B3z, (71b)

j=1
3
d(x,2) =Q ij%'aj [\ /l%j — 2 — vjz} + Byz, (71¢)
j=1

where B; (j = 1,3, 4) are given by (41) or (42), and

[\/(a +2)2 + (vj2)° — \/(a —xz)?+ (’yjz)ﬂ : (72a)

[\/(a+x (152 + 1/ (a— )2 + )2] (72b)

In a similar fashion, from (35) and (36), we can further give a complete solution of
elastic stresses, strains, electric displacements, and electric fields in the entire plane. Or
rather, the distribution of electroelastic field in the entire plane is

llj =

N = N =

lgj =

O (T,2) QZﬁO]a] h2] -1, (733)
7j=1
Uzz xZ, Z QZ/Blja]h2]7 (73b)
7j=1
O'CCZ(‘T Z = _QZ/BQJGJhljJ (73c)
J=1
3
Szz(T,2) = —QZaj (hoj — 1), (74a)
=1
3
$:2(1,2) = QY _mzivia; (haj — 1), (74b)
=1
Q 3
Su2(, 2) EZ 135 + 1) VJajhljv (74c)

Jj=1
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2.0

z/a

x/a

Figure 4: Contours of distribution of stressfield with > = 8 MPaand E*° = 5 kV/cm for
acracked piezoelectric PZT-4 plane. @) 0, /0%, b) 04,/0°,C) 0,./0°.

3
Dy(x,2) = =Q ) Bsjajhuy, (758)
-1
3.7
D.(z,2) = QY _ Baja; (haj — 1) + Dy, (75b)
=1
g
Eu(z,2) = QY majvjaihy, (75c)
=1
"
E.(1,2) = =Q>_nuyvja; (hgy — 1), (75d)
=1

where

llj a2 — l%j lgj l%j — a2
hyj=—d—m—,  hy=———— (76)

2 2 2 2
l5; = l3; l3; = l3;

From the above, explicit analytic expressions for the entire electroelastic field are given
through elementary functions. Generally speaking, the eigenvaluesy;’s are probably related
to complex numbers, but by a direct check one can find that all the quantities in the above-
obtained electroelastic field are completely real, implying from a view that the obtained
results are valid. Alternatively, other expressions in terms of the real and imaginary parts
of relevant complex functions involving /(z + iv;z)? — a2 can aso be given, which are
omitted here. As pointed out by Fabrikant (2003), it is very difficult to separate the corre-
sponding real and imaginary partsinto explicit expressions. However, the solution provided
hereisin smple, analytic, and explicit form. To clearly understand the distribution of stress
and strain field, Figs. 4 and 5, respectively demonstrate the contours of distribution of stress
and strain fields in the case of prescribed stress 0 = 8 MPaand E*° = 5 kV/cm for a
cracked PZT-4 ceramic.

In what follows we confine our attention to the crack plane, z = 0. In this case, using
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Figure 5: Contours of distribution of strain field with > = 8 MPaand E*° = 5 kV/cm for
acracked piezoelectric PZT-4 plane. @) s;, b) 52, C) s...

the properties of I, and I, (Fabrikant, 1991)

x, azx<a a, asr<a
lim {q; =77 ’ lim lo; =< ’ 77
Lm 1(z, 2) {% &z >a,’ hm 2j(z, 2) {m, asz > a, (77)
one gets
r__  asz<a, 0, asx<a,
hlj (m,O) = { anO—zz , hgj(SU,O) = { = as (78)
, asx > a, VaZ 22 x> a.

Hence, along the crack plane, we deduce immediately elastic displacements and poten-
tial, from the results (71), as

3

ux(x,O):QZaj [a:—H(|x]—a)\/J:2—a2] ) (79a)

j=1
3
uy(z,0) = QH(a — |z|) Z n3via;V a® — a2, (79b)
j=1
3
&(z,0) = QH(a — |z|) Z najvia;V a® — a2, (79c)

J=1



Electroelasticity Problems of Piezoelectric Materials and a Full Solution ... 87

and elastic stresses, electric displacement, and electric field, from the results (73), as

ooz

0.x(2,0) = H(le| - a), (808)

22— a2

as(2,0) =0, (80b)

3
ser (0.0) = | (g 1) Hllel = 0) = Hla— o) @Y mprfay. (@09

j=1
2 3
822 (2,0) = — == H(a ~la) Q; 1+ 135) v505, (80d)
Dy — D _
Do, 0) = LDV gy (800)
r< —a
3 i
E,(x,0) = QZMJ%Z% <1 B ) + E® (|x] — a)
j=1
D
+ —H(a—|z]), (80f)

where H (t) denotes the Heaviside unit step function, i.e. H(¢t) = 1fort > 0and H(t) =0
fort < 0.

Obviously, a comparison of (73b) and (80a) turns out that o (z,0) at the crack plane
is independent of applied electric loading and material properties. Nevertheless, the distri-
bution of o, (x, z)(z # 0) around the crack tip is reliant on the material properties, which
is apparently seen from (73a) owing to the dependence relation of «,,, and a; on electric
loading and the material properties. In contrast, in addition to applied electric loading and
material properties, not only D, (z, z)(z # 0) around the crack tip but also D, (x,0) at the
crack plane depends upon applied mechanical loading, since the electric displacement D at
the crack surfacesis determined by electric loading as well as mechanical loading.

3.5 Asymptotic Crack-Tip Field

From a fracture mechanic view, the asymptotic crack-tip field is of much importance al-
though the full electroelastic field induced by a crack has been obtained. With the full
electroelastic field, it is a simple matter to derive the asymptotic crack-tip field. To this
end, we introduce a polar coordinate system (r, ) with the origins at the right crack tip, as
shown in Fig. 2, which satisfies

r=+/(xr—a)?+22 60=tan"'[z/(z—a). (81)

In the close vicinity of the crack tip, i.e. r << a, we have

lij~a+ g [008(9) - \/0082(9) + 7]2 sin2(9)] , (82a)

lyj ~a+ g [COS(Q) + \/(3082(9) + %2- sin2(0)] . (82b)
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Upon substitution of these into (73), by neglecting some higher-order infinitesimal
terms, the asymptotic expressions for electroelastic field in the vicinity of the crack tip

are derived below:

Oz (r,0) a < Bojaj f2;(0)
|: Uzz(hZ% ] :Q\/;Z [ Blja’]fQJ( ) ]

Oxz (Ta ﬁQ]aj flj (9)
3 —ﬂojaj
+QY_ | 0 | +Oor!),
j=1 0

Spa(r,0) — 3 —a; f2;(0)
s22(10) | = Q4 /5 > 13573 ; f2;(0)
0 —(L+ m35)v505f15(0)/2

3 —CL]
+QY | myvia; | +00?),
=1 0
Dy(r,0) o | s fii(0)
D.(r,0) | _ 0 gz Baja;f2;(0)
Eo(r,0) | = TV 2r = | 14g7505.515(0)
E.(r,0) —n4j75a; f2;(6)
0 , 0
Dy —Baja; 1/2
+1 0 |t QZ; o FoE?),
0 L ey

where f1;(6) and f2;(¢) denote the functions of angle distribution, defined by

1 1 cos()
f ](9) = 51— ’
1 Q/COSQ(H) + 77 sin®(6) \ 2 I \/COSQ(H) +7; sin2(9)_
1 1 [ cos(6) ]
f 7 9 = a ]- + 9
2(9) (‘/cosQ(H) + 77 sin’(0) 2 I \/COSQ(Q) + 73 sin*() |

(839)

(83b)

(83c)

(849)

(84b)

which are universal and pertain to all crack configurations and loading conditions, but de-

pend on the roots of the characteristic equation (19).

From the above, the intensity factors of stress, strain, el ectric-displacement and electric-

field near the crack tip, according to their definitions

K?= lim /27(z —a)q(z,0)

r—a™t

(85)
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Figure 6: K*/\/ma vs E* for a two-dimensional cracked PZT-4, a) 0> = 8MPa, b)
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Figure 9: Normalized T-stress T'/o>° versus applied electric field E°.

where ¢ standsfor oneamong o.., s.., D., and E., respectively, can be evaluated as

K? = ogv/7a, (864)
3
K° = Q\/ﬁz 135Y3 0y, (86b)
=1
KP = (Do - JD) Va, (86¢)
KP = —Q\/ﬁimﬂ?%- (86d)
j=1
Note that thanks to (50a), for > £ 0, we have
Q= o> _ Dy—D (87)

3 3 .
i1 Byag X5 Bajay

Besides field intensity factors, another important quantity describing nonsingular stress
field termed as elastic T-stress, referring to constant term in o, at the crack tip paralel to
the crack plane, may be found from (73a) to be

3
T=-Q> Fyay. (88)
=1

Herewe consider a cracked PZT-4 and plot some variations of the field intensity factors
aswell asthe T-stress against applied electric field when subjected to applied far-field stress
o> = 8MPaor far-field strain s> = 2x 10~%. Dueto thefact that the stressintensity factor
isindependent of applied electric field, it will remain unchanged. Fig. 6 showsthe variation
of strain intensity factors with applied electric field when > = 8MPaor s = 2 x 1074,
respectively. From Fig. 6 it is seen for a vacuum crack, the electric displacements at
the crack surfaces lie between those for an impermeable crack and a conducting crack.
In addition, the curve corresponding to e, = &/¢9 = 0 has an apparent critical point,
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similar to the variation of the electric displacement at the crack surface displayed in 10.
For s® = 2 x 10—, applied electric field increases large enough; so the crack will close,
i.e. K = 0.Similaly, K” and K¥ aswell as T are also presented graphically in 7-9,
respectively. Furthermore, from Fig. 9 the elastic T-stressisal so independent of &, = &/¢y),
but relates to applied electric loading, differing from K¢ independent of applied electric
loading and the material properties. No matter how applied electric loading varies, stress
intensity factor maintains unchanged, implying that stress intensity factors near the crack
tip are inapplicable to predicting crack growth of piezoelectric materials.

4 Three-Dimensional Problems

In this part, we limit out attention to three-dimensional problemsrelated to a cracked piezo-
electric material. Also, the poling axis is parallel to the z-axis, perpendicular to the crack
surface. Similar to the two-dimensional analysis, at infinity one can suppose applied load-
ing as

orr =0, 0y = 0°°, E,=E*>, Z — 00, (89)

orr =0, S, = 8°°, E,=E*>, Z — 00, (89b)

where o> (s°°) and E°° are known constants.
In the following treatment, because of the axisymmetry, it is convenient to adopt cylin-
drical coordinate system. Hence the basic governing equations reduce to

. - ou, 0
Oppr = CHW =+ C12u7 + 013(‘% + 631£7 (90a)
ou, Uy ou, ¢
09 = C1275 - ten— -+ C13—5 - + €315 (90b)
ou, Uy ou, 0
022 = C1375 ~ +eig -+ cas P + 633(.7?, (90c)
ou,  Ouy 0
Ory = C44 ( ar + 92 ) + 615;? (90d)
ou, Ou, 5]
D, = e15 ( o + ER > —511£7 (91a)
our Uy ou, 0
D, =e3 < 5 + T) + €3~ 833£7 (91b)

which insert the following the equilibrium equations of stresses and el ectric displacements

dopr | 0oy, 4 Orr — 000

or 0z r 0 (929)
0oy, 00, Orz

= 92b

or 0z r 0 (920)

o, 0D D, -

or 0z T
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yielding the basic governing partial differential equations for elastic displacements, u,- and
u, and electric potentia, ¢, asfollows

<82ur 1 Ou, ur) d%u,
c11

gUlr 2 _ U Cag T
or? r Or r2 022

2 82

0“u,
+ (c13 + 044)% + (e31 + 615)@ =0, (939)
9%, n }% n &%, +(c1s + caa) d%u, n laur
cad or? r Or €33 022 €13 T Cad ordz r Oz
2y  10¢ 0%
+ €15 <8T2 + 7"87”) + €353 = 0, (93b)
9%, n 1% N &%, + (es1 + e15) d%u, n laur
“15 or2 r Or €33 022 31T 15 ordz r Oz
¢ 10¢ 0%
— €11 <07“2+7“37"> —533@ = 0. (93c)

4.1 General Solution

A procedure analogousto the two-dimensional analysis, weintroduce generalized harmonic
functions F(z, z) such that

_oF o oF oF
Ur—ara Uz—7738 —77482‘

= )
Upon substitution of the above expressions into the governing equations (93) one de-
rives

(94)

o
022
2

0°F
) + (c33m3 + €3314) 97 0, (95b)

(82F 10F
C11

92 r@r) + [caa + (c13 + caa)n3 + (e31 + €15)n4] =0, (959

WF+1M7
or2  r or
2

0’F  10F 02F
> + (es3ns — e33m) 55 = 0. (95¢)

(€13 + caa + caamz + +e€15M4) (

o tior 9z

The above system of partia differential equations have non-trivia solutions, so the
coefficients must satisfy the relations, which are the same as the two-dimensiona case.
Similarly, based on different cases of the roots of Eq. (19), theintroduced auxiliary function

F isgoverned by
2E. 2. E.
T (G +e) -0 (98)

(e31 + €15 + e15m3 — €1174) <

0z2 or2  r Or
for 4§ # 3 # 13,

1 ( Oor? r Or > =0, (973)
0

2 L0 10\]
|:622 +’72 (8’1"2 + T67”>:| F2 = 0, (97b)
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for v # 73 = 3,

022 or?2  ror

for v2 = 42 = 2, respectively.
Once generaized harmonic functions F}; are found, so the elastic displacement and
potential are expressed in terms of F; asfollows

3 3
oF; OF:
=2 7 anj oL o= ; i (99)

j=1

2 2 3
[6 + v (6 +18>} F, =0, (98)

wherens; and n4; arethose satisfying (18) when v = ;. Under such circumstances, elastic
stresses, and electric displacements are also expressed in terms of £, i.e.

3 B -
32F' c12 OF; O2F
Orr = Z J + %87 + (c13m35 + €31145) ?2] , (100a)
Jj=1 " J
N C11 OF O2F:
706 = Z L+ 707 + (c13m35 + €311m45) WQJ , (100b)
Jj=1" J
T C13 8F O2F:
= = — j )= 100c
o le _613 07”2 + r 5 (633773j —|-633174]) 5.2 | , ( )
3
0*F;
Ory = Z [caa (35 + 1) + e15745] W@;’ (100d)
j=1
3
O*F;
= 101
Srr ]:Zl 87’2 ) ( 0 a)
3 10F;
sop =)~ (101b)
O*F;
S22 = Z 352 (101c)
j=1
3
1 O%F
sre =5 D (L4 m3) 52 (101d)
j=1

82
[e1s (135 + 1) = enamg] 5= 8 (102a)

O*F; 10F; O*F;
[631 (8702] + r@rj) + (e33m3; — €33045) 87; ; (102b)

9

1

J

D, =

M-

1

J
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Figure 10: A penny-shaped crack embedded in a transversely isotropic piezoelectric mate-
rial with the poling direction normal to the crack surface.

3

0*F;
E, =— 774]‘?82’ (103a)
Jj=1
3
0*F;
E.=-) 774j¥;. (103b)
j=1

For a general transversely isotropic piezoelectric material, the characteristic equation
has commonly three distinct eigenvalues; so in what follows we only cope with this case.
Moreover, in this case Re(+y) is aso chosen larger than zero.

4.2 Dielectric Crack Problems

For simplicity, consider a piezoelectric material with a penny-shaped crack of radius a
occupying |r| < a,0 < 6 < 27,z = 0, asshown in Fig. 10.

For determination of electroelastic field induced by a penny-shaped crack, based on
axisymmetry of the problem in question, we employ the Hankel transform to analyze it.
To this end, one can take three generalized harmonic functions by Hankel transform of the
zeroth order

Fi(r,z) = — /0 iAj@)w&ZJo(sr)df, (104

for z > 0, where A4;(£)’s are unknown functions to be determined through appropriate
electric and elastic boundary conditions. Making use of superposition of a uniform field
of a piezoelectric space without crack subjected to far-field loading (89), an appropriate
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solution can be given as follows

3. joo

uyp(r, 2) = Z/ A;(€)e™ % Jy (&r)dE + Byr, (105a)
33 -

uy(r, z) = anj’yj/o A;(€)e™ % Jy(¢r)dE + Bz, (105b)
=1
33 -

o(r,z) = ng%'/o Aj(€)e™ 5% Jo(&r)dE + Baz, (105c)
j=1

where By (k = 1, 3,4) are unknown constants. Moreover, expressions for the stresses and
electric displacementsin termsof A;(&) are

3 o B
molrz) = =3y [ €A (e (e - B
=1
3 oo
Z/o Aj(€)e” T (€r)dE + (e11 + c12) By + c13Bs + e1By,  (1068)
=1

3 00
oun(r2) = =3 B / €A, (€)e 8 Ty (€r)E + 2013 By + 3By + e33 By, (106b)
0

j=1
3 00
ora(r2) = =3 By /0 EA(€)e1E Ty (Er), (106¢)
j=1
3 00
Dy(r,2) == /O A, (E)e 16 Ty (€r)dk, (1072)
j=1

3 S
DZ(T, Z) = — Z B‘Lj / fAj(f)e_WfZJo(fr)dg + 2e31B1 + e33B3 — £33 B4, (107b)
=1 70

where g1 (k = 0,1, ...,4,j = 1,2, 3) are defined as before.
From symmetry of the problem, one clearly gets the shear stress at the crack plane
vanishing, namely
orz(r,0) =0, 0<r<oo. (108)

Since attention is restricted to the upper half-space, the following condition
uy(r,0) =0, ¢(r,0) =0, r>a (109)

must be supplemented owing to symmetry of the problem. Besides, at the crack surfaces,
electromechanica boundary conditions

0..(r,0) =0, r < a, (110a)
D.(r,0) = D, r<a, (110b)
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should be satisfied.

First, from the remote el ectromechanical loading expressed by (89), we can get asystem
of linear equations, which can be used to determine uniquely By (k = 1,3,4). The fina

resultis
B — (c33e31 — c13e33) B> — c130*°
(c11 + c12) c33 — 2¢34 ’
B = [(c11 + c12) e33 — 2c13€31] E* 4 (c11 + c12) 0™
(c11 + c12) c33 — 2¢34 ’
By = —E>,

for prescribed stress and electric field at infinity, or

631EOO — 013800
c11 + c12
Bg = SOO,
— o
By = —E>,

By =

for prescribed strain and electric field at infinity.

(111a)

(111b)

(111c)

(112a)

(112b)
(112¢)

With By, (k = 1, 3,4) at hand, one can further seek the disturbed electroelastic field of
apiezoelectric body weakened by a penny-shaped crack. Ultilizing the boundary conditions

(108) yields
3
D BaiAi(6) =0.
j=1

On the other hand, from (110) one has

3 (o]
_Zﬁlj/o §A;(§)Jo(€r)dE + oo = 0, r < a,
=1

3 00
=3 6y /0 EA;(€)Jol¢r)de + Dy =D, r<a,
j=1
with
~ 3 0o 3 00
DY s [ A©I(ertde = —= Y [ Ay(ean(erde,
j=1 0 j=1 0

where

og =0,

_(c11+ c12) e33 — 2c13e31 50

(e +e12) esz — 2¢3

(c11 + c12) €35 + 2c33€3; — 4cizesses
(c11 + c12) c33 — 2¢34

_|_

+e33| B,

(113)

(114a)

(114b)

r < a, (115)

(116a)

(116b)
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for prescribed stress and electric field at infinity, or

2¢? 2
00 = <033 _ Cl3> s 4+ <cl3€31 _ 633> E>, (1173)
€11 + €12 c11 + c12
2c13e€: 2¢2
Dy = (633 - m) 5% 4 <533 - 631) B> (117b)
c11 + c12 c11 + C12

for prescribed strain and electric field at infinity.
Next by introducing a new intermediate auxiliary function A(¢) such that

A;j(€) = a; A(S) (118)
where a;’s are constants, we have
3
Y Prjaj =0, (1198)
7j=1
3
(Dnsj + enaj) vja; =0, (119b)
j=1
3 3
00 Z Baja; + [D — Do} Z Bija; = 0. (119¢)
Jj=1 J=1

In order to obtain a non-trivia solution of the above system, the determinant of the
coefficient matrix must take zero, from which D can be determined. By comparing the
above result with that in the previous section, we find that the desired expression for D is
the same as (56) together with (57). So the dependence of D isidentical. It isworth noting
that although D asafunction of o and Dy isthe samefor two- and three-dimensional cases,
the relation between D and £ isnot identical. For example, the variations of D with E>
under different far-field conditions are shown for 0> = 8MPaor s® = 2 x 104 in Fig.
11. By comparison, one can find that for the two-dimensional case under prescribed stress
o> = 8MPa, the critica point for e, = 0 isat about £*° = —8.2 kV/cm, while for three-
dimensional case, the critical point is at about £ = —7.5 kV/cm. Moreover, in the case
of prescribed strain s> = 2 x 10~4, the impermeable crack does not close for E* < 18
kV/cm for the two-dimensional case, whereas the crack closes at about £ = 14 kV/cm
for the three-dimensional case, which can be found in Fig. 11. On the other hand, when
using the permeabl e assumption or conducting assumption, aswell as (12), we observe that
the electric displacement isidentical for E°° lying in arange greater than 8.4 kV/cm for the
two-dimensional case, and 6.6 kV/cm for the three-dimensional case, respectively. It turns
out that when a crack closes, the electric displacement at the crack surfaces coincide with
those for a permeable crack.

Theremaining is to determine A (£) . From the boundary conditions, we get dual inte-
gral equationsfor A (§) asfollows

/0 TeAODEkE=Q.  r<a, (1204)

/0 T A© Bk =0, r>a, (1200)
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Figure 11: Electric displacement at the crack surfaces for a cracked PZT-4 as a function of
applied electric field for athree-dimensional case, @) 0> = 8MPa, b) s =2 x 1074,

where @ is still defined as (52).
To solve the above dual integral equations, we choose A (&) expressed in terms of anew
function ¢ (¢) through the integral

A =¢ /0 Ch () Jo (€8) d. (121)

Eg. (120b) is completely satisfied when inserting (121) into (120b). On the other hand,
substituting (121) into (1204) leads to

[ wews [ enenee-a  r<a (122
0 0
Now remembering the property of Bessel function (67) and the following result
00 q ) min(t,r) $2 q 123
t = —
| nennena-= [T e an 29

we can convert (122) to the following equation

a d min(¢,r) g2 T )
/0 @ (t) dtdt/o 7 ds = ZQ’F , r < a, (124)

2 — 212 — §2
or

T 2 a ! (t
/0 TQS_SQdS/ \/%dt = —%Q'I"27 r << a, (125)

where in deriving the above equation, we have utilized the property

a min(¢,r) r t a r r a
/dt/ ds:/ dt/ds+/ dt/ ds:/ ds/ dt (126)
0 0 0 0 T 0 0 s

By solving the above Abel equation twice, we obtain the desired solution

pt)= ?\/a2 — 12, (127)
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which isinserted into (121), yielding

ga3/2J3/2(€a)

A =@ N (128)
where we have employed the result (Gradshteyn and Ryzhik, 1980)
/M2 sin?0.J; (aé sin @) df = \/TJ?)/Q (af) . (129)
0 2a§

With the above obtained result (128), the entire electroelastic field of a cracked piezo-
electric body can be determined. This can be achieved by substituting (128) into (105) for
elastic displacements and potential. Making use of some known results involving infinite
integrals of Bessel functions (Fabrikant, 2003; Li and Lee, 2004d)

00 212\ /a2 — 2
/0 e 1(&r) 3/2(561)\/5 3 N (l% _ l%) ( )
r b e et (B
V2rad/2 | r? " [+ sin T - (1300)

o 2 (1 a\/15 — a?
/0 e cﬁJo(fT)Jsm(fa)\/gdﬁ = W _Sln ! (1> - 2] ) (130c)

o dé 2 T L/l
/0 e §J0(§7“)J3/2(§a)7€ = Norp _\/a2 — 12 —csin”! (;)] , (130d)

explicit expressions for the elastic displacements and potential are obtained as follows

o0 d
/0 eC€J1<sr>J3/2<sa>\/% -

3

l1j l1j
up(r,z) = %Zaj [r sin~! (?) - %1 [r2 — l%j] + By, (131a)

Jj=1

3
2 l1;
uy(r,z) = 7Q anj’yjaj [, [a? =13, — yjzsin”! (:)] + Bsz, (131b)
j=1
3

2Q .1l .
o(r,z) = — ijfyjaj [, [a? — l%j — 7 zsin~? <r]>] — E®z, (131c)

Jj=1

where By and Bs are given by (111) and (112), respectively, and

= |Vir+ @+ 09 - = a2+ (0527 (1320
lyj = % [\/(T +a)? + (j2)° + \/(’I“ —a)?+ (’yjz)Q] . (132b)

In asimilar fashion, from (106) and (107), we can further give a complete solution of
elastic stresses, electric displacements, and electric fields in the entire space. Or rather, the
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distribution of electroelastic field in the entire half-spaceis

3
€11 — €12
o (1, 2) Z [ﬂ()ga]hzg 2ajh0j] ;
3 c
€11 — €12
ooo(r, 2) Z [55ga;h2] 2ajh0j] ;
3
2Q
0.x(r,2) = — Brjajha; + oo,
7=1
20 3
Urz r, Z 72 Qjajhlj,
=1

Srr(r z Q Z 2h2] + hO]) a; + By,

] 1
0
sop(r,2) = — Zajhoj + B,
7j=1
2Q &
) h B 9
Szz(r Z) T ;773J’7]aj 2j + D3
0<
srz(ry 2) = - Z (n3j + 1) vjajhj,
j=1

3
2Q
D, (r,z) = — E Bajaihij,
=1

20 <
D = 22N Bijasha; + D
Z(T,Z) T = /84]0/] 2j+ 0
20 <
E.(r,z) = — E N4;7Yia5h15,
=1

2

3
Ez(rv Z) = _7Q Zn4j'7]2ajh2j + Eoo’

j=1

where 3;;(7 = 1,2,3,i =0, ...,4) are defined as before, and

Bsj = (013773]-1-6317743)72 €12,

(133a)

(133b)

(133c)

(133d)

(134a)

(134b)

(134c¢)

(134d)

(135a)

(135h)

(135¢)

(135d)

(136)
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and
by 52 il
hoj = 2\ li; —sin -~ (137a)
h iyt =ty (137b)
1j =
r (- 1)
a /13, —a? l1s
h2j = 2]72 — Sin_l A5 . (1370)
l2j — llj r

Therefore, explicit analytic expressions for the compl ete el ectroelastic field are given in
terms of elementary functions. From the above results, explicit expressions for electroelas-
tic field for an impermeable crack and for a conducting crack can be directly written out
only if setting € = 0 and € = oo, respectively. In addition, if imposing the piezoelectric
coefficients vanish, the electric and elastic behaviors are uncoupled, and the corresponding
elastic field reduces to the results relating to a penny-shaped crack embedded in an infinite
transversely isotropic medium subjected to uniform tension at infinity.

From (77) and (78), we get immediately elastic displacements and potential in the crack
plane, from the results (131)

up(r,0) = (r—a Zs:aj [rsm ( )—g rQ—aQ}

7j=1
3
H — E>® _
TQ Z a; + 033631 c13€33) 013007* (1383)
]_1 (c11 + c12) €33 — 2613
20H
uy(r,0) = Q(: anfyja] vaz—r? (138b)
7=1
3
20H(a —r
¢(r,0) = Qiﬁ) Z navia; Vv a? —r2. (138c)
j=1
Furthermore, because of
. — _%7 r < a,
hoj (r,0) = { ,%\/W* sin~1 (%) Cr>a, (139a)
hy =4 Ve ! = (139Db)
0, r > a,
o -2, r<a,
o ={ ), o 1%

from the results (133) in conjunction with (135), it follows that aside from the apparent
conclusion o,.,(r,0) = 0, other non-vanishing elastic stresses, electric displacement, and
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electric field in the crack plane are

Fn(r,0) = { ?i@ —sin™! (%)] + 0g, @1 > a, (140a)

5:2(r,0) = { Z Lgs . flfl ()] Ziemoes + B asr >0 1y,

D.(r,0) = { ;(jjg;;j)l;/jgaaz, —sin~! (%)} + Dy, asr > a, (1400)

E.(2,0) { Z;r a[s;"i“; —sin~? (%)} Z?':l 774j’Y]2‘aj + E*, asr > a, (1400)
=D,

Similar to the two-dimensional case, for a penny-shaped crack in the three-dimensional
piezoel ectric space, it is seen from (140a) that o, (r, z) for z = 0 isindependent of applied
electric loading and material properties. Nevertheless, thedistributionof o, (7, z) for z # 0
around the crack front is reliant on the material properties, which is apparently seen from
(133c) since a; together with « are determined by combined loading including mechanical
loading aswell as electric loading. In contrast, D, (r, z) around the crack front is dependent
on applied mechanical |oading no matter whether z = 0 or not, which is due to the fact that
D is controlled by applied mechanical loading, apart from electric loading. Furthermore, it
is not difficult to find that the behavior of E,(r, z) isthe same as D, (r, z). In addition, it
is also observed that al the electroelastic quantities exhibit a usual square-root singularity
near the crack front » = a, in accordance with the counterpart for atwo-dimensional case.

4.3 Asymptotic Crack-Tip Field

In order to obtain the required asymptotic field, weintroduce alocal polar coordinate system
(p, 8) with the origin at the periphery of the crack, which satisfies

p=+/(r—a)2+22, 60=tan"'[z/(x—a)]. (141)

In the close vicinity of the crack front, i.e. p << a, we have

lij ~a+ g [COS(H) — \/cos2(0) + 'yJ? Sin2(9)} , (142a)
loj ~a+ g [Cos(@) + 4/cos?(0) + ’y} sinz(ﬁ)} ) (142b)

Upon substitution of these into (73), by neglecting some higher-order infinitesimal
terms, the asymptotic expressions for electroelastic field in the vicinity of the crack front
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are derived below:
opo(p,0) ] 3 [ Bojasfay(0)
{ 0::(p,0) | ~ 27?1/;;2 Bija;f2i(0) |, (143a)
opz(p:0) | i=1 | —B2ja;f15(0)
[ spp(p,0) ] 3 [ —a; f2;(0)
() | =22 2SS mpduho) | a4
L spz(p,0) | i=1 | (1 +m35)v5a5f15(0)/2
[ Dp(p,0) ] , —B3ja; f1;(6)
D.(p,0) | _2Q [a Baja; fa;(0)
E,p,0) | — « ij; Naja5f1;(0) |’ (143¢)
| E.(p,0) | | —mj7;a; f2;(6)

where f1;(0) and f»;(6) denote the functions of angle distribution, defined as before. By
comparing the above asymptotic electroelastic field of the cracked piezoel ectric space with
that of the cracked piezoelectric plane, one can find that all dependence of electroelastic
field on materia properties and angle distribution is identical except for a constant factor
2/, coinciding with those for purely two-dimensional and three-dimensional elastic media
with a straight crack and penny-shaped crack, respectively (Broberg, 1999).

From the above, the intensity factors of stress, strain, el ectric-displacement and electric-
field near the crack front, according to their definitions

K= lim+ 27(r —a)q(r,0) (144)
where ¢ stands for oneamong o, D, and E,, respectively, can be evaluated as
2
Ko =20 /ra, (1453)
2Q >
K*===\ma) nsiay, (145b)
T o
2(Dy— D
KD = M\/ﬂa, (145¢)
T
2Q >
KF = —7\/71'@2774]-7]2%. (145d)
j=1

As seen from the above, no matter how applied electric loading varies, stress in-
tensity factor maintains unchanged, implying that stress intensity factors near the crack
front is inapplicable to predicting crack growth of piezoelectric materials. On the con-
trary, the intensity factors of strain, electric displacement and electric field depend on
the material properties and applied mechanical loading. In particular, if setting £
0, we find K 2Dg+/a/m, independent of applied mechanical stress, which is
in agreement with existing results such as Chen and Shioya (1999), Karapetian et al.
(2000), Jiang and Sun (2001), whereas if setting A¢(r,0) = 0 or &€ = oo, we find
KP = 20qdet [B4, B2, 2] Va/(det [B1, B2, 2] /), dependent solely on applied mechan-
ical stress, in agreement with those obtained in Kogan et al. (1996), Yang and Lee (2001).
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Figure 12 K*/(2/m) /ma vs E> for a three-dimensional cracked PZT-4, @) o> = 8
MPa, b) s =2 x 1074
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Figure 13: KPP/ (2/7)\/ma vs E> for athree-dimensional cracked PZT-4, @) 0> = 8
MPa, b) s> =2 x 1074,

Therefore, the above obtained conclusions under impermeable and permeable conditions
are completely opposite. However, a rea crack is neither electrically impermeable nor
electrically permeable (at the boundaries of an undeformed crack). Consideration of a
dielectric crack results in an important conclusion. That is, applied mechanical loading
strongly affects the singularity of the el ectric displacement near the crack front, and also its
intensity factor varies with the dielectric permittivity of the crack interior. Moreover, the
impermeable and permeabl e cracks can be taken as two limiting cases of a dielectric crack.

Here the variations of the field intensity factors with applied electric field when sub-
jected to applied far-field stress 0> = 8MPa or far-field strain s = 2 x 1074 for a
cracked PZT-4 are displayed in Figs. 12-14. Some treads similar to the two-dimensional
case can be found for the three-dimensional case. An apparent difference lies in that the
curves for s> = 2 x 10~* corresponding to £, = 0 have a turning point, which manifests
that the locus of starting opening of an impermeable crack.
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Figure 14: K%/ (2/7)\/ma vs E* for athree-dimensional cracked PZT-4, @) ¢ = 8
MPa, b) s =2 x 1074

5 FractureCriterion

Intheanalysisof the stability of crack, asignificant parameter isfracture criterion. In purely
€elastic media, many fracture criteria have been established based on the asymptotic field of
stress, strain, elastic displacement in the vicinity of the crack tip, and the energy, the energy
density, and so on. However, for piezoel ectric materials where elastic and electric fields are
coupled, the existing fracture criteriafor purely elastic media cannot simply been extended
to piezoelectric solids. For example, due to the fact that stress intensity factor for a cracked
piezoel ectric material isindependent of applied electric loading, it is apparently not suitable
for predicting crack growth in a piezoel ectric ceramic since there are many experiments il-
lustrating that applied electric fields change the fracture toughness of piezoel ectric ceramics
(Tobin and Pak, 1993; Park and Sun, 1995; Wang and Singh, 1997; Shang and Tan, 2001,
etc.).

The above-mentioned experiments exhibit some conflicting experimenta results on the
effects of electric fields on crack propagation such as those by Park and Sun (1995), who
found that positive (negative) electric fields can aid (hinder) crack growth and by Wang
and Singh (1997), who found that negative (positive) electric fields can aid (hinder) crack
growth. In addition, Shang and Tan (2001) also observed that purely electric field might
induce crack propagation in the absence of mechanical loading. Such experimental ob-
servations cannot be successfully explained by using stress intensity factor, energy release
rate. Up to date, some fracture criteria applicable to cracked piezoelectric materials have
been proposed by researchers such as Park and Sun (1995), who suggested the mechanical
strain energy release rate as a fracture criterion, and Gao et al. (1997) and Fulton and Gao
(2001), who presented a saturation of electric displacement near the crack tip similar to
nonlinear region in the well-known Dugdal e mode and suggested alocal energy release rate
as a fracture criterion. Furthermore, Zuo and Sih (2000) generalized the classica energy
density factor to piezoelectric media. In Li and Lee (2004b, c), the strain intensity factor
has been formulated as a fracture criterion and compared with other fracture criteria and
some experimental observations.

As we know, crack growth is the result of elastic deformation. Therefore, elastic dis-
placement and strain are responsible for crack advance. Based on these considerations, here
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Figure 16: Kcop/ (2/7) \/ma vs E* for athree-dimensional cracked PZT-4, @) 0> = 8
MPa, b) s =2 x 1074

we define COD intensity factor by

s
Kcop = i T u(r0), 146
CcoD rifél_ 2(G_T)U (r,0) (146)

SO we obtain ,
Kcop = QVTa Y n3jja;, (147)

j=1

for atwo-dimensional cracked piezoelectric ceramic, and

3
2
Kcop = ;vaz?tsﬂjaj, (148)
j=1

for athree-dimensional cracked piezoelectric ceramic, respectively.
As an example, consider a PZT-4 ceramic with adielectric crack. Figs. 15 and 16 show
the variation of COD intensity factors versus applied electric field E>° for various values
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of e, for atwo- and three-dimensional cases, respectively. From Figs. 15 and 16, one can
find that under prescribed far-field stress 0> = 8MPa, Kcop increases with the increase
of E* for e, = 1, inferring that a positive electric field can promote crack growth, whereas
a negative one can hinder crack growth. These conclusions are in agreement with the ex-
perimental observations of Park and Sun (1995). In contrast, Ko p remains unchanged for
e, = oo, implying that applied electric fields have no effects on conducting cracks, while
Kcop forthecase of e, = 0 riseswith E°° increasing when E°° islarger than one certain
critical value at which crack startsto open. On the other hand, for prescribed far-field strain,
it is easily found that some treads are reversed compared to prescribed stress. That is, ap-
plied positive electric fields impede crack growth, whereas negative ones aid crack growth,
which coincide with the experimental observation by Wang and Singh (1997), who found
that positive eectric fields increase its fracture toughness, and negative ones decrease its
fracture toughness. It isinteresting to note that all curvesintersect at £y = 0. This sug-
gests that values of Kcop under purely mechanical loading are the same for any dielectric
crack in apiezoelectric solid. That is, the dielectric permittivity of the crack interior affects
Kcop only in the presence of electric fields, as expected. In fact, these conclusions are
easily understood from the basic constitutive equations. The reason is that applied positive
field can induce piezoelectric ceramics to expand along the poling direction, and it aids
crack growth when the cracked piezoel ectric solid does not be constrained. Opposite to the
above, if the cracked piezoelectric solid is fixed at certain distance, which can be described
by prescribed strain or elastic displacement, this, in turn, causes the cracked piezoelectric
solid to expand along the opposite direction, i.e. toward an opening crack, which imposes
the crack to close. Hence, positive electric fields impede crack growth. Therefore, it is
concluded that far-field boundary conditions of prescribed stress or prescribed strain play a
crucial role in determining crack growth of piezoelectric materials.

6 Conclusion

Under the action of applied electromechanical loadings, the electroelastic analysis of a
cracked piezoelectric material has been made within the framework of the theory of linear
piezoelectricity. The associated mixed boundary-value problems are different from those
studied previously. The electric boundary conditions are governed by the CODs. By using
the Fourier and Hankel transforms to solve the electroelasticity problems related to a crack
of finite length and a penny-shaped crack, respectively, a full electroelastic field is deter-
mined explicitly. In particular, the asymptotic electroelastic field near the crack front are
derived, and the field intensity factors are given. The dependence of field intensity factors
on applied electric field for various dielectric permittivities is displayed graphically. Fur-
thermore, similar to the strain intensity factor, the COD intensity factor can be used as a
suitable fracture criterion of a cracked piezoelectric material. Based on this criterion, the
results indicate that applied positive electric fields decrease fracture toughness and negative
ones increase fracture toughness for prescribed remote stress. In contrast, applied positive
electric fields increase fracture toughness and negative ones decrease fracture toughness for
prescribed remote strain or displacement. Therefore, far-field mechanical boundary con-
ditions play a crucia role in studying the stability of a crack embedded in a piezoelectric
ceramic, which might account for conflicting experimental observations.
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Abstract

Distributed actuation and sensing are the key elements in the development of active
structural control methodology. Piezoelectric materials are popularly considered as active
elements (actuators or sensors) due to their good frequency bandwidth, low cost and fast
energy conversion nature. As actuators, they develop isotropic or directional actuation strains,
which are governed by mainly five piezoelectric constants (ds;, dsp, dss, dis, dag). The
longitudinal (ds;;) and extension (ds;, ds;) actuations have been thoroughly studied; however
shear actuation (d;s) is relatively a new concept but shows promising feature. It is a novel idea
to combine the extension and shear actuations to develop a hybrid actuation mode for active
vibration control applications, exploiting the benefits of both. The hybrid active laminate can
be built, employing a transversely polarized (d;;) lamina and an axially polarized (d;s) lamina.
Appropriate constitutive models are derived with an assumption that each lamina behaves as
elastically orthotropic and electro-mechanically orthorhombic crystal class mm2. A two node
sandwich beam element is developed using the isoparametric FE procedures to conduct
numerical experiments. Active control analysis is performed using a modal control approach
and the procedure is outlined to obtain the reduced order models without loosing the dynamic
information of the vibrating systems.

Active stiffening (piezoelectric straining) and active damping (piezoelectric resistive force)
are the two active effects systematically analyzed by numerical studies. Collocated and non-
collocated actuator configurations are considered, employing extension and shear actuators in
sandwich beam architectures to evaluate the performance of above mentioned active effects.
In the vibration amplitude control, the shear actuation has been found very effective, as it
develops locally shear strain. Also, a sine wave actuation mode is observed when a shear
actuator is activated in a Clamped-Clamped construction. Interesting deflection behaviours are
observed under hybrid actuation mode for various boundary effects. The mode shape control
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concept using piezoelectric stiffening has been introduced, where a Clamped-Free laminated
beam is taken as an illustration. It is a useful technique, as the mode shapes influence
significantly the dynamic instability of thin walled composite structures.

1 Introduction

Piezoelectric materials have tremendous potential in vibration control applications as
distributed sensors and actuators, which can be either surface bonded or embedded into
composite substrate to build smart laminated or sandwich structures. However, to effectively
use the distributed actuation property of piezoelectric materials, proper modelling techniques
and new smart concepts must be developed. One such attempt is made here by combining
shear and extension actuations to develop a hybrid actuation. An orthorhombic crystal system
(PZT/PVDF) is considered and in particular mm2 class is modelled. The governing equations
are derived first and then they are used to obtain the finite element formulations. Numerical
experiments are carried out to systematically assess the merit of individual actuation
performance and the hybrid actuation.

In the last 30 years, several works have been reported in the finite element formulation of
piezoelectric coupling with isotropic and orthotropic composite substrates. Truss, beam, plate,
solid and shell elements have been derived and are employed in different structural
applications; however the main focus has been laid on structural vibration control. This is due
to the fact that finite element method can handle the piezoelectric coupling in complex
structural geometries effectively, using discretization process (Allik and Hughes, 1970;
Nailon ef al., 1983; Tzou and Tseng, 1990, 1991; Ha et al., 1992; Hwang and Park, 1993;
Heyliger et al., 1994, Saravanos and Heyliger, 1995, Saravanos et al., 1997, Chang and
Chopra, 1999).

Since an orthorhombic crystal system of mm2 class has five piezoelectric constants and
they can couple the electric fields with strain fields, studies are made to investigate new smart
structure concepts, employing them (Barrett, 1992; Zhang and Sun, 1996, 1999; Benjeddou et
al., 1997, 1999; Aldraihem and Khdeir, 2000, Raja et al., 2002). Smart sandwich structure
constructions are proposed, in which the piezoelectric materials are either surface bonded or
placed as a core along with regular soft-core material (Koconis et al., 1994). Analytical,
numerical and experimental solutions are subsequently developed for modelling the shear
actuated composite structures (Senthil and Batra, 2001; Benjeddou and Deue, 2001;
Abramovich and Meyer-Piening, 2001).

Active control system (ACS) is a novel idea primarily developed to prevent catastrophic
structural failures (like flutter) through feedback controls. Various control algorithms are
employed to develop active vibration suppression schemes. With the emerging smart structure
technology, active control solutions to structural problems have become a reality. The
literature relevant to the control theory is enormous, also well established; therefore, the
present discussion is limited only to the application of active controls in smart structures
(Lazarus and Crawley, 1992; Tzou and Hollkamp, 1994; Baz and Poh, 1996; Han et al., 1997,
Park et al., 1999).
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2 Extension and Shear Actuations

Despite the fact that an orthorhombic crystal system has five piezoelectric constants, only
three piezoelectric constants, namely dj;/d;; and dj; and their associated actuations are much
exploited in the smart structure applications. Piezoelectric constants d;; and ds, couple the
transverse electric field E; to the normal strains g;; and &,, forms the basis for extension
actuation mechanism (EAM). This type of actuator either develops extension or compression
depending on the polarity of the applied electric field, which can be ultimately converted into
bending mechanism (figure 1(a & b)). On the other hand, the piezoelectric constants d;s and
dy4 couple the axial electric fields E; and E, with transverse shear strains y;; and vs3,
respectively to develop piezoelectric shear actuation (SAM). Interestingly, if the constitutive
relations are transformed such that the transverse electric field E; couples both normal and
shear strains, it is then possible to model both actuation mechanisms in a unified way. This
implies that the direction of polarization should be made parallel to transverse electric field
for extension actuation and perpendicular, for shear actuation (figure 2).

e ‘- 4
3 I TE +
A p = : + R
r i = = .+
v
Figure 1 (a) Extension actuation mechanism (EAM)
Iy
- e
3 -4 T E ) |
F’ 4 + 3 + 4/

Figure 1 (b) Shear actuation mechanism (SAM)
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Figure 2 Extension and shear actuation

2.1 Basic Equations and Weak Formulation

The governing equations of the piezoelectric continuum are grouped under three categories.

(a) Constitutive Equations

Gy =Cig €y —dy; E, (Actuator)

Di = dijk €x1 T Kik Ek (Sensor)
(b) Differential Equations
G;,; +f,;=pu; (Stress Equation of Motion)

where fi; is the body force.

D;; =0 (Equation of Electrostatics)

(M

2

3)

4
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(c) Field Equations
1 ( ) . .
g _5 Uty (Kinematics) ()

E;=—¢; (Electric Field to Potential) (6)

The generalized weak formulation for the coupled piezoelectric field is derived using the
virtual work principle. As the piezoelectric solid is capable of working as actuator and sensor,
the internal energy developed in the system is basically electro-mechanical in nature and is
known as electric enthalpy. Hamilton’s principle can be directly applied on this electric
enthalpy to derive the weak form of governing equations for the electro-mechanical system.
However, the virtual work principle is employed to make the energy formulation unique.

The virtual work done on a piezoelectric solid, if it behaves as an actuator, is derived
from the stress equation of motion and is given by

J.(Gij,i +fbj - pﬁj)auj' dv =0. (7)

A\

Using the divergence theorem, and with the help of natural boundary
conditions o; n; = f,; , where n; is the outer normal, equation (7) may be written as

j(pujesujmij Sejj )dv = j( fy; Su)dv + '[(fsj du;)ds. (8)

\'% \'%

The virtual work done on a piezoelectric solid, if it behaves as a sensor is obtained from
the equation of electrostatics and is defined as

j( D; ; 8¢ )dv =0. (9)

v

Using the divergence theorem, and with the help of natural boundary conditions D; n; =¢ ,

equation (9) may be written as

[Di 86 1)dv = [(a59)ds. (10)

v

The generalized weak form of coupled piezoelectric problem is derived from equations
(8), (10), and using the constitutive relations, for the composite sandwich structure (see figure
4) as
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Z I( {Su(i)}T p(i) {ﬁ(i)}+{88(i)}T[C(i)]{S(i)}-i-{88(i)}T[d(i)]{E(i)}

i=t,c,b ()

HOEYY [V (e} —OE ) ROTE Dav — [ou} i, Vyav (1)

o)
~ [u®ym i, "yds + [q0 890 ds =0
(i)

0

where t, ¢, b are the top, core and bottom sub-laminates, respectively.

2.2 Constitutive Models

The stress — strain relationship is established with the following assumptions:

1) The lamina is elastically orthotropic and piezoelectrically orthorhombic
2) The transverse electric field couples both normal and transverse shear strains
3) The adhesive layer is very thin and so shear deformation in it is neglected

Therefore, the axial electric field is transferred to the transverse direction i.e., 1 — 3
coordinate change (see figure 2) to maintain the same electrode pattern for both actuations.
Thus, two constitutive models are employed in the finite element formulation, one for
Extension Actuation (EAM) and another for Shear Actuation (SAM).

2.2.1 Stress-Strain Relations for Extension Actuated Lamina (EAM)
The active lamina properties with respect to material axes are defined as follows:

on] [ Qu Qi 0 0 0 0 0 —Ques | [E01
Ox» Qp Qx 0 0 0 0 0 — Qs | |8
T3 0 0 Qu 0 0 — Qpeay 0 T2
Ti3 0 0 0 Qss 0 — Qs 0 0 Yis | {12}
w(| 0o o 0o 0 Q, 0 0 0o ||y,
D, 0 0 0 Qpus 0 Qpy 0 0 E,
D, 0 0 Qpy 0 0 0 Qpe2 0 E,
DyJ [Qees Quex 0 0 0 0 0 Qoess | LE;
where
Q=C - SHE ; Qu=Cp, - She 1Qp=Cy, - CaCa 3 Quu=Clys Qss=Csss

C33 C33 C33
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C,d C,d
Qg6 = Coss Qrest = ds; — (133 25 Qpey =dyy — g 25 Qppas =543 Qppys =dis

33 33

d33d33 .

33

Qpen = K115 Qe = gy Qppaz =Ky +

The constitutive relationship in the X-Y-Z coordinate system can be obtained as follows.

o}, =[Qltel..

where [@]=[TT[Q][T]. (9

and ‘T’ is the transformation matrix given by,

m> n® 0 0 mn 00O
n” m 0 0 -mn 000
0 0 m —-n 0 000
0 0 n m 0 000 _ el
[T] o 2mn 0 0 men® 0 0 0™ cos0; n=sin®.
0 0O o0 O 0 100
0 0O 0 O 0 010
0 0 00 0 001]

The transformed coefficients are then obtained and are given below.

611 = m4Q11 + n4Q22 + 2m2n2(Q12 +2Q4)

612 = (m4 + n4)Q12 +m’n’ (Q +Qy —4Qq)

615 = mn’ (Q), —Q,, +2Q4) + m3n(Q11 —Q; —2Q4)

6]8 = (mZQPEN + anPESZ)

622 = m4Q22 + n4Q11 + 2m2n2(Q12 +2Q¢) (14
625 = mn’ (Q;, —Qp, —2Q) + m3n(Q12 —Q,, +2Q4)

628: (szPE32 + anPESI)

633 = rnzQ44 + nzst
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Qy, =—mn(Q,, —Qs)

636 =nQpps

637 =mQpyy,

644 = m2Q55 + r12Q44

646 =mQyp s

Qqy = —1Qpgy .
655 = mznz(Qn —2Q,+Qp)+ (m” - n2)2Q66
658 =mn(Qpgy; = Qpgsy)

Q66 = QDEll

Q77 = QDE22

st = QDE33

Further the constitutive relations are reduced for a beam using the standard static
condensation procedure.

Oxx I 6?1 0 0 _Q;En_ Exx
T | _ 0 st _Q;EIS 0 Y xz
D, 0 Q;EIS Q;Ell 0 E, ’
D, _61531 0 0 6?3533 i E,

(m” +n*)* Q4(Q,Q,, — Q122)

Q= m4Q22Q66 +n4Q11Q66 -m’n’ (2Q,,Qq6 + lez -Q,Qy)

Q* — (m2 +n2)2 Q66[m2 (Q22QPE31 _leQPEsz) _nz(QIZQPEM — QllQPE32)] (15)
o m4Q22Q66 + n4Q11Q66 —m’n’ (2Q12Q66 + Q122 o Qquz)

Q* _ (m2 + H2)2 Q5 (QpenQyy + Q12>E24)
m? (Qpe2Qu + Q§E24) + n2QDE22Q55
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Ie) _ m(m2 + nz)QPEIS(QDEzzQM + Q12>E24)

Q;EIS =" 2 2
m”(QppynQyy + Qpeyy) +0 QpenQss

22
0" Qpe15Qpey,

2 2 2
m”(QpgQuy + Qpeay) + 17 Qp,,Qss

%k
QDEll = QDEll +

m* (Qre30Qus + Qoe33Q2Qu6) + 11 (Qpe3i Qs + QoeasQuiQs)
+ M’ Qpes Qs + Qoes Qi = 2Qpes Qe (Qu + Q)
- Quess (2 - Q11Qs; +2Q1,Q40) ]

m*Q,,Qq +1n'Q; Qg —m’n’(2Q,Qqs + Q1 ~ Q11Q1)

%k
QDE33 =

2.2.2 Stress — Strain Relations for Shear Actuated Lamina (SAM)

Since the axial electric field is transformed into transverse direction, the elastic constants are
also modified accordingly. The lamina properties with respect to material axes are defined for
shear actuation as follows:

On I Q; Q,; 0 0 0 = Qpess 0 0 €
Gy Q,; Q,, 0 0 0 = Qpe3z 0 0 €2
Tys 0 0 Qs 0 0 0 0 0 Vs
T3 _ 0 0 0 Qs 0 0 0 = Qpeis || 113 (16)
T2 0 0 0 0 Qu 0 = Qpens 0 Y12
D, Qpess Qe 0 0 0 Qpess 0 0 E,
D, 0 0 0 0 Qpro 0 Qpex 0 E,
D3 L 0 0 0 QPE15 O 0 O QDE]I i E3
where
C,.C C,.C C,,C
Qy=Cyy =235 Qy=Cp —— 22, Q, = Cp, —— 2723 Quy=Cy5 Qs =Csg;
o o C
C,..d C,d
Qg5 = Cos Qprzs =dy3 = =2 Qpay = sy = =271 Qg =dyy3 Qpys =43
Cy Cy
d;d;, '

Qpen = %115 Qpeay = Kyps Qppay =Ky +
1

The constitutive relationship in the X-Y-Z coordinate system can be obtained as follows:
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o}, =[Q)e}..

L (17)
where [Q)= [1][Q]T].
and ‘T’ is the transformation matrix given by,
'm> o> 0 0 mm 0O 0 O]
n’ m> 0 0 -mn O 0 O
0 0 m —-n 0 0 0 O
0 0 n m 0 0 0 0
[T]= .
-2mn 2mn 0 O m"'-n~ 0 0 O
0 0 0 O 0 m —-n 0
0 0 0 O 0 n m O
0 0 0 0 0 0 0 1]
Therefore, SAM lamina may be directionally placed to activate either Oy or 0.
The transformed coefficients are obtained and are given below.
611 = m4Q33 +2m’n’ (Qy T2Qu)+ n4Q22
Q, =n4Q23 +m2n2(Q33 +Qy ‘4Q44)+m4Q23 (18)

615 = mn3(Q23 -Qp T2Qu)+ m3n(Q33 -Qx-2Qy,)
616 = mn’ (Qpgzs ~2Qpps) + m3QPE33

617 = _(HSQPE.’)Z + mzn(Q pess T 2Qppss))

622 = m4Q22 +2m’n’ (Qy +2Qu) + n4Q33

625 = mn3(Q33 -Qx5-2Q,) +m3n(Q23 -Q,, T2Q,,)
626 =mn’ (Qpess +2Qppy) + m3QPE32

627: _(n3QPE33 + mzn(QPESZ -2Qpp))

633 = m2Q66 +anss

634 =-mn(Q - Qs5)

638 =1Q g5
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Qu = m’ Qs +1°Qq

648 =mQyp 5

655 =m’n*(Q;; -2Q,; + Q) +(m* -n*)’Q,,
656 = m2n(QPE33 - Q) + (m” - nz)nQPE24
657 = —mn” (Qpess = Qppan T Qppag) + m3QPE24
666 = m2QDE33 +n2QDE22

667 = -mn(Qpgs; - Qg )

677 = m2QDE22 + n2QDE33

688 = Qg

Further the constitutive relations are reduced for a beam using the standard static
condensation procedure.

O xx 61*1 0 - 6;E33 0 €
Ty _ _9 st _9 _Q;Els Y xz ’ (19)
Dx QPE33 _0 QDE33 _O Ex
Dz 0 QPEIS O QDEll EZ

(m2 +n’ )4 [m2 (Q3;Q,,Q4,Qpex _Q§3Q12>E24 _Q§3Q44QDE22
+Q33Q22Q§’E24) + r12Q44 (QEZ’E33Q22 + Q33Q12’E32 2Qpg3,Qppz3 Q53
—x _Q§3QDE33 + Q33Q22QDE33 )]
Q]] = Q B

m(mz +n’ )3 [m2 (QuuQpex + Q123E24)(Q22QPE33 “Qpe3Qa3)
+n’ (Q3,Qpes (Q12)1324 “Qpe3Qprs +QuuQprzr) + Qg

(Q§3QDE33 'ZQPE32 + QPE24) - szQPE24 (Q%’E33 + Q33QDE33)
+Q44QDE22 'QPE33Q23 )]

g
QPE33 = = >

Qr

6* _ (mz +n2)2Q66Q55 ’

55 = 2 2
m-Qu +n°Qs;

2 2
6* - m(m” +n7)Q,p;5Qy
PEI5 — 2 2
m- Qg +1n°Qss
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(m* +n*)* [m* (Q§E24 + Q. Qpe )(le’E32 +Q5,Qpss) +
n* (QpexQ 33 +Q12>E33 )(Q12>Ez4 +Qu Q) +

n’m’ (Q2Qpr2 (Qpes Qs + Q12>E33 )_QDE22Q§3QDE33
—2Q,(Qpe33 Qe Qus + Qoprs QpesQuess + QDE33Q]2)E24 )-
Qpe3r (-Qpn Qs Qs +2Qus Qs Qs +2Qp33Qpas))]

Q,

Tk
Qpez; =

2 2 2
~ _n QpenQes ¥ (Qpp; Qss + Qppys)

Q*
DE11 — 2 2
m Qg +n°Qss

m6Q22 (Qp2nQuy + Q12>Ez4) + n6Q44 (Q12>E33 +Q33Qpess) +

m2n4[(Q22 (Q§E33 + Q33QDE33 )-Q§3QDE33 - 2Q23 (QPESZQPESS +

Qr = Q44QDE33 - QPE33QPE24) + Q33 (QDE22Q44 'ZQPE24QPE32 + Q§E32 + Q§E24)
'2Q44QPE32QPE33 1+ m*n’ [sz (Q33QDE22 'ZQPE33QPEz4 + Q44QDE33)
-Q§3QDE22 + Q23 (ZQPE24QPE32 _2Q§’E24 '2QD522Q44) + Q123E32Q44]

2.2.3  Stress Resultants of Hybrid Actuated Sandwich Beam

In the present finite element analysis, a sandwich model is proposed based on sub-laminate
concept to incorporate the extension and shear actuations. The stress resultants are calculated
separately for the face laminates, and the core by integrating the stresses in each layer through
the sub-laminate thickness. The shear strain of the sandwich beam cross section is obtained
from the shear strain of the core laminate using the small displacement approximation.

Face Laminate:

€y

N, AE * iAE BE 0 APE geb
M +dA, d’A, £dB, 0 0 X

b= E iE E e®t wherei=t,b (20)

My B, +d.B, D, 0 B, :‘
Y

. 0 0 0 o o | |'™

QZ l 1 Ezi

Core laminate:

8m

N, A, B 0 O 0 ;:

€

M| |By Dg 0 0 0 8;‘;

Mlyb 0 0O 0 O 0 ch

Q.). [0 0 0 A, Al E
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where A, App,Ag = Z[Q*Jk b, (hy —h,);
k=1

_1 g ~* 2 2 .

P -4 " - 1)

B,..B; 2Z[Qka(hk hy ) o
k=1

1 &=«
o Dp =2 2.[ Q7] by (i ~hyy),
k=1
E —elastic, PE — piezoelectric, DE —dielectric.

D

After estimating the core shear stress resultant O, the shear stress resultant of the entire

sandwich section is determined as:

Q. Zt—SQZC- (22)

2.3 Electric Field to Potential Relations

In the present formulation there are three sub-laminates considered, namely, top, core and
bottom faces. One multifunctional layer is modeled in each laminate and it can be located
anywhere in the sub-laminate thickness direction. The total electric potential in the k™ active
layer of the sub-laminate is

(Z,—h)

¢i(XaZ):¢0i(X)+m¢1i(x)a i=t,b,c (23)
k k-1

Here ¢, = is the mean potential, ¢,, =" —¢, is the difference of

o+,
2

potential (figure 3) and hy is the distance of K™ layer from the midplane of the sub-laminate.
Subsequently, the two electric fields taken in the constitutive relations are,

ad)oi + (Z; _hgil) 8(1)11
ox (b’ —h{)) ox

E =—( ), i=t,b,c. (24)

1 .
Ezi:_md)“’ 1=t,b,C. (25)
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t .Bottom electrode

Figure 3 Electric potential variation across the thickness of active lamina

2.4 Finite Element Formulation for Hybrid Actuated Beam

The finite element formulation is done based on the following assumptions:

e Face laminates are thin and behave as Euler-Bernoulli beams.

e Core is thick, laminated, and characterised by a first order shear deformation theory.

o The shear rotation of the core is transferred as a global curvature to the face
laminates.

e Transverse displacement is assumed to be constant across the thickness.

e Electric potential variation across the active lamina is also assumed to be linear.

YXZC

P

/2 k+t1

K
K  \ hk-lT hy

/2 5 ho kl
T Y

(b)

Figure 4 Sandwich Active / Sensory Beams: (a) cross section (b) a sub-laminate (i =t, b, c).
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2.4.1 Displacement Field Equations and Kinematic Relations
The displacements are defined at the midplane of the core as uy, ey, Wo, Wo > and the

displacements of the face laminate are expressed in terms of these core midplane
displacements. Figure 4 shows the cross sectional details of a sandwich composite beam. The
strain-displacement relations of each sub-laminate are defined as follows:

Face Laminate (t):

ow
u,(x,z,t)=u,(x,t) +d, 6, (x,t)-Z, p % (x,t), (26)
X
w(X,z,t)=w,(X,t).
The corresponding strain components are,
ou 00 o*w
em=—"; e8 =d,—L;en=-7Z,—". 27)
Ox ox ox
Face Laminate (b):
ow,
u, (x,2,t)=u,(x,t) -d, 0, (x,t)-Z, p (x,t) , (28)
X
w(X,z,t)=w,(X,t).
And the strain components are,
ou o0 o*w
ey, =— i e =—d, ey =-Z,— =" (29)
ox ox ox
Core Laminate (c):
u (x,z,t)=u,(x,t) +Z20, (x,1), (30)
w(X,z,t)=w,(X,t).
The strain components are,
ou 00
em=—"U, el =Z—, (31)
ox Ox
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and S =0+ )
Y xze y Ox

Note that in the above equations, m — membrane, gb — global bending, 1b — local bending,
and s — transverse shear.

2.4.2 Smart Sandwich Beam Finite Element
A two noded sandwich beam element is developed with four mechanical and three electrical
degrees of freedom per node. Accordingly, the generalized displacements u,,60, and the

electric potentials §y, , Oyp » Oy are C* interpolated over an element as

u,(x,t) = i u; (1) N; (%),
ey(x,t)ziew ()N, (x), (32)

(I)]j(x’t) :Z(I)li Ni(X)7 j:t’ ba ¥

where N. are the linear interpolation functions.

Since the face laminate is modelled using classical beam theory, c! interpolation is done
for w, .

&

£=1 £ =0 E=+1

Figure 5 Two-node smart beam element

Wi (X, 1) = Z[Wol(t)N(X)+ i (t)N(X)] (33)

where N, Ni are Hermite cubic interpolation functions,

=(2-3:+8")/4
=(1-¢-&'+8&")/4
=(2+3:-8")/4
=(-1- §+§ +§)/4



Analysis of Hybrid Actuated Laminated Piezoelectric Sandwich Beams... 129

Substituting equations (32), (33) in the field equations and transforming into global
coordinate system yields,

2
eV =Y [J]'[B"].{u},, where i=t,b,c
S, .

and {u}={u,0, w,ow,/ox}".

Y=Y 1T BY ], 0},
where {6} :{$1t $1b $1c }T-

(35)

In equations (34) and (35), [J] is a Jacobian matrix and B,, By are the shape function
derivative matrices in local coordinates. Using these equations together with the material
constitutive equations, a stationary value of the energy equation can be sought, which results
in:

D (MO +HK QT + K 1)) — ()} =0

i=t,b,c

3 (KO @ -[KO1GH — 9} =0

i=t,b,c

(36)

where

MG 1= INDTT pOIND e < KG= [BET CIBE i de

[Kgy) = BT OB de 5 kg1 =[BT ROUBEI de 5

SO
()= ﬁI[N(l)] o0 1]t ; [K(‘)] KO,

D)

Here ¢ is a specified voltage, which can be imposed as electric boundary condition

while solving actuator equation and [], [d], [K], are the material constitutive matrices.

They are defined as
A B 0 A, AL
[c]=|B D 0 [,[d]=| By |,[k]=| Dy
0 0 A Al ASDE
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and p is the mass property matrix,

I. 0 0 0
.0 |0 I 0 0 0 (37)
(1) r 2
- (4,10 = 1,2%)dz.
P =1y o 1 o} Gt ;ijlpk( 2%)dz
0 0 0 I

T

3 Bending and Free Vibration Behaviour of Smart Sandwich
Beams

The developed beam element has been used to model and analyse the coupled behaviour of
piezoelectric sandwich beam structures. For the shear actuation, an axially polarized PZT-5H
core is sandwiched between the aluminium layers and for the extension actuation model, two
transversely polarized PZT-5H patches are surface bonded onto an aluminium substrate. The
material data used in the analysis is given in table 1. The dimension of the sandwich beams
are shown in figure 6. To evaluate the piezoelastically developed displacement, +10 V' is

applied to the surface bonded actuators, and -20V is applied to the shear actuator

(piezoelectric core). The transverse deflections are estimated along the length of beams with
actuators size L, = 100 mm. The estimated displacements are depicted in figure 7 along with
those reported by Benjeddou ef al. (1999) and ABAQUS analysis.

74

.ib PZT-5H (2mm) ﬂ+_ HP PZT-5H (1mm)
— : ) tt Bl
Eﬂ ‘ Foam (2mm) te ﬁ LS AL (16mm) t
+ AL (8mm) ty
L N ﬁ-_:_—
L, i T L >
%[0 % b )

Figure 6 Smart sandwich beams with EAM and SAM

The piezoelectric analysis is done in ABAQUS using the solid element (C3D8E), which
has the electro-mechanical coupling capability. A good correlation is observed for both EAM
and SAM modelling, which shows the potential of the present element to analyse the
behaviour of hybrid actuation. In the second part, the piezoelectric sandwich beams are
studied to see how the sensors respond to the mechanical deformations. A tip shear load is
applied to obtain the same deflection (wWpax) as in the case of converse piezoelectric study.
The beams are modelled with 5 elements and each element is assumed as electrode sensor
patches.
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Table 1 Material Data of the Aluminium Sandwich Beams

Properties Aluminum Foam PZT-5H
E (GPa) 70.3 353 -
v 0.343 0.383 -
C]], sz, C33 (GPa) - - 126.0
C44, C55, Cﬁ() (GPa) - - 23.3
Clz, C21 (GPa) - - 79.5
C31, C32 (GPa) - - 84.1
ds; (C/m?) - - 6.5
d33 (C/m®) - - 233
dys(C/m?) - - 17.0
K11, K22 (F/m) - - 1.503x10°
«33 (F/m) - - 1.3x10°
p (Kg/m’) 2690.0 32.0 7730.0

Geometric Properties: Length = 0.1m, Width =0.01m

T | | |
s EAM SAM |
Present S e
~ 5.0x107 | ABAQUS o
é Benjeddou et al. = -
.5 4.0x107 F AcuatorLa:L _
4%)—3 .
5 -7
A 3.0x10" | |
2
2 -7
> 2.0x10" - _
5
Bl R g q
0,0 b g™ , | |
0.00 0.02 0.04 0.06 o J

Axial Location (m)
Figure 7 Bending behaviour of C-F sandwich beams

It is observed that while all the 5 shear sensors developed the same voltage due to a
constant cross sectional rotation along the beam’s length, the extension sensors predicted
varying trend as expected (see figure 8). In a distributed parameter system control, the
actuator and sensor locations play an important role. However, the direct piezoelectric
coupling study shows that the sensor location is not a significant parameter in the shear-
actuated cantilever beams.
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Figure 8 Sensor characteristics of C-F sandwich beams

The developed beam element is employed to carry out free vibration analysis. The same
beam configurations are taken as model problems with clamped-free and clamped-clamped
boundary conditions. Free vibration frequencies are obtained for beams, having full length
actuators as in the static analysis. The obtained natural frequencies are compared with those
predicted by ABAQUS (C3D8 element) in tables 2 and 3.

Table 2 Natural Frequencies of PZTpam/AL/PZTgam Beams

Clamped-Free Clamped-Clamped

Mode

Frequency (Hz) Frequency (Hz)

No Present ABAQUS Present ABAQUS
1 1389.6 1398.1 7529.8 7547.6
2 7604.2 7601.3 17506.4 17434.0
3 11873.2 11936.0 23749.3 23976.0
4 18328.8 18237.0 29423.8 29190.0
5 30742.3 30462.0 42272.0 41805.0

Table 3 Natural Frequencies of AL/PZTsam/AL Beams
Clamped-Free Clamped-Clamped
Mode Frequency (Hz) Frequency (Hz)

No Present ABAQUS Present ABAQUS
1 13224 1333.1 7255.0 7335.9
2 7373.4 7406.7 17101.3 17217.0
3 11873.2 11933.0 23749.3 23955.0
4 18023.3 18052.0 28998.3 29105.0
5 30563.2 30533.0 41933.8 41988.0
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3.1 Bending Behaviour of Hybrid Actuated Sandwich Beams

In the second analysis, a hybrid actuated cantilevered sandwich beam is constructed with
collocated shear and extension actuators and the beam configuration is presented in figure 9.
The two types of actuators are activated individually, as well as simultaneously to see the
bending behaviour of sandwich beam. It is seen that a collective actuation effect made the
beam to have more active stiffening effect in the clamped-free case (figure 10). The full-
length extension type actuators can generate only blocking forces, if the edges are
constrained, therefore the segmented piezoelectric wafers are considered to analyse the
deflection behaviour of hybrid actuated sandwich beams for various boundary conditions.

Figure 11 shows one such analysis as an example with clamped-clamped conditions.

Transverse Deflection (m)

6.0x10”
5.0x10”7
4.0x107

3.0x10”7

2.0x10”7

loxto’t e

0.0 : L
0.00 0.02 0.04 0.06

PZT-5H (Imm)

+10V PZT-5H (2mm)
L7 1
20V — '1
Foam (2mm)

LoV = AL (8mm)
] : — - N

X, el

Figure 9 Hybrid actuated sandwich beam

B Present ABAQUS ]

- SAM ------- o
HAM —— A

| Actuator La= L 4

|
0.08 0.1(
Axial Location (m)

Figure 10 Hybrid actuated sandwich C-F beam
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Figure 11 Hybrid actuated C-C sandwich beam with segmented actuators

3.1.1 With Collocated Actuators

The segmented collocated actuators (EAM and SAM) are placed at different locations along
the length of beam to see their efficiency in deflecting the sandwich beams. The Clamped-
Free (C-F), Clamped-Clamped (C-C), Clamped-Hinged (C-H), and Hinged-Hinged (H-H)
boundary effects are considered in the analysis. The actuators are activated individually and
simultaneously by applying voltages =10 to EAM and -20 to SAM. The electro-mechanically
induced transverse displacements are estimated and the results are presented in figures 12
to 14.

It is seen that the boundary effects play a significant role on the piezoelectric actuation
behaviour. The HAM captures the combined actuation effect (stiffening) of EAM and SAM
in the case C-F due to the same deflection patterns. However, this trend is not followed in
other cases. Interesting deflection patterns are observed with different boundary conditions;
which may be exploited for mode shape control applications. Further, the combination of
EAM and SAM also can control more than one elastic mode by appropriately activating them
(refer to deflection pattern). In general both actuators are efficient at locations, where the
strains seem to be significant.
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Figure 12 Bending behaviour of sandwich beams with collocated EAM/SAM -EAM active
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Figure 13 Bending behaviour of sandwich beams with collocated EAM/SAM -SAM active
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Figure 14 Bending behaviour of sandwich beams with collocated EAM/SAM- both active

3.1.2 With Non-collocated Actuators

The active stiffening effect with hybrid actuation using non-collocated EAM and SAM has
been studied (figure 15). Unlike in collocated EAM/SAM, the non-collocated configuration
has generated more deflection not only in the C-F case, but in the C-C and C-H cases also
(figure 16). However in the H-H case, the SAM influence appears to be predominant.
Therefore to achieve a cumulative actuation effort of EAM/SAM, they can be placed in a
non-collocated fashion for better control action.

PZT-5H (1mm)

+10\{PZT-5H (2mm)

L
20V ‘ Foam (2mm)
1 AL (8mm)
-10v [ — L R
" EAN XSAM g
kLt kL

Figure 15 Hybrid actuated sandwich beams with non-collocated actuators
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Figure 16 Bending behaviour of sandwich beams with non-collocated EAM/SAM -both active

4 Distributed Active Vibration Control

The flexible structural system is a distributed parameter system that has a large number of
degrees of freedom (Eigen modes). Also the dynamic behaviour of a structural system is a
function of spatial and time variables. To control such a flexible system, it is necessary to use
a number of actuators and sensors, spatially distributed so that they are sensitive to spatially
distributed structural behaviour. Numerical models (Finite Element Method: FEM) are mostly
employed to estimate the structural parameters, namely, stiffness, mass and damping
(Rayleigh’s proportional damping) for the prediction of system response. The finite element
model represents a structure in the form of a multi-degree of freedom system. Further it
generates a set of second order simultaneous equations (Equation 36) that will define the
dynamic equilibrium of the structural system. In order to design a viable control law for the
control of elastic modes of the structure, the discrete numerical system model (FEM) must be
condensed or reduced to a reasonable size.

Control design methods normally assume that a full state vector is available. However, in
reality to construct the system state completely, a large number of sensors are needed,;
otherwise an estimator must be designed to build the system state. In addition, when a large
structural system is reduced (condensed) for use in control design, the un-modelled modes
may some time destabilise the closed loop system. Therefore, in order to tolerate the model
errors, it is desirable to optimise the robustness of controller i.e., tolerance to model errors
and disturbance. The output feedback control is designed by taking a few selected modes
only. Due to incomplete modelling of the structural system, when such a control is applied on
real time structure experimentally, the actual damping ratio and free vibration frequency of
each mode may not be the same as in the simulated model. Therefore, additional sensors and
actuators are needed to increase the degrees of freedom of the control system to provide the
necessary stability. Otherwise, a state observer or estimator is required to get the additional
system states.

Independent Modal Space Control (IMSC) is a modal filter approach to transfer the
responses of multi-degrees of freedom system into independent modal coordinates (single
input and single output). Using the IMSC concept, the feedback control force is made
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independent (as a function of modal coordinates) completely to decouple the structural modes
in a feedback control environment. Since the complete control energy is driven to concentrate
on a particular mode, spillover problem (exciting uncontrolled modes statically: residual
energy) may be avoided. A structural system is controllable, if the installed actuators excite
all the possible modes to be controlled. Similarly, the system is observable, if the installed
sensors detect the motions of all the possible modes to be controlled.

The feedback control can compensate the external disturbances only in a limited
frequency band that is known as control bandwidth. Thus, the control bandwidth is normally
limited by the accuracy of the model. There is always some destabilisation of the flexible
modes outside the control bandwidth i.e., the disturbance is actually amplified by the control
system. Therefore, the control bandwidth must be sufficient enough to ensure better closed
loop performance with the designed actuators and sensors configuration. Also, out of
bandwidth correction (DC compliance) may be included to avoid influence of higher
uncontrolled modes.

4.1 Active Control Strategies

The multifunctional piezoelectric lamina as an actuator (fully active actuator) is able to
supply mechanical power to the structural system to modify its dynamic response. The
actuator lamina can be used to generate a secondary vibration response, which can reduce the
total system response by destructive interference with the original response of the system due
to primary source of vibration. Feedback controller requires actually no knowledge of the
incoming disturbance to the system and acts to change the system response by changing the
system resonance and damping. In this control, both the primary source and the secondary
actuators (piezoelectric) influence the sensor signal.

4.1.1 Displacement Feedback (Proportional Control)

The sensor signal (charge) is used directly in a closed loop feedback system, which is
proportional to the strain developed (due to deflection) in a piezoelectric lamina. The
feedback voltage is obtained by amplifying the sensor signal by a feedback gain.

(amplitude of sensor voltage)

The displacement gain is F, = ( y

¢_0J_ (amplitude of feedback voltage)

In the displacement control, the feedback gain represents a true amplification ratio. Here
the vibration suppression is achieved by generating actuation signal 180° out of phase with
respect to disturbance signal. Actually, the anti-phase actuation signal modifies the strain
energy and actively stiffens the vibrating elastic system (see figure 17 a).

4.1.2 Velocity Feedback (Derivative Control)

The sensor signal is differentiated (charge rate), conditioned and then fedback into actuator
lamina. The signal used in the velocity feedback is actually strain/unit-time (i.e., strain rate).
Since the elastic strain field is expressed in terms of displacements, the time derivative of the
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displacement is velocity. The electric charge (q) denotes the system displacement, and
therefore the charge rate (dg/dt = i: sensor current) is the system velocity.

_ . @, (amplitude of feedback voltage)
The velocity gainis F, =| =% |= - .
¢. ) (amplitude of sensor voltage rate)

In the velocity feedback control, the actuation signal is in-phase with the system velocity
90" phase lead with system displacement) so as to introduce a dissipative force (active
p y Y p

damping) into the system (refer to figure 17 b).

)
Q o
£ E
£ 70N =
— /7 \ Q
o ’ \ E
g ’ \
< ’ Vi <

Sensor signal (displacement)
Actuator signal (velocity)

_____ phase shifted System velocity

———  Sensor signal R
Actuator signal amplified, 180°  ____.

(a) Displacement feedback (b) Velocity feedback

Figure 17 Active control concepts using feedback controller

4.2 State-Space Formulation
4.2.1 State-Space Models in Physical Domain

The dynamic equation of a smart structural system (Linear Time Invariant) is presented with

feedback control as,

M, u+C, u+K_ u=bf +b,o, (38)

where
My, (n x n) is the mass matrix,

Cuu (n X n) is the damping matrix,
Ky (n x n) is the stiffness matrix,
b,(nxa)=K,, , is an actuator influence matrix with ‘a’ as number of actuators,

by is an (n x 1) matrix of influence functions associated with mechanical force vector fi,

and
U is the system displacement, U is the system acceleration,

U is the system velocity, ¢, (ax1) is the control input vector.
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The block diagram (figure 18) shows the signal flow of an output feedback control
system.

The sensor output can be related to system states (displacement, velocity) as follows:

(I)s = Cd u ’

d)s = Cv ﬁ s

where ¢, d)s are the voltage and voltage rate, respectively, (39)
and

_w-!
Cd s CV - K(M)s Kti)us s

K¢¢s is the capacitance of piezoelectric sensor lamina,

K is the charge sensitivity matrix of sensor lamina.

£ Plant
d
=——> x=Ax+Bu
0, b, =cyx,
—» -
(I)s _cv X2
=] .
§ ¢s’¢s
E
§ (I)a = _Fd(l)s
¢a = _de)s
Controller

Figure 18 Block diagram of control system (Physical domain)

It may be observed that the sensor patch senses the charge induced due to the nodal
displacements associated with it and outputs as sensor voltage. The velocity information of
the sensor patch further can be obtained by differentiating the charge signal using a
differentiator (analog or digital). This can be realised by properly selecting the circuit
capacitance (Cg and resistance (Ry) for the charge amplifier such that the time
periodt = C;R;. The equivalent circuit makes the sensor output independent of crystal
capacitance and resistance.

A state vector x is defined with two new states (x;: displacement, x;: velocity) as follows:

{a} {Xl} v | | v
X=4.,¢= ; U=X, and X, =U=X,. (40)
u X,
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The second order dynamic equation (38) is reduced to two first order equations using

equation (40) as,

X, =X,,
. -1 -1 -1 -1 (41)
X2 = _MuuCquZ _MuuKqul + MuubO(I)a + Muubufm :
The state-space equation (41) can be expressed in matrix form as,
. 0 I 0 0
0= ik, v, O el e, 1O W)
X (t)} [f (t)}
x(t)=| ! ,u(t)y=| 4 R
0= o= g6
where fy is the disturbance vector due to mechanical forces.
The output vector is given by,
(43)

yO=10, 03" =[e; ¢]x®
The equations (42) and (43) can be written in standard state variable form as follows:

X(t) = Ax(t)+Bu(t)
y(t) =8 x(t) “4)

4.2.2 State-Space Models in Modal Domain
The dynamic equation (38) is reduced to modal form using the following transformation,
u=0qr (45)

where @ (nxn) is a modal matrix containing the Eigen vectors of the open-loop system,

normalised with respect to mass and r is the modal coordinates.
The equation of motion is decoupled using the modal matrix and is presented here in

modal form with feedback control as,
i +Ci+Kr=b,, ¢ +b f ,i=1,..,0nmodes, (46)

where

®"M_, @ = Identity matrix, C=®"C_ ®=diag(2f,m,),
=®"b,,

M
K=®"K , ®=diag(w’) and b, =D"b,, b_

and fy,, is the generalised load vector of mechanical disturbance.
The output vector in modal form is given by,
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Y= {0 bunt” =[Cum c]{i}

¢y, =D'cy,c, =D'c,. 47

A state vector X = containing modal displacement 1, and modal velocity M, is defined

as follows:

r m, . . L

X, =1.(= ; T=",and 1,=1r="n,. (48)
M,

Plant

|:> Xm=Ame+Bmum
(I)am (I)sm = cdmﬂnl

; (I)sm = cvng
=] 1
3 I
: : d)sm s d)sr
g I
‘g 1
@) | ¢am = _ded)sm L _:
d)am = _va ¢sm
Modal Controller

Figure 19 shows the signal flow in modal output feedback control system.

The modal state-space equation can be expressed in matrix form as,

. 0 1 0 0
Xmi(t)=[_®2 _2Ci('oi:lxmi(t)+|ibm(i) bom(i,a)jlumi(t)a

w013 m0-[ 3]

where fy,,; is the disturbance vector due to mechanical force.
The modal output vector is given by,

(49)

Ymi(t)z{(l)smi (bsmi}T = [Cdm (SD 1) Cvm (SD 1)] Xm(t) (50)
The equations (49) and (50) can be written in standard state variable form as follows:

Xmi (t) = Ami Xmi(t)+ Bmi umi(t)’
Yo (D) =Cri X1 (1), (51)
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where the matrices A . is of size (2 x 2), B, . is of size (2 x a), €, is of size (s x 2) for the

1

-th .
1 mode, and s is the number of sensors.

4.3 Modal Control

A distributed parameter system can be idealised as many single degree of freedom systems
(modes) in modal domain. A modal controller can be further designed to stabilise and control
these individual modes independently.

4.3.1 State Feedback
The following linear control law is adopted in the vibration control:

(I)ami = _deinl
¢ami = _vaiT]Z (52)

where Fyni, Fumi, are the optimal modal gains. One may note that the feedback voltage is
proportional to modal displacement and modal velocity.

The optimal modal feedback gain is estimated such that the feedback control law
(equation 52) minimises the modal performance index,

= I(lei Qi X)) + (GamiR; 0, )dt —min,
0 (53)

where Q; is the state penalty matrix and R;is the control penalty matrix.
The matrices Q and R will be selected such that they are non-negative and positive
definite. This can be accomplished by picking either a positive real value or zero as the

diagonal elements for Q and R. In addition, R| # 0; otherwise large components may appear

in the control gains and that will saturate the actuator devices.
The modal steady state solution S; is next obtained by solving the following Arithmetic
Riccati Equation (ARE):

_ T 1T
O_Si Ami +Ami Si _Si Bmi Ri Bmi Si +Qi . (549

The optimum modal gain (Fy;: Fami, Fymi) in steady state can be expressed as,

_ p-lpT
Fmi_Ri Bmi Si (55)

Equations (54) and (55) can be solved using MATLAB function (LQR).
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4.3.2 Output Feedback
The modal sensor output (voltage, voltage rate) is related to the modal state vector x, in
equation 48. The linear output feedback control law adopted in the present investigation is,

—_F. b .
¢al dmi d.)sml ) (56)

d)ai = _vai (I)smi

The optimal modal output feedback gain is determined for individual mode using the
modal steady solution such that the feedback control law (equation 56) minimizes the
following performance index,

J: J.(X;i Qi Xmi) + ((i):lni Ri ¢ami)dt - min: (57)
0

where Q, =[c_.]"[c,.] is the state penalty matrix and R, is the control penalty matrix of

-th
1 mode.

The actuator voltages of the i™ mode are proportional to the i™ mode modal
displacement and modal velocity and are defined as

- dei Cdm (S, 1) nl b

—
ami . 58
¢ami = _vai Cvm (Sa l)nz ) ( )

where F, | F are the diagonal gains corresponding to displacement and velocity,

dmi® ~ vmi

respectively.

4.4 Condensation of System Matrices

Control system design will be computationally expensive and practically difficult for flexible
modes control, as the system size is very large. A model reduction scheme can be adopted to
reduce the degrees of freedoms (dof’s) by representing the condensed dof’s in terms of master
dof’s that are to be retained in the system matrices. There are several reduction schemes
reported in the literature, such as, static and dynamic condensation techniques and System
Equivalent Reduction and Expansion Process (SEREP). A simplified procedure is outlined in
this section to implement the condensation schemes for the structural control problem [Raja et
al. 2003].

Let u, are the master dof’s that can be measured and the remaining dof’s u_ are

considered as slave dof’s. Thus, the total dof’s of the system are separated as,

{u)}’ =[{u,(t) {u.(0}]. (59)
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Accordingly, the mass, stiffness, damping and modal matrices also get partitioned as,

_ Mrr Mrc _ Krr Krc _ Crr Crc — q)l’
M., {M“ M}K ‘[Kcr K} > G {Cm C} [©] _LD } “

C

The important task is to introduce a transformation matrix W of size (n x n,) that relates
the (nx1) total dof’s with (nx1) master dof’s.

{u(t)} =[Wl{u, (1)} (61)

The transformation matrix can be defined, if one adopts static condensation technique as
follows:

= I
KIEIFeN @
Similarly, if one adopts the dynamic condensation technique for system reduction then
= |
V] nlp, | )

where D is the dynamic stiffness matrix given by D :[Kuu —conuJ and o is the

frequency at which the reduction is made.
Finally, if one adopts the SEREP reduction technique, the transformation matrix reads

~ [0)) .
[W] =( TP,
(DCJ[ ] (64)

where [(Dr]+ denotes pseudo-inverse of [CDr] and is given by

@} = o ['or

The displacement vector is partitioned into master and slave dof’s first and then put in the
following form using modal matrix,

{w ) =[] {r®)}

@0} =[o,] o) )
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This leads to an expression for the generalized coordinate vector {r(t)} = [(Dr] i {ﬁr} .

Using the transformation matrix W, the reduced mass, stiffness, damping and
piezoelectric coupling matrices for the beam can be obtained as,

-0 e [W] KT R

Note that the reduced structural matrices, being function of W, are non-linearly
dependent on structural parameters.

4.5 Pole Placement and Mode Shape Control

The objectives of vibration control are frequency control or pole placement, i.c., alter the
Eigenvalue by maintaining the system stability, and amplitude/mode shape control. Thus, the
controller design has to be such that the amplitude of corresponding elements of closed loop
system Eigenvectors are to be reduced significantly as compared to open loop ones. To

achieve these targets, a set of desired Eigenvalues A? and their associated Eigenvectors pe
will be chosen in such a way that their norms remain the same as those of open loop system
but with a set of desired amplitude constraints.

The system response U(t) can be represented as a linear combination of the set of

desired Eigenvectors P Using equations (40) and (44), the closed loop dynamic equation
with feedback control can be derived as,

[(A+BF&)— AT{¥{} =0, i=1,..., p modes. (67)

Now, the task is to determine the feedback gain matrix [F], such that the
Eigenvalues/Eigenvectors of the closed loop system are as close as possible to the desired
values.

In the problem of Pole Allocation and Eigenstructure Assignment, it is assumed that the
desired closed loop Eigenvectors can be a linear combination of ‘p’ open loop Eigenvectors,
if ‘p’ modes are to be controlled.

The open loop Eigenvectors can be arranged in a modal matrix form as,

[@°]=[¥, ¥, ¥, ..¥,]. (68)
Then the desired closed loop eigenvectors may be estimated as follows:

(PI =[T][®?], i=l...., p modes. (69)
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where [I'] is a matrix of appropriate size with 1 (specified) or 0 (non-specified) as elements.

The mode shape constraints can be applied on the specified elements to achieve a desired
shape for a particular mode.
Let m; be a modal control vector and is defined by,

m =F3W¥¢, i=1,..., p modes. (70)
Equation (67) reads
‘T’id =[AT-A]'Bm,, i=l,..., p modes. (71)

The implication of equation (71) is important because the it Eigenvector corresponding
to Aid must lie in the space spanned by the column of [A?I ~A]'B.

The vector m; has a particular role in the controller design and is used as a design
quantity in active shape control analysis.
From equation (71),

m, = (LTiLi)_l LT‘T’?, where L, = [AidI—A]_l B. (72)

The achievable Eigenvector ‘T’f can be obtained using the modal control vector m; as

V! =Lm., i=l,...,pmodes. (73)

1 1 1

The achievable eigenvectors of ‘p’ modes are then arranged in matrix form.
v =[¥, ¥, .7, ] (74)
Finally the feedback gain is estimated, employing the achievable Eigenvector as follows:

F=(B"B)'B"(¥*A‘ —A¥*)(c¥?*) . (75)

4.6 Active Vibration Control and Modal Response Analysis

The efficiency of shear and extension actuators in controlling the bending vibration is studied
on the smart composite sandwich beams using modal control analysis (LQR/IMSC). Figure
20 shows the configuration of the beams and the material data is given in table 4. The free
vibration frequencies obtained from FE analysis are presented in table 5. For shear actuation,
foam is introduced as a core along with PZT to simulate an equivalent sandwich model. It is
observed that the higher mode frequencies of the shear-actuated beam are reduced
significantly because of foam material. Therefore, for the purpose of comparison, only first
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three bending modes are considered in the vibration control analysis to evaluate the
performance of the actuators. The proposed modal control scheme (refer to section 4.3) is
applied to estimate the active modal damping introduced by shear as well as extension
actuators in each mode.

The control gains of each mode are obtained taking same R; for both actuation
mechanisms, i.e., same control effort. This is done in order to qualitatively compare the
actuator efficiency (extension & shear actuators) in vibration control application.
Subsequently, a modal response study is carried out for the open-loop system with 1%
viscous damping (proportional,=0.01) using Newmark time integration approach and a

comparison is made with the response of the closed-loop system. The sum of active damping
and the 1% open loop damping is presented as the closed-loop system damping. The response
analyses are carried out with a sinusoidal input disturbance force (1 N force amplitude) at
resonant frequencies.

7 CFRP (0.25 mm)  Polyester Ply (0.36 mm)
} L= 50 mm PZT-PIC 151 (0.40 mm)
i
b
!
Xty
! t
1 b
X,=30 mm
7 CFRP (0.25 mm) PZT-PIC 151 (0.20 mm)
} L, 50 mm Polyester Ply (0.18 mm)
i
[
X1
tC
{ t
{ b
X,=30mm

Figure 20 Composite sandwich active/sensory beams

Table 4 Material Data of the Composite Sandwich Beams

Properties CFRP PZT (PIC 151) Polyester Ply Foam
E (GPa) 65.0 60.0 3.15 353
G (GPa) 30.06 23.08 1.17 12.76
v 0.081 0.3 0.344 0.383
p (Kg/m®) 1770.0 7800.0 1380.0 32.0 kg/m’
d(C/m?) - 12.6 - -
d;5(C/m?) - 13.38 - -
K11, K33 (F/m) - 18.5x107 - -

Geometric Properties: Length = 180 mm, Width = 40 mm.
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Figure 21 First mode control by extension actuators
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Figure 23 Second mode control by extension actuators
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Figure 24 Second mode control by shear actuator

2 0x107

1.5x107 o
10x 107
5.0x107 4

0.0 -

S5.0x107 4

10X 107

S13x107

= uneontrolled (2=0.01)
controlled (2=0.01023)

S2.0x10° v 7
0.00 0.02

I Ll
.04 (ALY (108 010

Time (Sec)

Figure 25 Third mode control by extension actuators
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Figure 26 Third mode control by shear actuator
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Table 5 Free Vibration Frequencies of Composite Sandwich Beams

Extension Actuation Extension .
Mode Model Experimental Actuation Model Shear Actuation Model
No Frequency in Hz (present FEM) (present FEM)
(Raja, 1999) 10 el. 20 el. 10 el. 20 el.
1 42.90 44.28 44.26 42.38 42.23
2 211.60 227.46 226.66 238.96 237.37
3 545.60 596.23 588.19 518.59 513.81
4 1090.00 1219.2 1182.54 892.28 886.73
5 1800.00 2046.3 1962.41 1357.9 1345.18

From the modal control analysis, the following observations are made (see figures 21
to 26).

The shear actuator is found more efficient in controlling the first three elastic modes
compared to the extension-bending actuators. This is due to the reason that 0, is directly
coupled with electric potential in shear actuation.

For the same control effort, the shear actuator introduces more active damping than the
extension-bending actuators; around ten times in the first mode control and six times in the
second and third mode controls.

4.7 Pole Placement and Mode Shape Control

A cantilevered steel beam with full-length active lamina (EAM) on top and bottom is
considered to study the pole placement technique and mode shape control (refer to section
4.5). The beam geometry is shown in figure 27 and the material data is taken in the analysis
as in table 6.

Actuator
Position

Steel
(0.00635 m)

Sensor
Position

L PZT (254 m)

v

1.0 m

Figure 27 Cantilever PZT/Steel/PZT Beam

The beam is discretized using 12 elements and dynamic analysis is carried out. The main
objectives of active vibration control are to place the desired Eigenvalues (for first three
modes) and control the tip motion of the cantilever beam to achieve desired mode shapes. In
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the present control study model, two actuators and six sensors are employed. The following
shape constraints are imposed: Deflection at the free end is to be 1/10™ of the open loop
system and the deflection at grid point 4 as in the open loop system to maintain a smooth
deflected shape. The optimal positions of the actuators are selected by minimising the number
of unstable modes.

The following states are assumed to be measured: displacements at grids 2, 6, 10 and
velocities at grids 4, 8, 12. The measured states are taken as specified elements in
equation 69.

The desired Eigenvalues of the closed loop system is chosen as

A=A, *iA, (76)

where A, = m,is the damped natural frequency (rad/sec) and Ay =Cm,, ®, is the

n

undamped natural frequency (rad/sec).

Table 6 Material Data of the PZT/Steel/PZT Beam

Properties Steel PZT
E (GPa) 210.0 63.0
G (GPa) 80.8 242
M 0.3 0.3
p (Kg/m®) 7750.0 7600.0
ds(C/m?) - 11.28
K11, K33 (F/m) - 16.5x10”

Geometric Properties: Length = 1000 mm, Width = 50.8 mm.

And the damping factor is,

§=—Ag /(AR +A}). (77)

The closed loop desired Eigenvalues are given below along with the open loop eigen
values in parentheses.

AL, =-2.0%j30.0 (0+ j34.19)
A, =-2.5+}200.0 (0+ j215.18) (78)
AL =—6.5%j600.0 (0+ j622.25)
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Figure 28 Time and frequency responses of open loop and closed loop systems.
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Figure 29 First mode shape of the smart cantilever beam
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Figure 31 Third mode shape of the smart cantilever beam

The real parts in these Eigenvalues are arrived at optimal values after considering the
facts that the uncontrolled modes are stable and the developed control scheme could be
successfully applied to place the poles. Figure 28 shows the time and frequency response
analyses of open loop and closed loop systems (impulse function in MATLAB is used for this
purpose). It may be observed that vibration levels of the controlled modes are significantly
reduced. From table 7, it can be noticed how exactly the first three Eigenvalues are altered
without affecting much of the other modes. The uncontrolled and controlled mode shapes of
the first three elastic modes are depicted in figures 29 to 31. The controlled mode shapes are
observed to be quite different from uncontrolled ones and this is achieved through the
application of shape constraints.

It is worth noticing that the damping factors, actuators and sensors locations are found to
be significant factors in order to arrive at a constant gain matrix (controller), which not only
controls few elastic modes, but also keeps the system stable.

Table 7 Dynamic Characteristics of PZT/Steel/PZT Beam

Mode Open loop Closed loop
Damping (%)  Frequency (rad/sec) Damping (%)  Frequency (rad/sec)
1,2 0 +34.19 6.65 + 30.06
34 0 +215.18 1.25 +200.02
5,6 0 +622.25 1.08 + 600.04
7,8 0 +1289.51 2.22 +1214.9
9,10 0 +2302.89 0.90 +2243.4
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Mode Open loop Closed loop
Damping (%)  Frequency (rad/sec) Damping (%)  Frequency (rad/sec)

11,12 0 + 3824.29 0.95 +3847.0

13,14 0 +6127.07 0.51 +6113.9
15,16 0 + 9494.63 0.45 +9528.0

17,18 0 + 14,847.95 0.52 + 14,850.0
19,20 0 +25,649.66 0.02 +25,653.0
21,22 0 +43,355.17 0.06 +43,358.0
23,24 0 +130,891.75 0.15 +130,888.0

5 Conclusions

A hybrid piezoelectric actuation concept is developed using shear and extension actuators.
Finite element procedures are derived to characterise the hybrid actuation mode by combining
shear and extension actuation constitutive models. Further, a two node sandwich beam
element is developed using three layer theory and sub-laminate concept to analyse smart
sandwich structures. Numerical results are presented to qualify the element to model shear
actuation, extension actuation independently and simultaneously. Interesting results have
been obtained to demonstrate the influence of active stiffening and active damping effects of
shear actuators and extension actuators in the structural control of sandwich beams. Finally, a
shape control concept is presented with an example to show the capability of distributed PZT
actuators to place desired poles and modify their associated mode shapes.
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Chapter 4

VIBRATION CONTROL OF CD-ROM AND HDD
SYSTEMS USING PIEZOELECTRIC SHUNT CIRCUITS

Professor Seung-Bok Choi’
Smart Structures and Systems Laboratory, Department of Mechanical Engineering
Inha University, Incheon 402-751, KOREA

Abstract

This article presents a new piezoelectric shunt damping methodology to control unwanted
vibration of information storage devices. The first part of this article presents vibration control
of CD-ROM drive base. Admittance is introduced and numerically analyzed by adopting
commercial finite element code, and the simulated results are compared with experimentally
measured ones. The piezoelectric shunt damping circuit is designed on the basis of the target
vibration modes obtained from the admittance analysis. It is demonstrated through
experimental realization that vibration of the CD-ROM drive base can be effectively reduced
by activating the proposed piezoelectric shunt circuit. The second part of this article presents
vibration control of HDD disk-spindle system. In the modeling of the HDD, a target vibration
mode which significantly restricts recording density increment of the drive is determined by
analyzing modal characteristics of the drive. A piezoelectric bimorph is designed and
integrated to the drive by considering the mode shape of the target vibration mode. The
sensitivity analysis method is then undertaken to determine optimal design parameters. It is
experimentally verified that vibration of the HDD system can be effectively reduced by
activating the proposed piezoelectric shunt circuits.

1 Introduction

Information storage devices play a key role in networked information society of the 21st
century. The information storage capability has been anticipated to be increased more and
more according to the demand of digital media with tremendous information such as VOD
(video on demand) service, digital library and so on. Especially, optical disk drive and
magnetic disk drive have been developed to meet the request of the playback of high quality
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movies as well as conventional data storage [1]. The first generation of the optical disk drive
is CD-ROM. The typical CD-ROM drive consists of the disk loading system, the feeding
system including optical pick-up and spindle, the printed circuit board (PCB), and the drive
base. The objective lens of the optical pick-up, which is supported by flexible structure and
operated by voice coil motor (VCM), has a capability of quick response and large operating
bandwidth with very low current. However, it is very sensitive to internal and external
excitations of the disk drive [2]. To achieve high performance of the CD-ROM, accurate
position control of the optical pick-up head, fast access time, high rotation speed of the
spindle are required and at the same time, vibration suppression of the feeding system is
necessary. The vibration of the feeding system, which is affected by unbalanced flexible disk
with high rotating speed and external excitation to the drive base, leads to critical mechanical
problem restricting the tracking and focusing servo performance. Normally, conventional
drives adopt passive rubber mounts to prevent the feeding system from external excitation
and vibration of the spindle. In addition, auto ball balancer has been often used [3], and a
semi-active mount using electro-rheological fluid has been also studied in order to overcome
the limit of the passive rubber mounts [4]. The CD-ROM drive base, which has a role of
supporting the feeding system, is easily exposed to environmental vibration sources such as
user’s handling and high-speed rotating disk. If the vibration of the drive base is not
effectively reduced, robust servo control of the optical pick-up cannot be guaranteed. So far,
numerous research activities on the vibration suppression of the feeding system have been
undertaken. However, the study on the dynamic characteristics of the CD-ROM drive base is
considerably rare.

The HDD, as a representative magnetic disk drive, has been widely used as a secondary
information storage device such as computer peripherals. Recently, the areal density of the
HDD has been increasing at a growth rate of 100% [5]. According to the increase of areal
density, robust servo control and effective vibration suppression of highly rotating disk have
been demanded. In the HDD, many vibration modes of the rotating disk exist in region of
from 5004z to 1,500Hz due to the mode split phenomenon. These vibration modes, which are
easily excited from the external shock event by user handling and mechanical defects of the
spindle motor, generate severe mechanical problems restricting servo performances such as
head off-track [6,7]. Consequently, the vibration problem of the rotating disk-spindle system
of the HDD has been recognized to be the most important issue associated with a limit of the
recording density of the drive. To overcome this vibration problem, fluid dynamic bearing
and squeeze air bearing damper have been adopted [8], and shock analysis of the head-disk
interface has been dealt with in the suspension design process [9]. So far, research activities
on the vibration suppression of the HDD have been mainly concentrated upon dynamic
analysis of the suspension and disk-spindle system. The study on coupled vibration between
external structures (base plate and drive cover) and disk-spindle system is considerably rare.

Recently, the research on the piezoelectric shunt damping has been sharply increased due
to simple design, lightweight, low cost and easy to implementation for vibration and noise
control of mechanical structures relative to active control scheme[10,11]. In addition,
compared with passive control methods such as viscoelastic treatment, the shunt damping is
less temperature dependent and more tunable damping on the resonant frequency. The control
scheme of the shunt damping utilizes piezoelectric properties of transducer made of
ferroelectric ceramic materials. The transducer converts mechanical energy of the vibrating
structure to electrical energy which is then dissipated by heating in the external shunt circuit
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networked to the piezoelectric material. Therefore, high performance shunt damping can be
achieved by designing the piezoelectric structure so as to have efficient energy transfer
function from mechanical system to electrical system.

In this article, admittance analysis is used in order to construct the piezoelectric shunt
circuit. It is shown that admittance in open circuit is proportional to dissipated energy in the
shunt system. After that, admittance is used as a design index in the piezoelectric shunt
system. Admittance is obtained by experimentally and numerically using commercial finite
element code. The proposed piezoelectric shunt damping in the CD-ROM drive base is
experimentally realized and vibration suppression is evaluated in both frequency and time
domains. For the vibration suppression of the HDD disk-spindle system, dynamic analysis of
the HDD drive and piezoelectric bimorph design for drive shunt damping are undertaken. The
finite element model of the disk-spindle system is established and incorporated to the external
structure model. By analyzing dynamic characteristics of the overall model, the coupled
vibration characteristics between the disk-spindle system and the external structure is
carefully investigated in order to determine a target vibration mode which restricts the
recording density increment of the drive. After determining the target vibration mode, the
piezoelectric bimorph is designed by considering the mode shape of the target mode. Using
the coupling coefficient, the shunt damping performance is predicted by simulating the
displacement transmissibility on the target mode. The piezoelectric bimorph is then optimally
tuned using the sensitivity analysis method in order to improve shunt damping performance.
After manufacturing the piezoelectric bimorph with optimally obtained design parameters,
shunt damping performance of the rotating HDD spindle-disk system is experimentally
evaluated in frequency domain.

2 CD-ROM Drive Base

2.1 Admittance Analysis

The mechanism of the piezoelectric shunt system can be divided into two part; energy transfer
from mechanical system to electrical system, and dissipation of the transferred electrical
energy in shunt circuit. Therefore, high performance of the piezoelectric shunt system can be
achieved by cost effective energy transfer from mechanical system to electrical system.
Admittance of the piezoelectric structure is known as a representative parameter of electro-
mechanical characteristic in the piezoelectric shunt system [12]. Figure 1 (a) shows the
schematic diagram of the proposed CD-ROM drive base with piezoelectric shunt circuit.
When exciting frequency of the piezoelectric structure is much lower than natural frequency
of piezoelectric material, equivalent electric model of the piezoelectric structure can be

obtained as shown in Fig. 1 (b). In the equivalent electric model, C , 1s the capacitance of

piezoelectric material and L,, C, and R, represent equivalent mass, spring and damping of

CD-ROM drive base, respectively. The variable Z in Fig. 1 (b) represents electrical
impedance, and subscripts s, p and cir represent structure, piezoelectric material and shunt

circuit, respectively. If shunt circuit is assumed as serial resonant circuit like Fig. 1(b), the
impedances of the equivalent electric model are expressed as follows.
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Piezoelectric Material Shunt Circuit

S O iiO0—

Structure Piezo Material Shunt Circuit

Equivalent electrical model
Figure 1. The proposed model consisting of the CD-ROM drive base with piezoelectric shunt circuit.

ZS(S):mlerﬁJrc1 = joL, + .1 +R,
s oC,
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») s joC, M

Zcir (S) = LcirS + Rcir = ja)Lcir + Rcir

where s represents Laplace variable. After some manipulations [4], the energy dissipated in

the resistance of resonant shunt circuit, /,, can be expressed as follows.
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where, VCU is the voltage applied at both ends of resonant shunt circuit, /. is complex

conjugate of the current in the shunt circuit, /, is the total current of the piezoelectric
structure generated by external force, V, is the applied voltage to measure the admittance,
and Ysp is the admittance of the piezoelectric structure in open circuit. It is observed from

Eq.(2) that the dissipated energy is proportional to the electro-mechanical characteristic
values ([, V,,, Y,,) of the piezoelectric structure in open circuit. In most cases, the

admittance of the piezoelectric structure in open circuit can be measured using impedance
analyzer by applying constant voltage with corresponding frequency on the piezoelectric
material mounted on the structure. Then, the dissipated energy is only a function of
admittance of the piezoelectric structure in open circuit. This implies that the reduction of
vibration in the piezoelectric shunt system is dependent on admittance of the piezoelectric
structure and hence admittance can be a performance index in designing piezoelectric
structure.

The dynamic response and admittance of the complicated CD-ROM drive base can be
also obtained using commercial finite element codes such as ANSYS [13]. The equations of
motion of the piezoelectric structure can be expressed as follows.

{[M][OJHW]}+ {[D][ ]H[a]}+ (K] [K,,] {[u]}: {[F]} )
[01 101 [[#]) 01101 |[4]) |[K,,) [K,]|[¢)) ([O]

[F], [u] : vector of nodal structural forces and mechanical displacements

where,

[M],[D], [K] : structural mass, damping and stiffness matrix
[O], [#] : vector of nodal electrical charge and potential

[K,4], [K,] : piezoelectric coupling and dielectric conductivity matrix

From the governing equation, modal frequencies and mode shapes can be obtained and
the admittance of the piezoelectric structure can be determined as follow.

Hl=|. 1= 030 @
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In the above, V is the input voltage and Q, is the point charge of the i-th node on the

electrode.

(a) Mode 1 : 218.9 Hz

(c) Mode 3 : 285.5 Hz

Figure 2. Selected finite element modal analysis results of the drive base with piezoelectric patches

The proposed CD-ROM drive base is a complex structure consisting of stiffened rib, boss
and hole as shown in Fig. 1 (a). The length, width and height of the drive base proposed in
this work are 180 mm, 140 mm and 40 mm, respectively. The drive base is made of
ABS/PBT alloy. For the modal analysis four-node shell element is used and the total number
of elements is 6797. On the other hand, the piezo patches are incorporated to the rear part of
the drive base as shown in Fig. 1(a). The length, width and thickness of the piezo patch are 50
mm, 25 mm and 1 mm, respectively. Three representative mode shapes and corresponding
natural frequencies are presented in Fig. 2. It is observed that the 1% and 3™ modes are major
mode shapes of the rear part of the drive base. So, these modes are chosen as target mode to
be reduced by the piezoelectric shunt damping. Next, admittance analysis is conducted to
investigate electro-mechanical coupling effect of the piezoelectric system and to predict
piezoelectric shunt performance of the drive base. To measure admittance in the exciting
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frequency range, constant voltage (¥, =1.1V") is applied to the piezo patches and frequency

is swept from 200 Hz to 600 Hz. The step size of sweeping frequency is 1 Hz. In numerical
admittance analysis, charge for each node of electrode is obtained from harmonic analysis of
the equations of motion (Eq. (3)) under the same excitation voltage and frequency range.
Then, admittance of the CD-ROM drive base with the piezo patches is calculated based on the
charge of each electrode (Eq. (4)). Admittance consists of real and imaginary parts, which are
called as conductance and susceptance. Figure 3 presents numerical result of admittance
obtained from the finite element method. The frequencies and admittances at the peaks of
conductance are determined as follows : 300 Hz — 1.47E-04, 368 Hz — 1.78E-04 and 572 Hz —
2.69E-04. Figure 4 presents measured admittance of the drive base. From the result, the
frequencies and admittances are determined as follows : 316 Hz — 1.66E-04, 383 Hz — 2.00E-
04 and 533 Hz — 2,73E-04. The relative differences between experimental and numerical
frequencies are 5 %, 3.9 % and 7.3 %, respectively. The differences of peak admittance
values are 11%, 11% and 1.5 %, respectively. It is noted here that the error has been caused
by bonding layer effect and dielectric loss effect which are not considered in the simulation
model. From the admittance results, it is expected that the piezoelectric shunt will suppress
vibration of the drive base at three peaks of admittance. In this work, the first and third modes
are chosen as target modes to be controlled.

x107°

(@)
O
o N N o ™
| IR NN B R

©
o
1

o
o
1

Conductance

N
o o
1 1

T T T

200 300 400 500 600
Frequency (Hz)

x107*

3.0

= g [
3 o )
1 1 1

Susceptance (0™

-
o
1

T T T

200 300 400 500 600
Frequency (Hz)

Figure 3. Admittance obtained from the finite element analysis
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Figure 4. Admittance obtained from the experimental measurement

2.2 Shunt Performance

In order to demonstrate the effectiveness of the piezoelectric shunt circuit based on the
admittance analysis, an experimental apparatus has been established. Resonant shunt circuit is
connected to the piezo patches and tuned to suppress vibration of each target mode. A
synthetic inductor consisting of OP amps and resistor is used in the resonant shunt circuit
[17]. The piezoelectric actuator is attached to excite the CD-ROM drive base. Figures 5 and 6
present the measured performance of the piezoelectric shunt damping for two target
frequencies in the frequency and time domains. It is clearly observed that the piezoelectric
damping decreases the magnitude of frequency responses to 6dB at each mode. In the first
mode, the magnitude of vibration in time domain is reduced from 26.2 g mto 14.2 y m after

shunt circuit on. For the third mode, the magnitude is reduced from 17.1 #mto 8.1 um.

One can find that 50 percent of amplitude reduction has been achieved. It is expected that
vibration reduction by the piezoelectric shunt damping will give a significant improvement of
performance of the CD-ROM drive.
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3 HDD Disk-Spindle System

3.1 Shunt Circuit Design

Figure 7 shows the schematic diagram of the proposed piezoelectric shunt damping of the HDD
disk-spindle system. By considering the target vibration mode, largely deformed region of the
drive cover is modified, and a piezoelectric bimorph is placed to the position. The inner
circumference of the bimorph is connected to the shaft axis of the spindle motor by adjusting
screw, and the outer circumference is fixed to the modified drive cover through the clamping
jig. Mechanical energy of the vibration disk-spindle system is transmitted to the bimorph and
converted to electrical energy by the piezoelectric bimorph. And then the electrical energy is
dissipated by heating through the shunt circuit. For modal analysis of the proposed HDD disk-
spindle system, a commercial finite element software MSC/NASTRAN is employed for mesh
generation. For mesh generation, 30,466 solid elements, 448 plate elements, 20 spring elements
and 486 rigid elements are used. The major vibration modes are determined as follows : disk
(0,1) mode-768.2 Hz, disk (0,0) mode -911.3 Hz, disk(0,2) mode -1066.1 Hz, disk (0,3) mode —
1796.1 Hz and spindle (0,0) mode — 1842.5 Hz. In this work, the disk (0,0) mode is chosen as a
target mode. Figure 8(a) shows the section view of the finite element model of the proposed
drive, while the mode shape of the target mode is shown in Figure 8(b). At the target mode
(0,0), the piezoelectric bimorph is largely deformed. This implies that vibration energy of the
disk-spindle system can be easily transmitted to the bimorph.

Adj ustmﬁg Serew Piezoelectric Bimorph

Clamping Jig
Shunt 7 Modified Cover

Circuit

Base Plate
Disk-Spindle System

Figure 7. Schematic diagram of the proposed shunt damping of HDD disk-spindle system
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Figure 8. Target vibration mode of the proposed HDD drive

In order to analyze damping characteristics of the piezoelectric structure, one degree-of-
freedom system is chosen as shown in Fig. 9 [14]. The stiffness of the bimorph is directly
attached to the disk-spindle and then mechanical impedance of the bimorph is assumed to be
associated with modal stiffness of the bimorph. Thus, mechanical impedance of the shunted
drive is obtained by introducing modal mass M and modal stiffness K of the drive as
follows:

K
iS)=Ms+£+—"+Z,‘S4U(s) (5)
V(s) s s

where ZA‘ZU (s) is the impedance associated with the shunted piezoelectric structure. After

applying the mechanical impedance to mechanical vibration absorber, displacement
transmissibility transfer function of the drive shunted by the piezoelectric bimorph and
resonant shunt circuit can be found [15] as

X(s) ST+ + Ay’

= (6)
X () A+y )8+ + A8 )+ K. (2 + A8%y)

where y(=s/@’) and A(= R, sz @") represent the non-dimensional frequency and the

electrical damping ratio, respectively. o(= @, / ®,) is the non-dimensional tuning ratio. a)f

is the natural frequency of interest with short circuit piezoelectric bimorph and equal to
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\/ (K+K, +2Kfzt)/ M. The generalized two-dimensional electromechanical coupling

coefficient of the proposed drive, K, , is defined as

2
P KE(+vi) ) &, -
" K+K, +2KE | 1-k )

p

K : Modal Stiffhess

/NN

Shunted
Piezoelectric —»

_>F

M | Modal Mass

Figure 9. One-dof impedance model with the shunted piezoelectric material

It is obviously seen from Eq. (6) that the displacement transmissibility of the drive can be
controlled by K, value. Therefore, we can predict vibration suppression of the proposed

system only by obtaining the coupling coefficient. The modal stiffness K of Eq. (7) is
usually not known or hard to obtain analytically when the mechanical structure is very

complex. Thus, instead of using Eq. (7), the K, value is obtained as follows [14]:
K7 =[(@)) =(&])" @) (8)

Here, a)f and a)f are natural frequencies of interest with the short circuit and open

circuit. It is noted that a)f and a),jJ are analyzed by applying the short and open circuit
piezoelectric compliance values to the finite element model. Figure 10 presents the simulated
displacement transmissibility of the drive according to different K, . The ‘base line’ is

empirically measured at the open condition of the piezoelectric bimorph, and the damping
ratio of 0.615% is obtained from commercial modal analysis program STAR using the

measured frequency response. For the proposed drive, we obtain the a)f and a)f as

911.30Hz and 911.39Hz, respectively, on the target mode. Finally, K, is obtained as 0.014

from Eq. (8). It is anticipated from Fig. 10 that vibration level of 4.95dB (50% vibration
magnitude) will be suppressed by the piezoelectric shunt damping when the proposed drive is
realized. The reduction of the vibration level can be further reduced by optimal design.
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Figure 10. Displacement transmissibilities of the drive with respect to the coupling coefficient

3.2 Sensitivity Analysis

As a first step to determine optimal parameters, modal parameters v, (i =1,2,---,5) are

defined. The generalized electromechanical coupling coefficient of the proposed shunt system
is used for one of principal modal parameters. In addition, since desirable design goal of the
optimal design is to maximize the shunt damping performance with minimum variation of the
dynamic characteristics of the drive, modal parameter vector is chosen by

v=[y, v, - v]=[K, o], ©)

If the target modal parameter vector isy, , and y_ is a calculated modal parameter vector

for the current state, the error vector can be written as
Ay =y, -y =[Ay, Ay, - Ay ], (10)

Next, we determine design parameters & (i=1,2,---m) for the initial model

modification. Usually, geometric and material properties of the structure are applicable.
Among possible design parameters, the outer radius of the bimorph, and thicknesses of the
piezoelectric and aluminum plate are chosen as

§=I[& & 6,1, =la hpz, hp][- (11)

Here, the inner radius of the bimorph is fixed as S5mm for easy installation of the bimorph
to the shaft axis. When &; is the target design parameter vector to get satisfactory target
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modal parameter vector and &, is current design parameter vector, the difference vector of

two design parameter vectors is given by
AS=8; =&, =[Ag A, - A, ], (12)
Then, the variation of the modal parameter vector becomes as follows.
Ay =7-A§ (13)

where, Z is the sensitivity matrix. Therefore, the modification of the design parameters to
get target modal parameters is obtained by

AE=Z Ay (14)

Finally, the calculated error design parameter vector is added to the current design
parameter vector in order to update design parameters:

‘tam :éi +AE. (15)

The updating process is iterated until Y approaches to\y,. After formulating the

sensitivity matrix Z. associated with the modal parameters of K, and a)f , the iteration is

undertaken [16]. In this work, target design parameters are finally obtained after 23 iterations.

X/ X°" [dB]

08 09 10 11 12
Frequency [HZ]

Figure 11. Target shunt damping improvement of the drive using the sensitivity analysis



Vibration Control of CD-ROM and HDD Systems Using Piezoelectric ... 173

In order to demonstrate reliability of the sensitivity analysis result, the finite element
model is constructed and modal analysis is performed. From the modal analysis, short circuit
and open circuit natural frequencies are obtained by 911.55Hz and 912.27Hz, respectively.
The target modal parameter values are chosen to be satisfied the following performance;

1)50% improvement of vibration suppression relative to the initial model (K, =0.014) is

targeted by achieving K, =0.042. 2)the variation of the short circuit natural frequency a)f

between initial and target models is set to be very small in order to compare shunt damping
performance. Figure 11 shows that vibration level is suppressed by 70% (10.7dB) when the

target modal parameter is employed. It is noted that K, value of 0.0412 has been obtained

through the sensitivity analysis. The discrepancy between the target value (0.042) and the
result (0.0412) is negligible.

3.3 Shunt Performance

Figure 12(a) presents a photograph of the manufactured piezoelectric annular plate. The inner
and outer electrodes are formed using admittance analysis result. The bimorph is then
installed to the modified drive cover through the clamping jig as shown in Fig. 12(b). Prior to
evaluating shunt damping performance, electrode formation using the admittance analysis is
experimentally investigated. The shock is employed to the bimorph, and frequency response
of generated voltages in the inner and outer regions are measured. It has been observed that
the phase has 180° in the most interesting frequency region including the target vibration
frequency region of 900Hz. This directly implies that electrode design of the piezoelectric
bimorph has been successfully performed through the admittance analysis. In order to
demonstrate the validity of the proposed piezoelectric shunt damping of the HDD disk-
spindle system, an experimental apparatus has been established. The disk-spindle is rotated
with 7,200rpm by the spindle motor drive. An impact hammer and a laser sensor are used to
measure dynamic characteristics of the rotating disk-spindle system and frequency response is
analyzed by the dynamic signal analyzer. The measurement is performed on the outer
diameter region of the disk through a small hole of the drive cover. The optimal circuit
parameter values such as inductance and resistance are determined using optimal tuning
associated with the sensitivity analysis, and then set for empirical realization. The amount of
dissipated energy is determined directly from the resistance, and thus the resistance value is
experimentally retuned. Figure 13 presents the measured frequency responses of the rotating
disk-spindle system. Here, B(0,1) and F(0,1) are the backward and the forward vibration
modes, respectively, which are split from the stationary disk (0,1) rocking mode. When the
piezoelectric bimorph is open, the target vibration mode (0,0) has large vibration magnitude.
However, it is obviously seen that the vibration is significantly suppressed when the bimorph
is actively shunted. From the results, about 60 % vibration reduction is achieved at the target
resonant peak of 901Hz. This measured shunt damping performance is a little less than the
predicted vibration suppression. This difference can be arisen from that mechanical boundary
condition of the bimorph on the outer circumference may not satisfy exact clamp condition
because the bimorph is installed on the elastic drive cover. However, experimental results
demonstrate that the shunt damping using the proposed piezoelectric bimorph can be
effectively applied to vibration suppression of the HDD disk-spindle system.



174 Seung-Bok Choi

Outer Electrode

Inner Electrode

(a) annular piezoelectric plate

ig
(b) HDD drive

Figure 12. Photographs of the proposed drive with the piezoelectric bimorph
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Figure 13. Measured frequency responses of the disk-spindle system using the piezoelectric shunt
damping (. impact point, emeasurement point)
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4 Conclusion

In this article, a new design method for the piezoelectric shunt damping was proposed and
successfully applied to vibration control of CD-ROM drive base and HDD disk-spindle
system. The admittance of the piezoelectric structure was introduced to predict performance
of the piezoelectric shunt damping. Modal analysis using the finite element method and
experimental modal test were conducted to analyze dynamic characteristics of the CD-ROM
drive base. After that, the CD-ROM drive base was incorporated with piezoelectric patches
and admittance analysis has been conducted to investigate electro-mechanical characteristics
of the piezoelectric system. From the admittance analysis, target modes and frequencies were
obtained and multi-mode piezoelectric shunt damping was realized with resonant shunt
circuit. Experimental results proved that the piezoelectric shunt damping is an effective
approach to reduce undesirable vibration of the drive base. It is expected that vibration
reduction by the piezoelectric shunt damping will give a significant improvement of servo-
control performance of the CD-ROM drive. In the second part, the piezoelectric bimorph
design was analytically undertaken using the admittance analysis and optimal process using
the sensitivity analysis was undertaken in order to design the piezoelectric shunt circuits for
the HDD disk-spindle system. The electrical admittance of the bimorph was derived and the
electrodes of the bimorph were designed. When external impact was applied to the
manufactured drive integrated with the proposed piezoelectric bimorph, the phase of the
measured voltages between the inner and outer electrodes obviously showed that the
admittance analysis is reasonable. After manufacturing the piezoelectric bimorph with
optimally tuned design parameters, vibration characteristics of the disk-spindle system was
experimentally evaluated in frequency domain. It has been observed that vibration of the
rotating disk of the drive can be considerably suppressed by activating the shunt circuit
system. The shunt damping results presented in this article are self-explanatory justifying that
piezoelectric shunt circuits can be effectively designed using admittance analysis and
successfully exploited for vibration suppression of the information storage devices such as
CD-ROM and HDD.

References

[1] Cideciyan, R. D., Eleftheriou, E. and Mittelholzer, T., (2002), Perpendicular and
Longitudinal Recording: A Signal-Processing and Coding Perspective, I[EEE
Transactions on Magnetics, 38 (4), 1698-1704.

[2] Kim, N.W., Kim, K.W., Hong, G., Chung, M.C.and Kim, W.Y., (1999), An Anti-
Vibration Design of a Slim Type Optical Disk Drive, Journal of Korean Society Noise
and Vibration Engineering, 9, 324-330.

[3] Lee, J., Van Moorhen, W.K.,(1996), Analytical and Experimental Analysis of a Self-
Compensating Dynamic Balancer in a Rotating Mechanism, ASME Journal of Dynamic
System, Measurements, and Control, 118, 468-475.

[4] Lim, S.C., Park, J.S., Choi, S.B. and Park, Y.P., (2001), Vibration Control of a CD-
ROM Feeding System Using Electro-Rheological Mounts, Journal of Intelligent
Material Systems and Structures, 12, 629-637.



176 Seung-Bok Choi

[5] Chen, S. X., Zhang, Q. D., Chong, H. C., Komastsu, T. and Kang, C. H., (2001), Some
Design and Prototyping Issues on a 20000rmp HDD Spindle Motor with a Ferro-Fluid
Bearing System, /EEE Transactions on Magnetics, 37 (2), 805-809.

[6] Bouchard, G. and Talke, E. F. E., (1986), Non-Repeatable Flutter on Magnetic
Recording Disks, IEEE Transactions on Magnetics, 22 (5, 1019-1021.

[7] Oh, D. H., Kang, S. W, Han, Y. S., Kim, Y. H., Koh, J. S. and Hwang, T. Y., (2002), A
TMR Budget Design for 100kTPI Hard Disk Drives Using a Head Gimbal Assembly
with Radial Motion Capability, Proceedings of the Korean Society for Noise and
Vibration Engineering, 1, 140-145.

[8] Ku, C.-P. R., (1997), Effects of Compliance of Hydrodynamic Thrust Bearings in Hard
Disk Drives on Disk Vibration, IEEE Transactions on Magnetics, 33 (5), 2641-2643.

[9] Zeng, Q. H. and Bogy, D. B., (2002), Numerical Simulation of Shock Response of Disk-
Suspension-Slider Air Bearing Systems in Hard Disk Drives, Microsystem Technologies,
8, 289-296.

[10] Holkamp, J. J., (1996), Multimode Passive Vibration Suppression with Piezoelectric
Materials and Esonant Shunts, Journal of Intelligent Material Systems and Structures, 5,
49-57.

[11] Tang, J. and Wang, K. W., (2001), Active-Passive Hybrid Piezoelectric Networks for
Vibration Control: Comparison and Improvement, Smart Materials and Structures, 10,
794-806.

[12] Lesieutre, G.A., (1998), Vibration Damping and Control Using Shunted Piezoelectric
Materials, The Shock and Vibration Digest, 30, 187-195.

[13] ANSYS INC., ANSYS Theory Manual Version. 5.5, SAS IP 1999.

[14] Hagood, N. W. and von Flotow, A., (1991), Damping of Structural Vibrations with
Piezoelectric. Materials and Passive Electrical Networks, Journal of Sound and
Vibration, 146, 243-268.

[15] Park, J. S., Lim, S. C., Choi, S. B., Kim, J. H. and Park, Y. P., (2004), Vibration
Reduction of a CD-ROM Drive Base Using a Piezoelectric Shunt Circuit, Journal of
Sound and Vibration, 269(3), 1111-1118.

[16] Haug, E. J., Choi, K. K. and Komkow, V., Design Sensitivity Analysis of Structural
Systems, Academic Press, New York, 1986.

[17] Chen, W. K., Passive and Active Filters, John Wiley and Sons, Inc., New York, 1986.



In: Smart Materials and Structures: New Research ISBN: 1-60021-107-0
Editor: Peter L. Reece, pp. 177-228 © 2006 Nova Science Publishers, Inc.

Chapter 6

PROGRESS IN STRUCTURAL HEALTH MONITORING
AND NON-DESTRUCTIVE EVALUATION
USING PIEZO-IMPEDANCE TRANSDUCERS

Suresh Bhalla' and Chee-Kiong Soh’
' Assistant Professor, Department of Civil Engineering, Indian Institute of Technology
Delhi, Hauz Khas, New Delhi 110 016 INDIA.
*Professor, School of Civil and Environmental Engineering, Nanyang Technological
University, SINGAPORE 639798.

Abstract

The scientific community across the globe is thrusting significant efforts toward the
development of new techniques for structural health monitoring (SHM) and non-destructive
evaluation (NDE), which could be equally suitable for civil-structures, heavy machinery,
aircraft and spaceships. This need arises from the fact that intensive usage combined with long
endurance causes gradual but unnoticed deterioration in structures, often leading to
unexpected disasters, such as the Columbia Shuttle breakdown in 2003. For wider application,
the techniques should be automatic, sufficiently sensitive, unobtrusive and cost-effective. In
this endeavour, the advent of the smart materials and structures and the related technologies
have triggered a new revolution. Smart piezoelectric-ceramic lead zirconate titanate (PZT)
materials, for example, have recently emerged as high frequency impedance transducers for
SHM and NDE. In this role, the PZT patches act as collocated actuators and sensors and
employ ultrasonic vibrations (typically in 30-400 kHz range) to glean out a characteristic
admittance ‘signature’ of the structure. The admittance signature encompasses vital
information governing the phenomenological nature of the structure, and can be analysed to
predict the onset of structural damages. As impedance transducers, the PZT patches exhibit
excellent performance as far as damage sensitivity and cost-effectiveness are concerned.
Typically, their sensitivity is high enough to capture any structural damage at the incipient
stage, well before it acquires detectable macroscopic dimensions. This new SHM/ NDE
technique is popularly called the electro-mechanical impedance (EMI) technique in the
literature.

This article describes the recent theoretical and technological developments in the field of
EMI technique. PZT-structure interaction models are first described, including a new one
proposed by the authors, followed by their application for structural identification and
quantitative damage prediction using the extracted mechanical impedance spectra. Results
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from experiments on representative aerospace and civil structural components are presented.
A new experimental technique developed at the Nanyang Technological University (NTU),
Singapore, to predict i sifu concrete strength non-destructively is then described. Calibration
of piezo-impedance transducers for damage assessment of concrete is covered next. Finally,
practical issues such as repeatability and transducer protection are elaborated. The recent
developments facilitate much broader as well as more meaningful applicability of the EMI
technique for SHM/ NDE of a wide spectrum of structural systems, ranging from aerospace
components to civil structures.

Introduction

Over the past two decades, several SHM and NDE techniques have been reported in the
literature, based on either the global or the local interrogation of structures. The global
dynamic techniques involve subjecting the structure under consideration to low frequency
excitations so as to obtain the first few natural frequencies and extract the corresponding
mode shapes. These are then processed to obtain information pertaining to the location and
severity of the damages. Several ‘quick’ algorithms have been proposed to locate and
quantify damages in simple structures (mostly beams) from the measured natural frequency
and mode shape data. The change in curvature mode shape method (Pandey et al., 1991), the
change in stiffness method (Zimmerman and Kaouk, 1994), the change in flexibility method
(Pandey and Biswas, 1994) and the damage index method (Stubbs and Kim, 1994) are some
of the algorithms in this category, to name a few. The main drawback of the global dynamic
techniques is that they rely on relatively small number of first few structural modes, which,
being global in character, are not sensitive enough to be affected by localized damages.
Pandey and Biswas (1994), for example, reported that a 50% reduction in the Young’s
modulus of elasticity, over the central 3% length of a 2.44m long simply supported beam only
led to about 3% reduction in the first natural frequency. This shows that the global parameters
(on which these techniques heavily rely) are not appreciably affected by the localized
damages. It could be possible that a damage large enough to be detected might already be
detrimental to the health of the structure. Another limitation of these techniques is that owing
to low frequency, typically less than 100Hz, the measurement data is prone to contamination
by ambient noise, which too happens to be in the low frequency range.

Another category of the SHM/ NDE techniques are the local techniques, which, as
opposed to the global techniques, rely on the localized interrogation of the structures. Some
techniques in this category are the ultrasonic wave propagation technique, acoustic emission,
magnetic field analysis, electrical methods, penetrant dye testing, impact echo testing and X-
ray radiography, to name a few. McCann and Forde (2001) provided a detailed review of the
local methods for SHM. The sensitivity of the local techniques is much higher than the global
techniques. However, they share several drawbacks, which hinder their autonomous
application for SHM, especially on large civil-structures (Giurgiutiu and Rogers, 1997, 1998;
Park et al., 2000). The ultrasonic techniques, for example, are based on elastic wave
propagation and reflection within the host structure’s material to identify field
inhomogeneities due to local damages and flaws. Their potential in identifying damage as
well as for non-destructive strength characterization of concrete has been well demonstrated
(Shah et al., 2000; Gudra and Stawiski., 2000). However, they need large transducers for
excitation and generation of measurement data, in time domain, that requires complex
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processing. In addition, they involve expensive operational hardware and render the structure
unavailable throughout the length of the test. Similar constraints have been pointed out for
other local methods as well structures (Giurgiutiu and Rogers, 1997, 1998; Park et al., 2000).
A common limitation of the local techniques is that usually, a probe or fixture needs to be
physically moved around the structure for evaluation. Often, this not only prevents the
autonomous application of the techniques but may also demand the removal of finishes or
covers, such as false ceilings. Hence, the techniques are often applied at selected probable
damage locations only (often based on past experience), which is almost tantamount to
knowing the damage location a priori.

This article reports on the recent theoretical and technological developments in the
application of surface bonded self-sensing piezo-electric ceramic (PZT) patches working as
impedance transducers for SHM/ NDE. The PZT patches, owing to the inherent direct and
converse mechatronic effects, can be utilized as impedance transducers for SHM (Park,
2000), through the measurement of admittance as a function of frequency. This technique has
emerged during the last ten years only, and is commonly called the electro-mechanical
impedance (EMI) technique. In principle, this technique is similar to the global dynamic
techniques but its sensitivity is of the order of the local ultrasonic techniques. It employs low-
cost transducers, which can be permanently bonded to the structure and can be interrogated
without removal of any finishes or rendering the structure unusable. No complex data
processing or any expensive hardware is warranted. The data is directly generated in the
frequency domain as opposed to time domain in the ultrasonic techniques. Several proof-of-
concept non-destructive SHM/NDE applications of the EMI technique have been reported in
the literature. Sun et al. (1995) reported on the use of the EMI technique for SHM of a lab
sized truss structure. Ayres et al. (1998) extended the study to prototype truss joints. Soh et al.
(2000) established the damage detection and localization capability of the EMI technique on
real-life concrete structures through a destructive load test on a prototype reinforced concrete
(RC) bridge. Park et al. (2000, 2001) reported significant proof-of-concept applications of the
technique on structures such as composite reinforced masonry walls, steel bridge joints and
pipeline systems. The most significant observation by Park et al. (2000) was that the
technique is tolerant to mechanical noise, giving it a leading edge over the conventional
global dynamic methods. The next section briefly describes the fundamental piezoelectric
relations and the PZT-structure interaction models, which are key in understanding the
physical principles underlying the EMI technique.

Piezoelectric Constitutive Relations

Consider a PZT patch, shown schematically in Fig.1, under an electric field £; along direction
3 and a stress 7, along direction 1. It is assumed that the patch expands and contracts in
direction 1 when the electric field is applied in direction 3. The fundamental constitutive
relationships of the PZT patch may be expressed as (Ikeda, 1990)

D, = 53T3E3 +dy T, (1)
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Fig. 1 A PZT patch under electric field and mechanical stress.
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where S; is the strain along direction 1, D; the electric charge density or electric displacement

(on top and bottom surfaces) and d;; the piezoelectric strain coefficient. Y, =Y, (1+1j)is

the complex Young’s modulus of the PZT patch in direction 1 at zero electric field, 77 being

the mechanical loss factor. Similarly, £, = &1, (1— &) is the complex electric permittivity of

the PZT material at zero stress, O being the dielectric loss factor. The constants Ylf and €3T3

are the relevant constants for the stress field and the electric field respectively and dj; is the
coupling constant between the two fields. The first subscript of d3; signifies the direction of
the electric field and the second subscript signifies the direction of the resulting stress or

strain. The complex part in Ylf and 83T3 is used to take care of the mechanical and the

dielectric damping as a result of the dynamic excitation. Mechanical loss is caused by the
phase lag of strain behind the stress. Similarly, electrical loss is caused by the phase lag of the
electric displacement behind the electric field.

Eq.(1) represents the so-called ‘direct effect’, that is, application of a mechanical stress
produces charge on the surfaces of the PZT patch. This effect is taken advantage of in using
PZT material as a sensor. Eq.(2) represents the ‘converse effect’, that is, application of an
electric field induces elastic strain in the material. Same coupling constant d;; appears in both
the equations.

Existing PZT-Structure Interaction Models

Two well-known approaches for modelling the behaviour of the PZT-based electro-
mechanical systems are the static approach and the impedance approach. The static approach,
proposed by Crawley and de Luis (1987), assumes frequency independent actuator force,
determined from the static equilibrium and the strain compatibility between the PZT patch
and the host structure. The patch, under a static electric field £73, is assumed to be a thin bar in
equilibrium with the structure, as shown in Fig. 2. One end of the patch is clamped, whereas
the other end is connected to the structure, represented by its static stiffness K;. Owing to
static conditions, the imaginary component of the complex terms in the PZT constitutive
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relations (Egs. 1 and 2) can be dropped. Hence, from Eq. (2), the axial force in the PZT patch
can be expressed as

F, = whT, = wh(S, — d, E,)Y" (4)

where w denotes the width and % the thickness of the PZT patch. Similarly, the axial force in
the structure can be determined as

F, = —K.x = —KIS, (5)

where x is the displacement at the end of the PZT patch and / denotes the length of the patch.
The negative sign signifies the fact that a positive displacement x causes a compressive force
in the spring (the host structure). Force equilibrium in the system implies that Fp and Fj
should be equal, which leads to the equilibrium strain, S,,, given by

Seq — d3 1E3 (6)
Kl

1+
YEwh

Hence, from Eq. (4), the magnitude of the force in the PZT patch (or the structure) can be
worked out as Feq =K SlSeq . Now, for determining the system response under an alternating

electric field, Crawley and de Luis (1987) simply recommended that a dynamic force with

(<

amplitude F g = K SlSeq be considered acting upon the host structure, irrespective of the

frequency of actuation. However, this is only an approximation valid under frequencies
sufficiently low to give rise to quasi-static conditions. In addition, since only static PZT
properties are considered, the effects of damping and inertia are not considered. Because of
these reasons, the static approach often leads to significant errors, especially near the resonant
frequency of the structure or the patch. (Liang et al., 1993; Fairweather 1998).

In order to alleviate the shortcomings associated with the static approach, an impedance
model was proposed by Liang et al. (1993, 1994), who based their formulations on dynamic
rather than static equilibrium, and rigorously considered the dynamic properties of the PZT
patch as well as those of the structure. They modelled the PZT patch-host structure system as
a mechanical impedance Z (representing the host structure) connected to an axially vibrating
thin bar (representing the patch), as shown in Fig. 3. Considering the dynamic equilibrium of
an infinitesimal element of the patch, they derived the governing differential equation as

— 0%u 0’u
yreto Y 7
o P @)
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where u is the displacement at any point on the patch in direction ‘1’ at any instant of time ¢.
Further, by definition, the mechanical impedance Z of the structure is related to the axial force
F in the PZT patch by

F(x:l) = Wth(x:l) = _Zd<x:1> )
3(z) Static electric field
t 2() E;
1(x) +
PZT patch =

Fig. 2 Modelling of PZT-structure interaction by static approach.
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Fig. 3 Modelling PZT-structure interaction by impedance approach.
(a) A PZT patch bonded to structure under electric excitation.
(b) Model of right half of the PZT patch and host structure.

where the negative sign, as in the case of static approach, signifies the fact that a positive
displacement (or velocity) causes a compressive force in the PZT patch. Further, instead of
actuator’s static stiffness, actuator’s mechanical impedance, Z, was derived as

KWhY®
Z,=——— )
jotan(xl)

so as to rigorously include the actuator’s dynamic stiffness and damping. Making use of the
PZT constitutive relation (Egs. 1 and 2), and integrating the charge density over the surface of
the right half of the PZT patch (x = 0 to /), Liang and coworkers obtained the following
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expression for the electromechanical admittance (the inverse of electro-mechanical
impedance) for the right half of the PZT patch

_ . wi| — — Z, 7 tanxd
Y=G+Bj= 5017{(5;3 —d; Y7 +[TZ‘JCI§1YHE£TH (10)

The electro-mechanical admittance of the entire PZT patch can be simply obtained by
multiplying the above expression by a factor of 2. In this equation, x is the wave number,
related to the angular frequency of excitationw, the density p and the complex Young’s

modulus of elasticity Y* of the patch by
K=o é (11)
yE

As observed from Eq. (10), the electro-mechanical admittance across the terminals of the
PZT patch is mathematically a complex number. G, the real part, is called the conductance
whereas B, the imaginary part, is called the susceptance. A plot of G as a function of
frequency is called the conductance signature, and that of B as susceptance signature.
Frequency is usually maintained in the kHz range for best results. Eq. (10) forms the basis of
damage detection using the EMI technique. Occurrence of any damage in the structure will
alter the structural mechanical impedance Z, thereby changing the elecro-mechanical

admittance Y . This provides an indication of damage. This is illustrated in Fig. 4, which
shows the effect of damage on the conductance signature of a PZT patch bonded on a steel
beam. Though susceptance also undergoes change due to damage, it is somewhat feebly
apparent from the raw measurements (Sun et al., 1995; Bhalla and Soh, 2003).

Eq. (10) can be decomposed into two equations- one for the real part G and another for
the imaginary part B (Bhalla and Soh, 2003). G and B can be experimentally obtained at any
given frequency using any commercial impedance analyzer. Hence, from Eq. (10), the
structural impedance, Z=x+yj can be determined (two equations and two real unknowns- x
and y), as demonstrated by the authors (Bhalla and Soh, 2003). Although Liang and co-
workers’ model was an improvement over the static approach, the model however considers
PZT patch’s vibrations in one dimension only. The formulations are thus strictly valid for
skeletal structures only. In other structures, where 2D coupling is significant, Liang’s model
might introduce serious errors.

Zhou et al. (1995, 1996) extended the derivations of Liang and co-workers to model the
interactions of a generic PZT element coupled to a 2D host structure. Their analytical model
is schematically illustrated in Fig. 5. They represented the structural mechanical impedance
by direct impedances Z,, and Z,, and the cross impedances Z,, and Z,,, related to the planar
forces F; and F, (in directions 1 and 2 respectively) and the corresponding planar velocities

u,and u, by
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Fig. 4 (a) A steel beam instrumented with PZT patch. (b) Effect of damage on conductance signature.

Fig. S Modelling PZT-structure 2D physical coupling by impedance approach (Zhou et al., 1995).

Applying Eq. (7) along the two principal axes and imposing boundary conditions, Zhou
et al. (1995) derived the following expression for the complex electro-mechanical admittance
across PZT terminals

. _ 2 VE 2VE (o . 1
Y=G+Bj= ijl o 2d;Y N d;Y {Sll’lK’Z smKw}N_1 (12)
h d-v) d-v) I w 1

where x, the 2D wave number, is given by
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1_ 2
K=o p(TEV) (13)
Y
and Nis a 2x2 matrix, given by
I Z, Z ! Z, VA
rcos(d){1—vo 22 Lo b e cos(rm)] — 2 —y 2
[ Zaxx Zaxx WZu Za
M= z 2oz ™
xy Z l X
K Cos(kl)| 2y L K COS(AW) | —y——2 4 2
b2 e L wZ ayy Z ayy

where Z,,. and Z,, are the two components of the mechanical impedance of the PZT patch in
the two principal directions, x and y respectively, derived in the same manner as in the 1D
impedance approach. Although these analytical derivations are complete in themselves,
experimental difficulties prohibit their direct application for extraction of host structure’s
mechanical impedance. As pointed out before, at a given frequency, G and B, can be
measured experimentally via an impedance analyzer. To obtain complete information about
the host structure, four complex unknowns- Z,,, Z,,, Z,,, Z,, (or 8 real unknowns) are needed.
This is not possible using Eq. (12). Thus, the system of equations is highly indeterminate (8
unknowns with 2 equations only). As such, Zhou et al.’s model cannot be employed for
experimental determination of the drive point mechanical impedance.

To alleviate the shortcomings inherent in the existing models, a new PZT-structure
interaction model, based on the concept of ‘effective impedance’ was proposed by Bhalla and
Soh (2004b). The following section describes the concept and the associated impedance
model.

Effective Mechanical Impedance and Associated Modelling

Conventionally, the mechanical impedance at a point on the structure is defined as the ratio of
the driving harmonic force (acting on the structure at the point in question) to the resulting
harmonic velocity at that point. The existing models are based on this definition, the point
considered being the end point of the PZT patch. The corresponding impedance is called the
‘drive point mechanical impedance’. However, the fact is that the mechanical interaction
between the patch and the host structure is not restricted at the PZT end points alone, it
extends all over the finite sized PZT patch. Bhalla and Soh (2004a) introduced a new
definition of mechanical impedance based on ‘effective velocity’ rather than ‘drive point
velocity’. In this definition, the PZT patch is assumed to be finitely sized and square shaped
(half length ‘I’), surface bonded to an unknown host structure, as shown in Fig. 6. Let the

patch be subjected to a spatially uniform electric field (8E /0x =0E /0y = 0), undergoing
harmonic variations with time. The patch’s interaction with the host structure is represented
by the boundary traction f per unit length, varying harmonically with time. This planar force
causes planar deformations in the patch, leading to harmonic variations in its overall area. The
‘effecive mechanical impedance’ is defined as
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Cff.ﬁds
VA = £ = (15)

where 7 is a unit vector normal to the boundary and F represents the overall planar force (or
effective force) causing area deformation of the PZT patch. u.s = 8A/p, is called the
‘effective displacement’, where 0A represents the change in the surface area of the patch and
Po its perimeter in the undeformed condition. Differentiation of the effective displacement

with respect to time yields the effective velocity, L'teﬂ. It should be noted that in order to

ensure overall force equilibrium,

<§fds =0 (16)
S

The effective drive point (EDP) impedance of the host structure can also be defined along
similar lines. However, for determining the structural impedance, a planar force needs to be
applied on the surface of the host structure along the boundary of the proposed location of the
PZT patch.

Fig. 7 presents a close view of the interaction of one quarter of the patch with the
corresponding one-quarter of host structure, taking advantage of the symmetry. Let the patch

be mechanically and piezoelectrically isotropic in the x-y plane, i.e. Y, =Y,=Y" and
dy =d,.
The PZT constitutive relations (Egs. 1 and 2) can be extended to 2D case as

D, = 53T3E3 +dy (T +T)) (17)
T —T,
Sl = 1—‘/ 2 +d31E3 (13)
yE
T, —VvI,
S, = Z—V : +d31E3 (19)
yE

where v is the Poisson’s ratio of the PZT material. The displacements of the PZT patch in the
two principal directions are given by (Zhou et al., 1996)

u, = (A sinkx)e’” and u, = (4,sinxy)e’” (20)

where the wave number k is given by Eq. (13), and A; and A, are the constants to be
determined from the boundary conditions. The corresponding velocities can be obtained by
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differentiating these equations with respect to time, and the corresponding strains by
differentiation with respect to the two coordinate axes, x and y. From Fig. 7, the effective
displacement of the PZT patch, can be deduced as

_ 5_A — ulol + u2ol + u10u20 - ulo + u20

u = ~
7 p, 21 2

e2y)

where u,, and u,, are the edge displacements, as shown in Fig. 7. The overall planar force (or
the effective force), F, is related to the EDP impedance of the host structure by

Boundary S

PZT patch

f (Interaction force at boundary)

E3®

‘Unknown’ host structure

Fig. 6 A PZT patch bonded to an ‘unknown’ host structure.

i
Nodaljline

Fig. 7 A square PZT patch under 2D interaction with host structure.
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F={fhds=~Z, i, (22)
N

The electric displacement (or the charge density) over the surface of the PZT patch can
be determined from Eq. (17) by substituting E; = (V,/h)e’" and making use of Eqgs. (18) and
(19) as

- vE
D, = &, %e’” + Z“—Y)[Sl +8,—2d,, %e’”) (23)
-V

The instantaneous electric current, which is the time rate of change of charge, can be
derived as

I= IID3 dxdy = jo IID3 dxdy (24)
4 4

Substituting D3 from Eq. (23), and integrating from ‘—I’ to “+I” with respect to both x and
y, the electric current can be derived as

e 227" 2427 Z, o tan 1
I =4Vaj—| &, — + (25)
h (I=v) A=)\ Z ;+Z, 4 Kl

where V = Voej‘”’ is the instantaneous voltage across the PZT patch. Hence, the complex

electro-mechanical admittance of the PZT patch can be obtained as

= 1 2 — 2a2YF 2a2YE(  z
Y:L:G+Bj:4a)jl_ 53T3_ EL I ) aeff [tanzdj 26)
4 h (1-v) A-W\Z,+Z,, \

2udhY "
Za eff =
. jo(tankl)(1-v)

27

denotes the effective mechanical impedance of the PZT patch.

The main advantage of this formulation is that a single complex term for Zg s accounts
for the two dimensional interaction of the PZT patch with the host structure. This makes the
equation simple enough to be utilized for extracting the mechanical impedance of the

structure from Y, which can be measured at any desired frequency using commercially
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available impedance analyzers. The two unknowns, x and y in Z.s = x+yj can be easily
determined by solving Eq. (26), which can be split into two equations, one for G and the other
for B.

Further, using experimental data, Bhalla and Soh (2004b) showed that quite often, the
PZT patches do not conform to ideal behaviour and therefore introduced empirical correction
factors into Eq. (26), modifying it as

s . .12 T 2d321F 2d321F Za eff e
Y=G+Bj=40—| &;; — + A (28)
h (I-v) (A=W Z ;+Z, 4
(" tan(Cxd) , .
———— for single-peak behaviour.
Cxkl
where T = < (29)
l{tanCixl tan C,xl _ .
— + for twin-peak behaviour.
2 Cxl C,xl
-

C, C; and C, are the correction factors to take into account the actual behaviour of the
PZT patch. Further, the corrected actuator effective impedance (earlier expressed by Eq. 27)
can be written as

2hYE

- 30
jo(-v)T G0

aeff

For best results, it is recommended to obtain the conductance and the susceptance
signatures of the PZT patch in ‘free-free’ condition before bonding on the host structure. This
would enable determination of correct mechanical and electrical PZT parameters as well as
the correction factors.

The effective impedance based electro-mechanical admittance formulations derived
above were verified using the test set up shown in Fig. 8. The test structure was an aluminum
block, 48x48x10mm in size, conforming to grade Al 6061-T6. Table 1 lists the major
physical properties of Al 6061-T6. The test block was instrumented with a PZT patch,
10x10x0.3mm in size, conforming to grade PIC 151 (PI Ceramic, 2003). The patch was
bonded to the host structure using RS 850-940 epoxy adhesive (RS Components, 2003) and
was wired to a HP 4192A impedance analyzer (Hewlett Packard, 1996) via a 3499B
multiplexer module (Agilent Technologies, 2003). Table 2 lists the averaged parameters of
the PZT patch derived from the signatures of a group of PZT patches in ‘free-free’ conditions.

Fig. 9 compares the experimental signatures thus obtained with those derived using
Eqgs.(28)-(30), as well as those using the model of Zhou and coworkers (Eqs. 12-14). The
structural impedance terms were determined from the force to velocity ratio, for a given force
input, using the finite element model of a quarter of the test structure shown in Fig. 10. The
finite element meshing was carried out with 1.0 mm sized linear 3D brick elements,
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possessing three degrees of freedom at each node using the pre-processor of ANSYS 5.6
(ANSYS, 2000). Observing Figs. 9(a) and (b), it is found that the predictions by the new
effective impedance model is closer to the experimental plots than those by Zhou and co-
workers’ model. In addition to modelling system behaviour realistically, the new formulations
are much easier to apply as compared to Zhou et al.’s model. The next section describes how
the new model can be employed to extract the useful information governing the mechanical
behaviour of the host structure concerned.

Extraction of Structural Mechanical Impedance from Admittance Signatures

The electro-mechanical admittance (given by Eq. 28) can be decomposed into two parts, I and
IT as

N2260 multiplexer and

PZT patch 10x10x0.3mm 3499A/B switching box HP 4192A

impedance analyzer
 —  — ) S—

 —

Wi~

10mm)|

Fle— anm —F

Iil

Personal
Computer

Fig. 8 Experimental set-up to verify effective impedance based new electro-mechanical formulations.

Table 1 Physical Properties of Al 6061-T6.

Physical Parameter Value
Density (kg/m") 2715
Young’s Modulus, (N/m?) 68.95 x 10’
Poisson ratio 0.33

Table 2 Averaged key parameters of PZT patches found experimentally.

Physical Parameter Value
Electric Permittivity, &1, (Farad/m) 1.7785 x 10°®
Peak correction factor, C 0.898
= %‘If—lYE V2
"~ (1-v) NV 5.35x10”
Mechanical loss factor, n 0.0325
Dielectric loss factor, O 0.0224
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Fig. 9 Comparison between experimental and theoretical signatures.
(a) Conductance plot. (b) Susceptance plot.

(1)
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Displacement in x-direction = 0

Boundary of PZT patch /
/
/
Y A
/
/
/ Origin of
/ coordinate
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A e o / z
T / \ / y
\ \ /
e e e e e e e e e e \

(0)

Fig. 10 Finite element model of one-quarter of test structure.

It is observed that the first part solely depends on the parameters of the PZT patch. The
structural parameters make their presence felt in part II only, in the form of the EDP structural
impedance, Zs¢. Hence, Eq. (31) can be rewritten as

Y=Y, +7, (32)
where Y, can be termed as the ‘active’ component (since it is altered by any changes to the
host structure) and Y, the ‘passive’ component (since it is inert to any changes in the
structural parameters). Y, can be further broken down into real and imaginary parts by

expanding &1, = &5,(1— &) and Y* = Y*(1+ 1) and thus can be expressed as

Y,=G,+B,j (33)
where
Ael?
G, = 2 {se!, + Kn) (34)
4ol® |
B, == el, ~ K| (5)
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and
K= 2(1“’5—1); (36)
Further,
Y, =Y-7, (37)
or
Y, =(G+B))=(G, +B,)) (38)

Gp and Bp can be predicted with reasonable accuracy if the conductance and the
susceptance signatures of the PZT patches are recorded in ‘free-free’ condition, prior to their
bonding to the host structures, as demonstrated by Bhalla and Soh (2004b). Thus, the active
components, G4 and By, can be derived from the measured raw admittance signatures, G and
B, as

G,=G-G, (39)
and B,=B-B, (40)

In complex form, the active component can be expressed as

Y_A:GA+BAj:

Bod2 Y P Z,., )=
Wi-v) \ Z,,+2,,

It was demonstrated by Bhalla et al. (2002) that the elimination of the passive component
renders the admittance signatures more sensitive to structural damages. Substituting

Y =Y*(+1j) and T= r+1¢ into Eq. (41), and rearranging the various terms, the

equation can be simplified as

. Za eff .
M+ Nj =| ————|(R+5)) (42)
Zser t ZLaey
where M = B nd N = Gl (43)

" 40K 40K
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and R=r—ntand S=t+nr (44)

Further, expanding Zg , =x+ yjand Z, ., =x,+y,j, and upon solving, the real

and the imaginary components of the EDP structural impedance can be obtained as

Mx,R-y,S)+N(x,S+y,R)
xX= — - X,
M"+N

(45)

_MxS+y,R) - NxR~-Y,S5) 46)
Y M?+ N? ‘
The simple computational procedure outlined above enables the determination of the
drive point mechanical impedance of the structure, Z; .4 = x + yj, at a particular frequency o,
from the experimentally measured conductance (G) and susceptance (B). Following this
procedure, ‘x’ and ‘y’ can be determined for the entire frequency range of interest. This
procedure was employed to extract the structural EDP impedance of the test aluminium block
(Fig. 8). Fig. 11 shows a plot of |Zeff|'1, worked out by this procedure, comparing it with the
plot determined using FEM (using Eq. 22, by applying an arbitrary planar force to the
structure and determining the corresponding velocities), as discussed in the preceding
sections. Reasonable agreement can be observed between the two. The main reason for
plotting |Zs‘ef/|'1 (instead of Z.p) is that the resonant frequencies can be easily identified as
peaks of the plot. The next section presents a simple procedure to derive system parameters
from the structural EDP impedance.

System Parameter Identification From Extracted Impedance
Spectra

The structural EDP impedance, extracted by means of the procedure outlined in the previous
section, carries information about the dynamic characteristics of the host structure. This
section presents a general approach to ‘identify’ the host structure by means of the EDP
impedance. Before considering any real-life structural system, it would be a worthwhile
exercise to observe the impedance pattern of few simple systems. Fig. 12 shows the plots of
the real and the imaginary components of the mechanical impedance of basic structural
elements- the mass, the spring and the damper. These elements can be further combined in a
number of ways (series, parallel or a mixture) to evolve complex mechanical systems. For a
parallel combination of ‘n’ mechanical systems, the equivalent mechanical impedance is
given by (Hixon, 1988)

Z,=)72 (47)

Similarly, for a series combination,
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1yl s
zZ, <z

eq

Table 3 shows the impedance plots (x and y vs frequency) for some combinations of these
basic elements, determined using Egs. (47) and (48) (Hixon, 1988). By observing the pattern
of the extracted mechanical impedance (x and y vs frequency), the ‘unknown’ structure can be
idealized as an ‘equivalent lumped’ system (series or parallel combination of basic elements),
such that the experimental plots match those of the idealized system. To illustrate this
approach, consider an aluminum block (grade Al 6061-T6), 50x48x10mm in size,
representing an unknown structural system. A PZT patch 10x10x0.3mm in size, was bonded
to the surface of this specimen. Experimental set-up similar to that shown in Fig. 8 was
employed to acquire the admittance signatures (conductance and susceptance) of this PZT
patch. The structural EDP impedance was extracted as outlined in the preceding section. A
close examination of the extracted impedance components in the frequency range 25-40 kHz
suggested that the system response was similar to a parallel spring-damper (k-¢) combination
(system 1 in Table 3), for which

k
x=cand y=—— (49)
@

From the extracted values of x and y, the average lumped system parameters were
computed as: ¢ = 36.54 Ns/m and k = 5.18x10" N/m. The analytical plots of ‘x’ and )’,
obtained using these equivalent parameters, match well with their experimental counterparts,
as shown in Fig. 13.

0.1
@ 001] J |
= . ’
= Experimental
N 0.001
Numerical
0.0001

0 40 80 120 160 200
Frequency (kHz)

Fig. 11 Comparison between |Z.|" obtained experimentally and numerically.
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]_ Damper I Dawper

— Frequency——

Spring. mass

— Frequency——»
(a) (b)
(a) Real part (x) vs frequency. (b) Imaginary part (y) vs frequency.

Fig. 12 Impedance plots of basic structural elements- spring, damper and mass.

Similarly, in the frequency range 180-200 kHz, the system behaviour was found to be
similar to a parallel spring-damper (k-c) combination, in series with mass ‘m’ (system 8 in
Table 3). For this combination, x and y are given by (Hixon, 1988)

200 -150
150 -200
£ £
2 100 ; 250 |
50 r > a0 1,
0 - - -350 - -
25 30 35 40 25 30 35 40
Frequency (kHz) Frequency (kHz)
(a) (b)
Experimental Equivalent system
(a) Real part (x) vs frequency. (b) Imaginary part (y) vs frequency.

Fig. 13 Mechanical impedance of aluminium block in 25-40 kHz frequency range. The equivalent
system plots are obtained for a parallel spring-damper combination.

. ma){cz—k(ma)—kﬂ
cm’o ) )
k

x = and y = (50)

k 2
cz+(ma)—j
®

and the peak frequency of the x-plot is given by
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(1)

If x = x, (the peak magnitude) at @ = @, and x = x; (somewhat less than the peak
magnitude) at ® = @; (<@,), then using Eqs. (48) and (49), the system parameters can be
determined as

1/2
—B++/B*-24C
m= Y (52)

Table 3 Mechanical impedance of combinations of spring, mass and damper.

No. COMBIN— X v x vs Freq. Y vs Freq.
ATION
C k
| —@— E 0/
2 -dg C me
:I'}' 0 0
3 0 me = ’i
C3F & 7
0 /
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o /
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o mw’x, 53
X +mie)

x,c
o= (54)

m

where

A=ow'o!(x —x,) (55)
B=2xw0!x (0] —0))+olo!x’x, - oo'x) (56)
C=(w] —a’)xix (57)

A set of system parameters ¢ = 1.1x10™ Ns/m, & = 4.33 x 10° N/m and m = 3.05 x 107 kg
produced similar impedance pattern, as shown in Fig. 14. Further refinement was achieved by
adding a spring K = 7.45x10" N/m and a damper C’ =12.4 Ns/m in parallel, to make the
equivalent system appear as shown in Fig. 15. Hence, Eq. (48) may be refined as

cm’@?

k 2
c2+(ma)—J
2

, k k
mo|c’——| mo—— .
0] 0] K
) kY ®
¢+ |\ mo——
10}

Fig. 16 shows the comparison between the experimental plots and the analytical plots.
Extremely good agreement can be observed between the plots obtained experimentally and
those pertaining to the equivalent lumped system. Hence, the structural system is identified
with reasonably good accuracy. The next section explains how this methodology can be used
to evaluate damages in aerospace and mechanical structures.

x=C +

and y= (58)

Damage Diagnosis of Aerospace and Mechanical Systems

This section describes a damage diagnosis study carried out on an aluminium block,
50x48x10mm in size, that was identified using a piezo-impedance transducer bonded on the
surface. This is a typical small-sized rigid structure, characterized by high natural frequencies
in the kHz range. Several critical aircraft components, such as turbo engine blades, are small
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and rigid, characterized by typically high natural frequencies in the kHz range (Giurgiutiu and
Zagrai, 2002), and hence exhibit similar dynamic behaviour.

Damage was induced in this structure by drilling holes, Smm in diameter, through the
thickness of the specimen. Three different levels of damage were induced- incipient,
moderate and severe, as shown in Figs. 17(b), 17(c), and 17(d) respectively. The number of
holes was increased from two to eight in three stages, so as to simulate a gradual growth of
damage from the incipient level to the severe level. After each damage, the admittance
signatures of the PZT patch were recorded and the inherent structural parameters were
identified in 25-40 kHz and 180-200 kHz frequency ranges.

Fig. 18 shows the effect of these damages on the identified structural parameters-
stiffness and damping, in the frequency range 25-40 kHz. As expected, with damage
progression, the stiffness can be observed to reduce and the damping increase. The stiffness
reduced by about 12% and the damping increased by about 7% after the incipient damage.
Thereafter, with further damage propagation, very small further drop/increase was observed

50 100
50
E 100 E
;—(’ 50 - -50 4
b |
A S =
T
0-| a0 ﬂlar 1 tlm 1 <Inr 200 =i ' s '
! ‘ - 180 185 190 195 200
Frequency (kHz) Frequency (kHz)
(a) (b)
Experimental . Equiivailent systein
(a) Real part. (b) Imaginary part.

Fig. 14 Mechanical impedance of aluminium block in 180-200 kHz frequency range. The equivalent
system plots are obtained for system 8§ of Table 3.

-
—

C

Fig. 15 Refinement of equivalent system by introduction of additional spring K* and additional
damper C*.
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Fig. 16 Mechanical impedance of aluminium block in 180-200 kHz frequency range for refined
equivalent system (shown in Fig. 15)

in these parameters. Fig. 19 shows the effect of these damages on the identified lumped
parameters in the 180-200 kHz range. Again, the trend is very consistent with expected
behaviour, and much more prominent than for the frequency range 25-40 kHz. With damage
progression, the mass and the stiffness can be observed to reduce, and the damping increase.
The stiffness reduced gradually- 17% for the incipient damage, 31% for the moderate damage
and 47% for the severe damage. The mass similarly reduced with damage severity- 16% for
the incipient damage, 28% for the moderate damage and 42% for the severe damage. The
damping values (c and C*), on the other hand, increased with damage severity. (Figs. 18c and
18e), though ‘c’ displayed a slight decrease after the incipient damage. The only exception is
found in the parallel stiffness K*, which remained largely insensitive to all the levels of
damage. Contrary to the 25-40 kHz range, the 180-200 kHz range diagnosed the damages
much better, as demonstrated by the significant variation in the parameters for moderate and
severe damages, in addition to incipient damages.

The higher sensitivity of damage detection in the frequency rangel80-200 kHz (as
compared to 25-40 kHz range) is due to the fact that with increase in frequency, the
wavelength of the induced stress waves gets smaller, which are therefore more sensitive to the
occurrence of damages. This is also due to the presence of a damage sensitive anti-resonance
mode in the frequency range 180-200 kHz (Fig. 16) and its absence in the 25-40 kHz range



Progress in Structural Health Monitoring and Non-destructive Evaluation...

201

50 mm
H 1
p— = =
Host structure
PZT
£ patch
E--F =R AR
oo
[ .

(_‘")
il
— _._J, 7 mm

(c)
(a)Pristine state.
(c) Moderate damage.

7 1
—

—=" -

I
I
|
I
Smm ¢ holes
|
I
|

(d)
(b) Incipient damage.
(d) Severe damage.

Fig. 17 Levels of damage induced on test specimen (aluminium block).

7 mm

(Fig. 13). This agrees well with the recommendation of Sun et al. (1995), that to ensure a
high sensitivity, the frequency range must contain prominent vibrational modes of the
structure. However, it should be noted that in spite of the absence of any major resonance
mode in the frequency range 25-40 kHz, the damage is still effectively captured at the
incipient stage, although severe damages are not very clearly differentiated from the incipient

damage.
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Fig. 18 Effect of damage on equivalent system parameters in 25-40kHz range.

3

Fig. 20 shows a plot between the residual area of the specimen, ‘4’ (a measure of the
residual capacity of the specimen) and the equivalent spring stiffness ‘4’ identified by the
PZT patch. Following empirical relation was found between the two using regression
analysis.

A=1874.2+0.0021k —2.02x107° k* (59)

This demonstrates that it is possible to calibrate the damage sensitive system parameters
with damage and to employ them for damage diagnosis in real scenarios.

This study demonstrates that the proposed method can evaluate structural damages in
miniature aerospace components reasonably well. Besides aerospace gadgets, the
methodology is also ideal for identifying damages in precision machinery components, turbo
machine parts and computer parts such as the hard disks. These components are also quite
rigid and exhibit a dynamic behaviour similar to the test structure. The piezo-impedance
transducers, because of their miniature characteristics, are unlikely to alter the dynamic
characteristics of these miniature systems. They are thus preferred over the other sensor
systems and techniques (Giurgiutiu and Zagrai, 2002).

Extension to Damage Diagnosis of Civil-Structural Systems

In order to demonstrate the feasibility of the proposed methodology for monitoring large
civil-structures, the data recorded during the destructive load test on a prototype reinforced
concrete (RC) bridge was utilized. The test bridge, shown in Fig. 21, consisted of two spans
of about 5m, instrumented with several PZT patches, 10x10x0.2mm in size, conforming to
grade PIC 151 (PI Ceramic, 2003). The bridge was subjected to three load cycles so as to
induce damages of increasing severity. Details of the instrumentation as well as loading can
be found in the references: Soh et al. 2000 and Bhalla, 2001. Root mean square deviation
(RMSD) index was used to evaluate damages in the previous study.
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Fig. 19 Effect of damage on equivalent system parameters in 180-200kHz range.

(a) Equivalent spring constant.
(c) Equivalent damping constant.

(b) Equivalent mass.
(d) Equivalent additional spring constant.

(e) Equivalent additional damping constant.
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Fig. 20 Plot of residual specimen area versus equivalent spring constant.

The PZT patches detected the presence of surface cracks (see Fig. 21) much earlier than
the global condition indicators, such as the load-deflection curve (Soh et al., 2000). Patch 4
was typically selected as a representative PZT patches in the analysis. Fig. 22 shows the
impedance spectra of the pristine structure as identified by the PZT patch 4 in the frequency
range 120-140 kHz. From this figure, it is observed that the PZT patch has ‘identified’ the
structure as a parallel spring-damper combination, the corresponding parameters were worked
out as k = 9.76x10” N/m and ¢ = 26.1823 Ns/m. The parameters were also determined for the
damaged bridge, after cycles I and II. Fig. 23 provides a look at the associated damage
mechanism- ‘K> can be observed to reduce and ‘c’ to increase with damage progression.
Reduction in the stiffness and increase in the damping is well-known phenomenon associated
with crack development in concrete. Damping increased by about 20% after cycle I and about
33% after cycle II. This correlated well with the appearance of cracks in the vicinity of this
patch after cycles I and II. Stiffness was found to reduce marginally by about 3% only, after
cycle 11, indicating the higher sensitivity of damping to damage as compared to stiffness.

Thus, the proposed methodology can be easily extended to civil-structures as well.
However, it should be noted that owing to the large size of the typical civil-structures, the
patch can only ‘identify’ a localized region of structure, typically representative of the zone of
influence of the patch. For large structures, complete monitoring warrants an array of PZT
patches. The patches can be monitored on one-by-one basis and can effectively localize as
well as evaluate the extent of damages. The next section will present how the identified
system parameters can be calibrated with extent of damage.
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Fig. 21 Damage diagnosis of a prototype RC bridge using proposed methodology.
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Fig. 22 Mechanical impedance of RC bridge in 120-140 kHz frequency range. The equivalent system
plots are obtained for a parallel spring damper combination.
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Fig. 23 Effect of damage on equivalent system parameters of RC bridge.
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Concrete Strength Prediction Using Emi Technique

Conventional Techniques

From the point of view of SHM/ NDE, in addition to damage detection, concrete
technologists are interested in concrete strength determination. Special importance is attached
to strength determination for concrete because its elastic behaviour and to some extent service
behaviour can be easily predicted from the strength characteristics. Although direct strength
tests, which are destructive in nature, are excellent for quality control during construction,
their main shortcoming is that the tested specimen may not truly represent the concrete in the
actual structure. The tests may reflect more the quality of the supplied materials rather than
that of the constructed structure. Delays in obtaining results, lack of reproducibility and high
costs are few other drawbacks. The NDE methods, on the other hand, aim to measure the
strength of concrete in the actual constructed structures. However, these cannot be expected
to yield absolute values of strength since they measure some property of concrete from which
an estimation of its strength, durability and elastic parameters are estimated. Some common
strength measuring techniques for concrete are the rebound hammer test, the penetration test,
the resonant frequency test and the ultrasonic pulse velocity test.

The rebound hammer technique predicts concrete strength based on the rebound of a
hardened steel hammer dropped on specimen surface from a specified height. Empirical
correlations have been established between rebound number and concrete strength. In spite of
quick and inexpensive estimation of strength, the results are influenced by surface roughness,
type of specimen (shape and size), age, moisture content, and type of cement and aggregate.

Similarly, the penetration technique is based on measuring the depth of penetration of a
standard probe, impacted on the surface of the specimen, with a standard energy. However,
they leave a minor damage on concrete surface. The calibration is strongly dependent on the
source and type of aggregate used.

The resonant frequency technique is based on the principle that the velocity of sound
through a medium is proportional to the Young’s modulus of elasticity (and hence strength).
The velocity of sound in concrete is obtained by determining the fundamental resonant
frequency of vibration of the specimen, which is usually a cylinder (150mm diameter and
300mm length) or a prism (75x75x300mm), by transmitting a mechanical pulse through the
specimen. The main drawback of this technique is that it can only be carried out on small lab-
sized specimens rather than the structural members in the field.

The ultra sonic pulse velocity (USPV) technique works on the same principle as the
resonant frequency method. The only difference is that the velocity of sound is determined by
directly measuring the time of travel of the electronically generated longitudinal waves, using
a digital meter or a cathode ray oscilloscope. The pulse velocity measurements are correlated
with concrete strength, and the error is typically less than 20%. The main limitation of the
USPV technique is that the transducers must always be placed on the opposite faces for best
results. Very often, this is not possible and this limits the application of the technique. In
addition, the correlation between the strength and the velocity is strongly dependent on the
type of cement and aggregate.

A detailed review of the conventional NDE techniques for concrete strength prediction is
covered by Malhotra (1976) and Bungey (1982).
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EMI Technique for Concrete Strength Evaluation

From Eq. (28), the admittance spectra can be obtained for a ‘free’ and ‘clamped’ PZT patch,
by substituting Z ,requal to 0 and oo respectively. Fig. 24 displays the admittance spectra (0-
1000 kHz), corresponding to these boundary conditions, for a PZT patch 10x10x0.3mm in
size, conforming to grade PIC 151 (PI Ceramic, 2003). It is observed from this figure that the
three resonance peaks, corresponding to “free-free” planar PZT vibrations, vanish upon
clamping the patch. The act of bonding a PZT patch on the surface of concrete will similarly
restrain the PZT patch. However, in real life bonding, the level of clamping is somewhat
intermediate of these two extreme situations, and hence, the admittance curves are likely to lie
in between the curves corresponding to the extreme situations, depending on the stiffness (or
strength) of the concrete.

In order to test the feasibility of predicting concrete strength using this principle, identical
PZT patches (measuring 10x10x0.3mm, grade PIC 151, key parameters as listed in Table 2),
were bonded on the surface of concrete cubes, 150x150x150mm in size. At the time of
casting, the proportions of various constituents were adjusted such that different characteristic
strengths would be achieved. Same cement as well as aggregate were used for all specimens.
After casting, a minimum curing period of 28 days was observed for all except two
specimens, for which it was kept one week so as to achieve a low strength at the time of the
test. In order to achieve identical bonding conditions, same thickness of epoxy adhesive layer
(RS 850-940, RS Components, 2003) was maintained between the PZT patch and the
concrete cube. To ensure this, two optical fibre pieces, 0.125mm in diameter, were first laid
parallel to each other on the concrete surface, as shown in Fig. 25 (a). A layer of epoxy was
then applied on the concrete surface and the PZT patch was placed on it. Light pressure was
maintained over the assembly using a small weight and the set-up was left undisturbed at
room temperature for 24 hours to enable curing of the adhesive. The optical fibre pieces were
left permanently in the adhesive layer. This procedure ensured a uniform thickness of
0.125mm of bonding layer in all the specimens. Fig. 25(b) shows the finished top surface of a
typical specimen with a PZT patch bonded to it.

0.1 004
Free 003 Free
Gl ‘/ — 002
2 1o
® 0001 o
O 0
0.0001 4 0.01 Fully clamped
0 00001 Fully clamped i : . . .
' i ; ] : 400 6 8
0 200 400 600 800 1000 0 200 40 000  800: 4000
Frequency (kHz)
Frequency (kHz)
(a) Conductance vs frequency. (b) Susceptance vs frequency.

Fig. 24 Admittance spectra for free and fully clamped PZT patches.
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Fig. 25 (a) Optical fibre pieces laid on concrete surface before applying adhesive. (b) Bonded
PZT patch.
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Fig. 26 Effect of concrete strength on first resonant frequency of PZT patch.
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Fig. 26 shows the conductance and susceptance plots of the PZT patches bonded to
concrete cubes of five different strengths. The strengths indicated on the figure were
determined experimentally by subjecting the cubes to cyclic loading on a universal testing
machine (UTM). The test procedure will be covered in detail in the next section. The figure
also shows the theoretical curves for PZT patch in free as well as clamped conditions.

It is apparent from the figures that the first peak frequency (see Fig. 26a) increases with
the strength of concrete. This increase is on account of the additional stiffening action due to
bonding with concrete, the level of stiffening being related to the concrete strength. Fig. 27
shows a plot between the observed first resonant frequency and measured concrete strength
for data pertaining to a total of 17 PZT patches bonded to a total of 11 concrete cubes. At
least two cubes were tested corresponding to each strength and the average frequencies were
worked out. Free PZT curve was used to obtain the data point corresponding to zero strength.
From regression analysis, the following empirical relationship was found between concrete
strength (S) and the first resonant frequency

S(MPa) = 0.0089 > —2.6657 f +196.94 (60)

where the resonant frequency, f, is measured in kHz. This empirical relationship can be used
to evaluate concrete strength non-destructively for low to high strength concrete (10MPa < S
< 100MPa). It should be mentioned that good correlation was not found between concrete
strength and the second and the third peaks (see Fig. 24). This is because at frequencies
higher than 500 kHz, the PZT patches become sensitive to their own conditions rather than to
the conditions of the structure they are bonded with (Park et al, 2003).

Although the tests reported here were carried out on 150mm cubes, the empirical
relationship represented by Eq. (60) can be conveniently extended to real-life structures since
the zone of influence of the PZT patches is usually very small in concrete. It should also be
noted that the strength considered in the present study was obtained by cyclic compression
tests, which is expected to be lower than that obtained by the standard testing procedure.
Also, the relationship will depend on the type of aggregates, the type of cement, the type and
size of PZT patches and the type and thickness of bonding layer. Hence, Eq. (60) cannot be
considered as a universal relationship. It is therefore recommended that similar calibration
should be first established in the laboratory for the particular concrete under investigation
before applying the technique in the field.

The main advantage of the present technique is that there is no requirement of the
availability of two opposite surfaces, as in the case of the resonant frequency method and the
ultrasonic pulse velocity method. Also, no expensive transducers or equipment are warranted.
The next section describes how the EMI technique can be used to predict the extent of
damage in concrete.

Damage Assessment of Concrete Using Emi Technique

Selection of Damage Sensitive Parameter
Consider concrete cubes, 150x150x150mm in size, instrumented with square PZT patches
(10x10x0.3mm, PIC 151). Using the computational procedure outlined before, the impedance
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parameters of the cubes were extracted from the admittance signatures of the bonded PZT
patches in the frequency range 60-100 kHz. The real and imaginary components of the
extracted mechanical impedance were found to exhibit a response similar to that of a parallel
spring damper combination, system 1 of Table 3. Typically, for concrete cube with a strength
of 43 MPa (designated as C43), the system parameters were identified to be k = 5.269x10’
N/m and ¢ = 12.64 Ns/m. Fig. 28 shows the comparison between the experimental impedance
spectra and that corresponding to the parallel spring-damper combination with k = 5.269x10’
N/m and ¢ = 12.64 Ns/m. A good agreement can be observed between the two.
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Fig. 27 Correlation between concrete strength and first resonant frequency.
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Fig. 28 Impedance plots for concrete cube C43. Real component of mechanical impedance (x) vs
frequency.Imaginary component of mechanical impedance (y) vs frequency.

The concrete cubes were then subjected to cyclic loading in an experimental set-up as
shown in Fig. 29. In addition to PZT patches, each cube was instrumented with 60mm
electrical strain gauges. The PZT patches instrumented on the cubes were wired to an
impedance analyzer, which was controlled using the personal computer labelled as PC1 in the
figure. The strain gauge was wired to a strain recording data logger, which was in-turn
hooked to another personal computer marked PC2, which also controlled the operation of the
UTM. The cube was loaded in compression at a rate of 330 kN/min until the first
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predetermined load. It was then unloaded and the conductance and susceptance signatures
were acquired. In the next cycle, the cube was loaded to the next higher level of load and the
signatures were again acquired after unloading. This loading, unloading and signature
acquisition process was repeated until failure. Thus, the damage was induced in a cyclic
fashion. Typical load histories for four cubes designated as C17 (Strength = 17MPa), C43
(Strength = 43MPa),, C54 (Strength = 54MPa) and C86 (Strength = 86MPa), are shown in
Figure 30.

Fig. 29 Experimental set-up for inducing damage on concrete cubes.

From Fig. 30, it is observed that the secant modulus of elasticity progressively diminishes
with the number of load cycles. Loss in secant modulus was worked out after each load cycle.
At the same time, the extracted equivalent spring stiffness, worked out from the recorded PZT
signatures, was found to diminish proportionally. Fig. 31 shows the plots of the loss of secant
modulus against the loss of equivalent spring stiffness for four typical cubes C17, C43, C52
and C86. Good correlation can be observed between the two. From these results, it is thus
evident that equivalent spring stiffness can be regarded as a damage sensitive parameter and
can be utilized for quantitatively predicting the extent of damage in concrete. It should be
noted that the equivalent spring stiffness is obtained solely from the signatures of the piezo-
impedance transducers. No information about concrete specimen is warranted a priori.
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It should also be mentioned that the extracted equivalent damping was found to increase
with damage. This was as expected, since damping is known to increase with the
development of cracks in concrete. Fig. 32 shows typical plot of increase in equivalent
damping with damage progression for cube C43. Also shown is the progressive loss in the
equivalent stiffness with load ratio. However, in most other cubes, no consistent pattern was
observed with respect to damping. Only a phenomenal increase near failure was observed.
For this reason, the equivalent stiffness was selected as the damage sensitive parameter due to
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Fig. 30 Load histories of four concrete cubes. (a) C17 (b) C43 (c) C52 (d) C86

its progressive decrement with damage progression and consistent performance.
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(a) Establishment of Impedance-Based Damage Model for Concrete

Definition of Damage Variable
It has earlier been shown that in the frequency range 60-100 kHz, concrete essentially
behaves as a parallel spring damper system. The equivalent stiffness ‘k’ has been established
as a damage sensitive system parameter since it is found to exhibit a reasonable sensitivity to
any changes taking place in the system on account of damages. This section deals with
calibrating ‘k’ against damage using the test data obtained from compression tests on concrete
cubes.

In general, any damage to concrete causes reduction in the equivalent spring stiffness as
identified by the piezo-impedance transducer surface-bonded to it. At i frequency, the
associated damage variable, D;, can be defined as

D =1-1d (61)
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where K, is the equivalent spring stiffness at the i"™ measurement point in the pristine state

and K is the corresponding value after damage. It may be noted that 0 < D; < 1. Thus, D;

measures the extent of ‘softening’ of the identified equivalent stiffness due to damage. D; is
expected to increase in magnitude with damage severity. The host structure can be deemed to
fail if D exceeds a critical value D.. However, from the comprehensive tests on concrete
cubes, it was found that it is not possible to define a unique value of D.. This is due to
unavoidable uncertainties related to concrete, its constituents and the PZT patches. Therefore
it is proposed to define the critical value of the damage variable using the theory of fuzzy sets.
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Fig. 32 Changes in equivalent damping and equivalent stiffness for cube C43.

Damage Assessment Based on the Theory of Fuzzy Sets

Scientists and engineers describe complex physical systems by very simple mathematical
models, often making considerable idealizations in the process. A practical approach to
simplify a complex system is to tolerate a reasonable amount of imprecision, vagueness and
uncertainty during the modelling phase. It was this logic which Zadeh (1965) employed when
he introduced the notion of fuzzy sets. Fuzzy systems are widely used to model information
that is afflicted with imprecision, vagueness, and uncertainty. A fuzzy set is defined as a class
of objects with continuum grades of membership. Such a set is characterized by a
membership (or characteristic) function, which assigns to each object, a grade of membership
ranging from 0 to 1. For example, let A¢ be a fuzzy set of numbers ‘much’ greater than ‘1°.
Then one can give a precise, albeit subjective value of characterization of A by specifying
fn(x). The representative values of such a function might be f,(0) = 0, f,,(10) = 0.1 and
fn(100) = 1.0 and so on. In general, fuzzy sets merely have an intuitive basis as a formal
description of vague data. They are generally specified by experts directly in an intuitive way.
Fuzzy sets were first employed in civil engineering in the late 1970s (e.g. Brown, 1979).
Several recent applications of fuzzy sets in civil engineering can be found in the literature,
such as Chameau et al. (1983), Dhingra et al. (1992), Valliappan and Pham (1993), Soh and
Yang (1996), Wu et al. (1999, 2001) and Yang and Soh (2000).

The membership functions represent the subjective degree of preference of a decision
maker within a given tolerance. The determination of a fuzzy membership function is the
most difficult as well as the most controversial part of applying the theory of fuzzy sets for
modelling engineering problems. Most commonly used shapes are linear, half concave,
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exponential, triangular, trapezoidal, parabolic, sinusoidal and the extended m-shape
(Valliappan and Pham, 1993; Wu et al., 1999, 2001. The choice of the particular shape
depends on the opinion of the expert, since there is no hard and fast rule to ascertain which
shape is more realistic than others.

If p(D) is the probability density function for describing a failure event D, the failure
probability, in general, may be expressed as

P, = [p(D)dD (62)
S

where ‘S’ is the space of the failure event. However, when the fuzzy set theory is used, a
failure event can be treated as a ‘fuzzy failure event’. If the membership function is f,,(D), the
fuzzy failure probability can be defined as (Wu et al., 1999)

P, = [£,(D)p(D)dD (63)

This principle has presently been used in evaluating concrete damage.

Statistical Analysis of Damage Variable for Concrete

Fig. 33 shows the equivalent spring stiffness worked out at various load ratios (applied load
divided by failure load) for five cubes labelled as C17, C43, C52, C60 and C86. The damage
variables were computed at each frequency in the interval 60-100 kHz, corresponding to each
load ratio, for all the five cubes. The mean (p) and standard deviation (o) of the damage
variable were then evaluated at each damage ratio. Statistical examination of the data
pertaining to the damage variables indicated that it followed a normal probability distribution.
Fig. 34 shows the empirical cumulative probability distribution of D; and also the theoretical
normal probability distribution for all the cubes at or near failure. The empirical cumulative
distribution function was obtained by

F(x)= % >n, (64)

x; <x

where n; is the frequency of x; in the data set. The theoretical curves were obtained from the
mean p and the standard deviation ¢ as

F()= [ podv (63)

where the probability distribution is given in terms of u and G as
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_-p)?
2

20 (66)

p(x) = Ee

From Fig. 34, it is observed that the distribution of the damage variables fits very well
into the normal distribution. The adequacy of the normal distribution was quantitatively tested
by Kolmogorov-Smirnov goodness-of-fit test technique (Wu et al., 1999) and the normal
distribution was found to be acceptable under a 85% confidence limit for all the cubes.
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Computation of Fuzzy Failure Probability

From the theory of continuum damage mechanics, an element can be deemed to fail if D > D..
As pointed out earlier, instead of defining a unique value of the critical damage variable D, a
fuzzy definition is employed in our study to take the uncertainties into account. A fuzzy
region may be defined in the interval (D, Dy) where Dy and Dy respectively represent the
lower and the upper limit of the fuzzy region (Valliappan and Pham, 1993; Wu et al., 1999).
D > Dy represents a failure region with 100% failure possibility and D < Dy represents a safe
region with 0% failure possibility. Within the fuzzy or the transition region, that is D;< D <
Dy, the failure possibility could vary between 0% and 100%. A characteristic or a
membership function f,, could be defined (0< f,(D)<1) to express the grade of failure
possibility within the region (Dy, Dy). The fuzzy failure probability can then be determined,
from Eq. (63), as

P, =P(D>Do)= [£,(D)p(D)dD 67

D=0

where p(D) is the probability density function of the damage variable D, which in the present
case complies with normal distribution. Based on observations during concrete cube
compression tests, D and Dy were chosen as 0.0 and 0.40 respectively. Further, from
practical experience, a sinusoidal membership function given by the following equation was
adopted

(/A L)

£, =05+0.5 sin[( (D-0.5D, -0.5D, )} (68)

Making use of this membership function, the fuzzy failure probability (FFP) was worked
out for the five concrete cubes at each load ratio.

A load ratio of 0.4 can be regarded as incipient damage since the concrete is expected to
be under ‘working loads’. All concrete cubes were found to exhibit a fuzzy failure probability
of less than 30% at this load ratio. Similarly, at a load ratio of 0.8, the concrete is expected to
be under ‘ultimate loads’. For this case, all the cubes exhibited a fuzzy failure probability of
greater than 80% irrespective of strength. This is shown in Fig. 35. Fig. 36 shows the FFP of
the cubes at intermediate stages during the tests. Based on minute observations made during
testing of the concrete cubes, the following classification of damage is recommended based
on FFP.

FFP <30% Incipient Damage (Micro-cracks)
30% < FFP < 60% Moderate damage (Cracks start opening up)
60% < FFP < 80% Severe damage (large visible cracks)

FFP > 80% Failure imminent
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Fig. 36 Fuzzy failure probabilities of concrete cubes at various load levels.

Thus, the fuzzy probabilistic approach quantifies the extent of damage on a uniform 0-
100% scale. This can be employed to evaluate damage in real-life concrete structures. From
these results, it is observed that all the PZT patches exhibited more or less a uniform
behaviour with damage progression, although the strength of concrete cubes varied from as
low as 17 MPa to as high as 86 MPa. The PZT patches were subjected to a wide range of
mechanical stresses and strains during the tests. At a load ratio of 1.0, almost same order of
FFP is observed, irrespective of the absolute load or stress level (for example 17 MPa for C17
and 86 MPa for C86). In general, the PZT material shows very high compressive strength,
typically over 500 MPa, and also exhibits a linear stress-strain relation up to strains as high as
0.006. In the experiments conducted on concrete cubes, the strain level never exceeded 0.003
(50% of the linear limit). Fig. 37 shows close ups of the cubes after the tests. The results show
that the sensor response reflected more the damage to the surrounding concrete rather than
damage to the patches themselves. In general, we can expect such good performance in
materials like concrete characterized by low strength as compared to the PZT patches. Hence,
damage to concrete is likely to occur first, rather than the PZT patch. Further, though the
cubes were tested in compression, the same fuzzy probabilistic damage model can be
expected to hold good for tension also.

Monitoring Concrete Curing Using Extracted Impedance Parameters

In order to evaluate the feasibility of the ‘identified’ spring stiffness in monitoring curing of
concrete, a PZT patch, 10x10x0.3mm in size (grade PIC 151, PI Ceramic) was instrumented
on a concrete cube, measuring 150x150x150mm in size. A bond layer thickness of 0.125mm
was achieved with the aid of optical fibre pieces. The instrumentation was done three days
after casting the cube. The PZT patch was periodically interrogated for the acquisition of
electrical admittance signatures and this was continued for a period of one year. Figs. 38 and
39 respectively show the short term and the long term effects of ageing on the conductance
signatures in the frequency range 100-150 kHz. It is observed that with ageing, the peak is
shifting rightwards and at the same time getting sharper. This trend is exactly opposite to the
trend observed during compression tests, where the peaks tend to shift leftwards (Bhalla,



220 Suresh Bhalla and Chee-Kiong Soh

2001). The rightward shifting of the resonance peak indicates that the stiffness (and hence the
strength) is increasing with time. The phenomenon of peak getting sharper with time suggests
that the material damping is reducing (concrete was initially ‘soft’). It is a well-known fact
that moisture in the concrete matrix is the major contributor to damping (Malhotra, 1976).
Hence, with curing, as moisture content drops, the damping in concrete tends to decrease.

It should be noted that the particular peak in this figure is the resonance peak of the
structure. It should not be confused with the resonance peak of the PZT patch, such as that
shown in Fig. 26. As concrete strength increases, the resonance peak of the PZT patch
subsides due to the predominance of structural interaction (Fig. 26). However, the structural
resonance peak (Figs. 38 and 39), on the other hand, tends to get sharper. In other words,
increasing structural stiffness tends to ‘dampen’ PZT resonance and ‘sharpen’ the host
structure’s resonance peak.

(@ CY]

(2)

Fig. 37 Concrete cubes after the test. (a) C 17 (b) C43 (c) C53 (d) C60 (e) C86
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Fig. 38 Short-term effect of concrete curing on conductance signatures.
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Fig. 39 Long-term effect of concrete curing on conductance signatures.

In order to quantitatively describe the phenomenon, the equivalent stiffness of the cube
was worked out in the frequency range 60-100 kHz using the signatures of the bonded PZT
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patch. The results are presented in Fig. 40. It can be observed from the figure that as the
curing progressed, the equivalent spring stiffness increased, reaching an asymptotic value,
about 115% higher than the first recorded value (four days after casting). After 28 days, the
increase in the equivalent spring stiffness was about 80%. On comparison with similar
monitoring using the ultrasonic pulse velocity technique (Malhotra, 1976), it is found that the
present approach is more powerful in monitoring concrete curing. For example, Malhotra
(1976) reported an increase of only 7% in the ultrasonic pulse velocity between day 4 and day
10. On the other hand, in our experiment, a much higher increase of 60% was observed
between day 4 and day 10. This establishes the superior performance of the EMI technique
for monitoring concrete curing. This technique can be applied in the construction industry to
decide the time of removal of the form work. It can also be employed to determine the time of
commencement of prestressing operations in the prestressed concrete members. In addition,
numerous other industrial processes, which involve such curing (of materials other than
concrete, such as adhesives), can also benefit from it.

Practical Issues Related To EMI Technique

PZT transducers are relatively new to the SHM/NDE engineers, who are more accustomed to
using the conventional sensors such as strain gauges and accelerometers. They are often
skeptical about the reliability of the signature based EMI technique. It is often argued that if
the signatures are not repeatable enough over long periods of time, it could be very confusing
for the maintenance engineers to make any meaningful interpretation about damage. No study
has so far been reported to investigate this vital practical issue. Therefore, in this research, an
experimental investigation, spanning over two months, was carried on a PZT patch bonded to
an aluminum plate, 200x160x2mm .The PZT patch was periodically scanned for over two
months. Very often, the wires from the patches to the impedance analyzer were detached and
reconnected during the experiments. Fig. 41 shows the conductance signatures of the first
patch over the two-month duration. Good repeatability is clearly evident from this figure.
Standard deviation was determined for this set of signatures at each frequency step, which
worked out to be 4.36x10°S (Seimens) on an average against a mean value of 2.68x10™ S.
Hence, the normalized standard deviation (average standard deviation divided by mean)
worked out to be 1.5% only, which shows that the repeatability of the signatures was
excellent over the period of experiments.

If piezo-impedance transducers are to be employed for SHM/ NDE of real-life structures, they
are bound to be influenced by environmental effects, such as temperature fluctuations and
humidity. Temperature effects have been studied by many researchers in the past (e.g. Sun et
al., 1995; Park et al., 1999) and algorithms for compensating these have already been
developed. However, no study has so far been undertaken to investigate the influence of
humidity on the signatures. An experiment was therefore conducted to study this effect. The
PZT patch bonded to the aluminium plate was soaked in water for 24 hours and its signatures
were recorded before as well as after this exercise (excess water was wiped off the surface
before recording the signature). Figs. 42(a) and (b) compare the conductance and susceptance
signatures respectively for two conditions. That humidity has exercised adverse effect on the
signatures is clearly evident by the substantial vertical shift in the conductance signature (Fig.
42a). From Eq. (28), it is most probable that the presence of humidity has significantly
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increased the electric permittivity of the patch. This experiment suggests that a protection
layer is necessary to protect the PZT patches against humidity in the actual field applications.
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Fig. 40 Effect of concrete curing on equivalent spring stiffness.
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Fig. 41 A set of conductance signatures of PZT patch bonded to an aluminium specimen spanning over
two months.

Silicon rubber was chosen as a candidate protective material since it is known to be a good
water proofing material, chemically inert, and at the same time a very good electric insulator.
Besides, it is commercially available as paste which can be solidified by curing at
room temperature. To evaluate the protective strength of silicon rubber, another PZT patch
instrumented on the same aluminium plate was covered with silicon rubber coating (grade
3140, Dow Corning Corporation, 2003). The previous experiment (i.e. soaking with water for
24 hours) was repeated. Figs. 42 (c¢) and (d) compare the signatures recorded from this patch
in the dry state as well as humid state. It is found that there is very negligible change in the
signatures even after long exposure to humid conditions. Hence, silicon rubber is capable of
protecting PZT patches against humidity. It should be mentioned that commercially available
packaged QuickPack® actuators (Mide Technology Corporation, 2004) are also likely to be
robust against humidity, though no study has been reported so far. However, the packaging
itself increases the cost by at least 10 times. The proposed protection, using silicon rubber, on
the other hand, offers a simple and economical solution to the problem of humidity. In
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addition, it has also been found that the presence of the silicon layer has only a negligible
effect on the sensitivity of the PZT patch.
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Fig. 42 Effect of humidity on signature.
Conclusions

This article described the recent developments in structural identification, health monitoring
and non-destructive evaluation using surface bonded piezo-impedance transducers. In
addition to the existing PZT-structure interaction models, a new effective impedance based
impedance model proposed by the authors was also described. As opposed to the previous
impedance-based models, the new model condenses the two-directional mechanical coupling
between the PZT patch and the host structure into a single impedance term. The model was
verified on a representative aerospace structural component over a frequency range of 0-200
kHz. The new impedance formulations can be conveniently employed to extract the 2D
mechanical impedance of any ‘unknown’ structure from the admittance signatures of a
surface-bonded PZT patch. Thus, the unknown structure can be identified and its damage can
be parametrically quantified. Proof-of-concept applications of the proposed structural
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identification and health monitoring methodology were reported on structures ranging from
precision machine and aerospace components to large civil-structures. Since the dynamic
characteristics of the host structure are not altered by small sized PZT patches, a very accurate
structural identification is therefore possible by the proposed method. The piezo-impedance
transducers can be installed on the inaccessible parts of crucial machine components, aircraft
main landing gear fitting, turbo-engine blades, space shuttles and civil-structures to perform
continuous real-time SHM. The equivalent system is identified from the experimental data
alone. No analytical/ numerical model is required as a prerequisite. Apart from NDE, the
proposed model can be employed in numerous other applications, such as predicting system’s
response, energy conversion efficiency and system power consumption.

The article also reported calibration of piezo-impedance transducers for damage
assessment of concrete. In the frequency range 60-100 kHz, concrete essentially behaves as a
parallel spring damper combination. The equivalent spring stiffness was found to reduce and
the damping increase with damage progression. A fuzzy probability based damage model was
proposed based on the extracted equivalent stiffness from the tests conducted on concrete.
This enabled the calibration of the piezo-impedance transducers in terms of damage severity
and can serve as a practical empirical phenomenological damage model for quantitatively
estimating damage severity of concrete.

A new experimental technique was reported for determining the in situ concrete strength
non-destructively using the EMI principle. The new technique is much superior than the
existing strength prediction techniques, such as the ultrasonic techniques. In addition, the
article demonstrated the feasibility of monitoring curing of concrete using the EMI technique,
which was found to share a sensitivity much higher than the conventional NDE techniques.
The article also addressed key practical issues related to the implementation of the EMI
technique for NDE of real-life structures. The results of the repeatability study, which
extended over a period of two months, demonstrated that the PZT patches exhibit excellent
repeatable performance and are reliable enough for monitoring real-life structures. However,
the signatures are at the same time highly prone to deviation by humidity. Silicon rubber was
experimentally shown to be a sound material for protecting PZT patches against humidity.
The new developments reported here could improve SHM/ NDE, using the EMI technique,
for a wide spectrum of structural systems.
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Abstract

Computationally effective inverse analysis algorithms are crucial for damage detection
and parametric identification, reliability and performance evaluation and control design of real
dynamic structural systems. Soft structural parametric identification strategies for structural
health monitoring (SHM) with neural networks by the direct use of forced vibration
displacement, velocity or free vibration acceleration measurements without any frequencies
and/or mode shapes extraction from measurements are proposed. Two three-layer back-
propagation neural networks, an emulator neural network (ENN) and a parametric evaluation
neural network (PENN), are constructed to facilitate the identification process. The rationality
of the proposed methodologies is explained and the theoretical basis for the construction of
the ENN and PENN are described according to the discrete time solution of structural
vibration state space equation. The accuracy and efficacy of the proposed strategies are
examined by numerical simulations. The performance of the free vibration measurement
based methodology under different initial conditions and the efficiency of neural networks
with different architecture are also discussed. The effect of measurement noises on the
performance of the forced vibration dynamic responses based parametric identification
methodology is investigated and a noise-injection method is introduced to improve the
identification accuracy. Since the strategy does not require the extraction of structural
dynamic characteristics such as frequencies and mode shapes, it is shown computationally
efficient. Unlike any conventional system identification technique that involves the inverse
analysis with an optimization process, the proposed strategies in this chapter can give the
identification results in a substantially faster way and can be viable tools for near real-time
identification of civil infrastructures instrumented with monitoring system.
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1 Introduction

Structural inverse analysis has been a critical research topic in civil and structural engineering
in the last two decades because of the demand for effective control system design, structural
safety, reliability and performance evaluation of existing civil infrastructures, many of which
are now deteriorating due to material aging, misuse, lacking proper maintenance, and, in
some cases, overstressing as a result of increasing load levels and changing environments.
Due to its ability to continuingly report performance of a civil infrastructure, structural health
monitoring (SHM) is an emerging technology that could play an essential role in realizing a
sustainable society. One of the most important integral components of such a system is the
development of computationally-efficient system identification strategies for damage
diagnosis and evaluation of existing infrastructures.

With the recent development in computer technology for data acquisition, signal
processing and analysis, the parameters of a structure can be identified from the measured
responses and excitations using system identification techniques as an inverse problem.
Inverse analysis approaches for structural identification can be classified under various
categories, such as frequency, time and time-frequency domain, parametric and
nonparametric models, and deterministic and stochastic approaches. Alternatively, the
existing inverse analysis methods can also be categorized into classic and non-classic
methods. Most of the classic methods are derived from mathematical theories and are
typically solved by the use of gradients to get an optimization result. Comprehensive
literature reviews on structural identification within the context of civil engineering can be
found in references[1-8]. Material deterioration and damage result in change in structural
parameters, for example, the stiffness of a structural member or a substructure and the
damping coefficient. These changes will modify the dynamic properties, such as the natural
frequencies and mode shapes of a structure. Therefore, most of the current studies in system
identification are focused on the use of structural dynamic characteristics such as frequencies,
mode shapes, and/or mode shape curvatures extracted from the dynamic response
measurements. However, most of these techniques inherently involve complicated search
processes and are thus computationally inefficient. The identified mode shapes from dynamic
measurements are so noise-contaminated that low to intermediate levels of local damage can
not be identified correctly[9]. Moreover, the sensitivity of frequencies to changes in structural
parameters is an obstacle in the application of the frequencies based methodologies in
practice. Most of the existing inverse analysis algorithms may even be numerically unstable
for large-scale infrastructures that have a significant number of degrees of freedom (DOFs).
Therefore, it is critical to develop new unique methods to handle the structural identification
problem. With the development of computation technology, some non-classic soft-computing
approaches have been proposed to handle complex engineering problems by the use of
artificial neural networks, evolutionary algorithms such as genetic algorithms, and so on.

Neural networks have recently drawn considerable attention in civil engineering
community due mainly to their ability to approximate an arbitrary continuous function and
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mapping. Indeed, modeling a linear or nonlinear structural system with neural networks has
been increasingly recognized as one of the system identification paradigms. The neural
network modeling problem in system identification is to develop a neural network model that
is capable of learning and predicting the functional mapping between the inputs and the
outputs of an unknown linear or nonlinear multivariable dynamic system. A structure-
unknown linear or non-linear discrete-time multivariable dynamic system can be modeled by
developing a neural network model that is capable of learning and predicting the functional
mapping between inputs and outputs [10-13]. The knowledge acquired by a neural network is
stored in its connection weights and biases. These adaptive weights and biases can be updated
in response to outside stimuli. Among various neural networks with different topology
structures, multi-layer neural networks are most commonly used in structural identification
and control. Their applications to control problems in civil engineering have been
reported[14-18].

In a non-parametric identification form, neural networks have been widely used to detect
the damage of a linear or nonlinear dynamic system and proved to be a useful tool for
phenomenological identifications of complex dynamic systems. However, the use of a non-
parametric evaluation neural network does not result in the identification of quantifiable
stiffness reduction due to damage[19-20]. Although the novelty detection method proposed
by Worden can identify the system transmissibility as a sensitive feature for the detection of a
small stiffness change in a simple mechanical system, the change in both stiffness and
damping coefficients of a structure as a result of damage has never been quantified in system
identification with neural networks[20].

Although several neural network based strategies are available for non-parametric
identification and qualitative evaluation of damage that may have taken place in a structure, it
was not until recently that a quantitative way of detecting damage has been proposed, such as
a parametric identification method with neural networks. Yun et al. presented a method for
estimating the stiffness parameters of a complex structural system by using a back-
propagation neural network with natural frequencies and mode shapes as inputs[21]. Xu et al.
proposed a series of damage identification strategies with the direct use of forced dynamic
responses or earthquake excited measurements, which can be used to not only derive
qualitative information on the occurrence of damage but also identify the structural stiffness
that can be used as an indicator of damage intensity[22-25]. As reviewed by Li and Ding[26],
the basic concept of the methodologies proposed by Xu et al. is absolutely different from the
existing identification algorithms based on frequencies and/or mode shapes or inverse
analysis in time-domain by optimization because they do not require any time-consuming
frequencies or modal extraction form measurement and can give the identification results in a
substantially faster way and thus provide a viable tool for the on-line identification of
structural parameters for a near real-time monitoring system. For large-scale infrastructures,
Wu et al. developed a decentralized stiffness identification method with neural networks
established between the restoring force and the interstory displacement and velocity responses
of a multi-degree-of-freedom (MDOF) structure[27]. Moreover, Xu et al. also proposed a
localized damage detection and parametric identification strategy with the direct use of
earthquake responses for a shear MDOF structure for post-earthquake damage evaluation[28].
Since damage in a structure will also modify the damping coefficients of the structure, it is
necessary to identify both structural stiffness and damping coefficients simultaneously for
complete understanding of a damage scenario. For damage detection of infrastructures, the
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parameters of the undamaged structure are usually unknown in prior, identification
methodologies that do not need base-line structural model. It is equally important to develop
identification methodologies that can give absolute values of structural parameters.

This chapter introduces the principle and implementation of novel direct soft parametric
identification (DSPI) strategies for structural health monitoring with neural networks by the
direct use of dynamic response measurements and illustrates the proposed methodologies by
numerical simulation with a with a 5-story shear frame object structure. Based on the discrete
time solution of the state space equation of free and forced vibration, the rationality of the
proposed DSPI methodologies is explained and the theoretical basis for the construction of an
emulator neural network (ENN) and a parameter evaluation neural network (PENN) are
described. Both structural stiffness and damping coefficients are to be identified while the
mass matrix is assumed to be known, since mass can be accurately estimated and usually
remains unchanged when damage occurs in the life span of an existing structure. The
strategies do not require the base-line structural model (undamaged state) which parameters
are exactly known. The performance and computational efficacy of the proposed strategies
will be demonstrated with simulated forced vibration displacement and velocity or free
vibration acceleration time histories that mimic the measured dynamic responses in practice.
The effect of measurement noises and initial conditions of free vibration on the accuracy of
the identified parameters is investigated. A noise injection method is proposed to improve the
accuracy of structures identification.

2 An Overview of Multi-layer Neural Networks and Back-
propagation Algorithm

Neural networks were first created in an attempt to reproduce the learning and generalization
processes of the human brain[29-31]. In the last two decades, neural networks have been the
object of increasing interest because large-dimension neural networks can be implemented by
small-size, low-cost, PC-compatible, plug-in hardware. The main advantages of neural
networks include the ability to easily deal with complex problems, to generalize the results
obtained from known situations to unforeseen situations, to carry out classifications of the
elements of a given set and their low operational response times after the learning phase due
to a high degree of structural parallelism. These characteristics allow neural networks to be
used in many applications and, in particular, in dynamic systems that also involve nonlinear
systems and/or require an immediate response for example real-time on-line fault and damage
detection and control problems[32].

Multi-layer neural networks have very quickly become the most widely encountered
artificial neural networks, particularly within the area of systems and control. A multi-layer
neural network requires a pattern, or set of data, to be presented as inputs to the input neuron
layer. The output from this layer are then fed, as weighted inputs, to the first hidden layer, and
subsequently the outputs from the first hidden layer are fed, as weighted inputs, to the second
hidden layer. This construction process continues until the output layer is reached.

A typical three-layer back-propagation neural network with / nodes in the input layer, m
neurons in the hidden layer and » neurons in the output layer is shown in Figure 1. Weights
wpi (h=1,m; i=1,1) , wy, (0=1,n; h=1,m) are used to represent the strength of connections of
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the neurons between the input layer and the hidden layer, the hidden layer and output layer
respectively.

Hidden Layer

Input Layer Output Layer

Figure 1. Multi-layer neural networks

The first type of operation of three-layer neural network is called as “feed forward”. In
this operation, the output of a neuron i of layer N can be shown as:

X = f()_CiN) (1)

n
—N _ N,N-1_N-1 N
X, = E w; X —h,

J=1

)

1
l+e™ €)

f(x)

where f{x) is an nonlinear activation function, which is differentiable; xJ-N'I is the output of
neuron j of layer N-I ; h;" is the bias representing the threshold of the activation function of
neuron i of layer N.

Normal use of multi-layer neural networks in practice involves training the network using
a set of data. This necessitates training the network weights once the network structure and
hence the resultant number and location of the weights, have been specified. The weights are
then adjusted so that the network input-output relationship best approximate the training data.
The weights can be fixed at the values trained and the network subsequently used as a
nonparametric model for the object.

For multi-layer neural networks, weight learning is most commonly carried out by the
method of back-propagation. The second type of operation of the back-propagation neural
network is called as “error back-propagation”. The error function E is defined as,
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E = ;Z(di —2xf)2

(4)

where d; x;" are the desired output and the network output of the ith neuron in output
layer respectively; i, p are the number of output nodes of output layer and the total number of
patterns (examples) contained in the training set.

The error must first be minimized by a best selection of output layer weights. Once the
output layer weights have been selected, the weights in the hidden layer next to the output
layer can be adjusted by employing a linear back-propagation of the error term from the
output layer. This procedure is followed until the weights in the input layer are adjusted.
Usually, the learning algorithm for training neural network called delta rule which is based on
the gradient steepest decent method is widely used. The relationship of the correction of
weight wijNN'I between layer N-/ and N at iteration k+/ and it at iteration k as follows,

AWV (k1) =8 <V (k) )
where
-t
Y (6)

It has been proven that a multi-layer neural network with only one hidden layer is
sufficient to approximate any continuous function. In order to increase the rate of learning
and yet avoid the danger of instability, a modified algorithm called the generalized delta rule
is used in this paper by including a momentum term, which describe the relationship of the
correction of weight w,-jNN'I between layer N-/ and N at iteration k+/ and it at iteration k as
follows,

Aw) N (ke +1) = o x 27 (k) + aaw) M (k)

()

where w,jN’N'](k-H) and WUN’N'](k) are the correction applied to weight W!,N‘N'I at

iteration k+/ and k; # is a positive constant called the learning-rate parameter, and a is
usually a positive value called the momentum constant. In any event, care has to be exercised
in the selection of the learning-rate parameter. A small learning-rate parameter lead to a
slower rate of learning, on the other hand, if we make the learning-rate parameter too large,
the learning procedure may become unstable.

The updated value of weight w; NNL at jteration k+1 is computed as follows,

Wi N 4 1) = WiV (k) + Aw) Y (K + 1)
(8)
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The neural network learning process is to adjust the connection weights by repeatedly
training thereby minimizing the error between the network output and the desired target in the
training set.

3 Novel DSPI Strategy with Neural Networks Using Free
Vibration Acceleration Measurements

Accelerometers are the most widely employed sensors for dynamic response measurement of
infrastructures instrumented with structural health monitoring system. Acceleration
measurements can be obtained easily and directly compared with displacement and velocity
measurements because calculation error is incurred to obtain velocity and displacement
signals by integration from acceleration measurements. Identification methodologies by the
direct use of acceleration measurements are preferred in reality.

In recent years, several infrastructures have been instrumented with accelerometers for
their long-term performance monitoring based on the measured ambient vibration responses.
From long-term vibration measurements under unknown/assumed stationary zero-mean
Gaussian white noise ambient excitations, structural free vibration responses can be extracted
using the random decrement (RD) technique by averaging time segments of the
measurements. The implementation of a RD technique is simple and the estimation time for
structural properties is short[33-34]. Therefore, developing a free vibration measurement
based identification strategy is critical for long-term monitoring of civil infrastructures. Here,
a neural networks based identification strategy with direct use of acceleration measurements
for a MDOF viscously damped linear structural system is proposed and its performance is
demonstrated by numerical simulation.

3.1 General Methodology

Under a certain initial displacement and a zero velocity, the free vibration of an N-DOF
viscously damped linear structural system can be described by,

Mi+Cx+Kx=0, x_,=x,, x_, =0 )

where the matrices M, C and K are the mass, damping, and stiffness matrix, respectively; X,
X and x are the acceleration, velocity, and displacement vector, respectively; X,_, =X,

indicates the initial displacement at time t=t, for the free vibration; and 0 is a zero vector.
The discrete time state space solution of equation (9) can be written as

Z,=e"Z, , (i=1--,1) (10)

where T is the sampling period, the state vector Z; and system matrix A are defined as
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The whole procedure of the proposed direct soft parametric identification (DSPI) strategy
using an acceleration-based emulator neural network (AENN) and a parametric evaluation
neural network (PENN) is shown in detail in Figure 2.
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Figure 2. Acceleration based DSPI strategy with neural networks

In structural identification problem, what to be identified are usually the material
parameters (Young’s modulus) and/or structural parameter (stiffness and damping
coefficients). The basic physical model including its number of DOFs and the topology is
known and should be determined at a relatively early stage. In step 1, a reference structural
model that has the same DOFs and topology with the object structure is assumed. The AENN
is constructed and trained using the time series of simulated free vibration acceleration
responses of the reference structural model under a certain initial condition. The AENN is
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treated as a non-parametric model of the reference structural model that acts as a baseline of
the parametric identification. To establish a meaningful AENN with high accuracy, it is
critically important to select proper variables in its input and output layers. The mapping
between the variables in input layer and output layer should exist uniquely.

Equation (10) indicates that the free vibration displacement and velocity responses at a
certain time step i is uniquely and completely determined by the displacement and velocity
responses at the previous time step i-/. Because only two variables within the acceleration,
velocity and displacement response at a certain time step are independent, the acceleration
response at time step i is fully determined by the acceleration and velocity response at the
same time step i-/. Moreover, the velocity response at time i-/ is determined by the
acceleration response at time step i-2 and i-/. Therefore, acceleration response at time step 7 is
definitely determined by the acceleration response at time step i-/ and i-2.

Using the free vibration acceleration responses of the reference structural model from
numerical integrations, the AENN can be trained to represent the mapping between the
acceleration at time steps i-2, i-/ and i for the reference structural model with known M, K
and C. After it is trained, AENN can be employed as a non-parametric modeling for the
reference structural model and can be used to forecast the acceleration response of the
reference structural model step by step as described in the following equation,

i/ = AENNGi %), (i=2, -, I) (12)

where )'c'l:f is the forecast acceleration response at time step 1 .

In step 2, consider a number of associated structural models that have different structural
parameters from the reference structural model employed in step 1. On one hand, the free

vibration acceleration responses of a certain associated structure m at time step i, X, ., under

m,i >
the same initial condition as used in step 1 can be calculated with numerical integration. On

the other hand, the acceleration responses can be predicted by the AENN trained for the
S

reference structural model, )'C'm i

according to Equation (12). Since the parameters of the

associated structural model differ from those of the reference structural model, it is expected
that the predicted responses are quite different from those computed by numerical integration.
The difference vector e,,; at time step i can be evaluated by

Emzz{er(nl)z er(njz) en];/;}T:xr{u_xmla
(m=1,...M, j=1---,N, ,i=2,--,1) (13)

where N, represents the total number of DOFs which acceleration responses are measured.
The superscript T in equation (13) denotes the transpose of a vector. Corresponding to

associated structural model m, an evaluation index E/, € R™" that is a function of the

difference vector e,; can be defined. An evaluation index called the root-mean-square of
prediction difference vector (RMSPDV) corresponding to each associated structural model is
defined as
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N,) (14a)

(14b)

The difference e,(nj l) depends on the structural parameters of the associated structural

model. Therefore, the evaluation index EI,, should be a function of structural mass, stiffness
and damping matrices of the associated structural model. Because it is straight forward to
determine the mass of a structure accurately and the mass usually does not change with the
occurrence of damage in structure’s life span, the mass matrix is considered as a known
constant in this study. The evaluation index is then completely determined by stiffness and
damping matrices or stiffness and damping coefficients.

The PENN is constructed and trained to describe the inverse relation between the
evaluation index and the structural parameters:

((kyseesky ook ), ey se,meney ), )= PENN(EL,),
(m=1, -, N,) (15)

After the PENN has been successfully trained in step 2, it will be applied in step 3 into
the object structure to forecast the structural parameters with inputs, RMSPDV, determined
from the trained AENN and the real acceleration measurements of the object structure.

3.2 Numerical Hlustration

A 5-story shear frame structure illustrated in Figure 3 is considered as the object structure to
be identified and modeled as a 5 DOFs lumped mass system.

3.2.1 Determination of Reference Structural Model
As described above, for the identification of the object structure, a reference structural model
should be assumed. In practice, an existing structure in its current condition is referred to as
an object structure. If archived information is available, a structural model based on as-built
drawings of the existing structure that describe its undamaged or healthy condition can be
selected as the reference structural model. But the reference structural model is not
necessarily determined according to the as-built drawings. In case the original drawings and
archives of the object structure are not available, a finite element model determined from the
initial estimation on the material parameters can be considered as a reference structural
model. Essentially, the reference structural model here functions as a baseline for the object
structure identification. The reference structural model is equivalent to the search starting
point, which is based on the initial estimate of structure parameters, for the optimization
problems of any traditional inverse analysis.

The parameters of the reference structural model are given in Table 1. The mode shapes
and natural frequencies of the reference structural model are shown in Figure 4. The mass
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distribution of the object structure is treated as known and stiffness and damping coefficients
corresponding to each DOF are to be identified.

ks, cs
k4, Cy
ks, c3
ka, 2

ki, ¢

Figure 3. A five-story frame structure

Table 1. Parameters of the reference structural model

DOF 1 2 3 4 5
m (Kg) 4000 | 3000 | 2000 | 1000 800
k (x10°N/m) | 3.375 | 3.750 | 3.375 | 3.000 | 2.250
¢ (Nxs/m) 2700 | 2700 | 2550 | 2250 | 2670

5 7

DOF

1st mode: 2.17Hz
—=8— 2nd mode: 5.20Hz
—4— 3rd mode:7.85Hz

—<—4th mode:10.16Hz
—¥— 5th mode:13.93Hz

-0.03 -0.02 -0.01 0 0.01 002 0.03 0.04

Normalized mode shape

Figure 4. Mode shapes and natural frequencies of the reference structural model

In order to study the performance of the proposed methodology under different initial
conditions that include different vibration components, several initial conditions that are
composed of different vibration components of the reference structural model are studied.
Three initial displacements x,;are assumed to be
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Xo, =24,
i=1

G=1.3)

(16)

where g;; is the coefficient corresponding to mode shape v; . The coefficients for different
initial conditions (cases) are described in Table 2.

Table 2. Coefficients for different initial conditions

1" mode | 2" mode | 3“mode | 4™ mode | 5™ mode
0.5 0 0 0 0
Cases 0 0.05 0.1 0 0
0 0 0 0 0.03

Initial condition in cases 1 only includes the first mode of the reference structural model.
The initial condition in case 2 induces the second and third modes of the reference structural
model. Initial condition in case 3 only induces the highest vibration modes of the reference
structural model. Even the reference structural model is not identical to the object structure, it
is desired that the first vibration will be dominated in the free vibration of the object structure
in case 1 if there are no great difference between the reference structural model and the object
structure. Similarly, the second and the third modes of the object structure will be dominated
in case 2 and the highest mode will be dominated in case 3.

The free vibration acceleration responses of the reference and associated structural
models under the initial conditions are determined by numerical integrations with the
Newmark integration method. The free vibration acceleration measurements of the object
structure under the initial conditions are also mimicked by numerical integrations in this
simulation study. Integration time step used is 0.002 sec and the sampling rate is 100 Hz.
3.2.2 Nonparametric Identification for the Reference Structural Model with
AENN
For multi-layer neural networks, important architecture questions are paramount and need to
be answered at a relatively early stage; namely how many layers of neurons should there be
for a particular problem and how many neurons should there be in each layer? Once the
architecture selections have been made, the network weights can be chosen such that the
network can perform as desired. Although some algorithms for network architecture selection
do exist, in most cases the architecture of multi-layer networks is carried out in a fairly
heuristic way, so for a reasonable number of layers and neurons in each layer are initially
selected, based on experience. If the numbers selected appear to be too large or too small then
adjustment can be made on a trial-and-error basis. As described above, the acceleration
response at time step 7 can be completely determined by those at time step i-2 and i-/. For the
5-DOF shear structure, the input and output layer of the AENN includes 10 and 5 neurons,
respectively, as shown in Figure 5. The hidden layer has 30 neurons determined by trial-and-
error method.
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Acceleration response time series

Figure 5. Architecture of the AENN for nonparametric identification of reference structural model

From the first 3 seconds of free vibration acceleration responses in case 1, 299 patterns of
training data sets are constructed for AENN training. The entire off-line training process for
the AENN takes 30,000 epochs (cycles). Back-propagation algorithm is employed and the
learning rate and momentum are 0.6 and 0.2, respectively. After training, the AENN is used
to forecast the acceleration responses of the reference structural model. Without the loss of
generalization, comparisons between the acceleration responses of DOFs 1 and 5 determined
from integration and those predicted by the above trained AENN is shown in Figure 6.

Simulated
------- Forecast
0.5
LINANNNN
LU VNV V VIV
1.0 - -
0 0.5 1 1.5 2 2.5 3
Time(s)
(a) 1st DOF

2.0
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(b) 5th ;n;:)

Figure 6. Comparisons between the acceleration responses determined by integration and those

predicted by the above trained AENN in case 1

Table 3. Prediction error of AENN in case 1

DOF | RMS error (m/sz) Relative RMS error (%)
1 0.00372 1.19
2 0.00668 1.26
3 0.00922 1.34
4 0.01088 1.40
5 0.01199 1.44
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The root mean square (RMS) of the difference between the two curves corresponding to
each DOF and relative RMS error are given in Table 3. The relative RMS error means the
ratio between the RMS value of the differences and the RMS of the integration results. It is
demonstrated that the maximum RMS error is within 1.5% the RMS value of the acceleration
response. The nonparametric model of the reference structural model is therefore sufficiently
accurate with the proposed AENN. Figure 7 shows the convergence of the AENN. It can be
found that the prediction error of acceleration responses corresponding to each DOF can
converge to a very small value simultaneously.

60

;\g 50 /\ Ist DOF |
< 2nd DOF
g 40 / \ ,
E / \ 3rd DOF
v 30 4th DOF |
E 2 \\\ —— 5th DOF |
o]

>

s 10 \\‘-=_="'"-...._.=_
2, ‘ ‘

10 100 1000 10000

Cycles of Training

Figure 7. Relative error of the acceleration prediction in case 1

3.2.3 Training of PENN for Structural Parametric Identification

The PENN is proposed to describe the mapping from RMSPDV to structural model
parameters. The proposed PENN is organized as shown in Figure 8. The input to the network
is the components of the RMSPDYV corresponding to the acceleration response of each DOF;
and the output is the inter-story stiffness and damping coefficients of the object structure. For
the 5-DOF object structure, the PENN thus has 5 input neurons and 10 output neurons. The
number of neurons in the hidden layer is selected to be five times the number of the neurons
in the input layer.

To generate training patterns for PENN, a number of associated structural models with
different structural properties are considered and their free vibration responses in load case 1
are computed with numerical integration. The RMSPDV of acceleration difference between
each associated structure and the output of the AENN can then be obtained. Let &, &, k3 and
ks have 10%, 20% and 30% deduction and ks has 10% and 20% deduction, respectively,
totally 162 associated structural models are constructed. Each damping coefficient has an
increase with the same percentage as the stiffness deduction. From the above-obtained 162
training patterns, 108 training patterns are randomly selected to train the PENN. The learning
rate and momentum are 0.8 and 0.6, respectively.

The convergence of the PENN for stiffness and damping coefficients are shown in Figure
9. The relative RMS error of both stiffness and damping coefficients of the 108 training
patterns is less than 10% when the PENN is trained for 10,000 epochs. After having been
trained, the PENN is adopted to identify the structural stiffness and damping coefficients
directly from 3 seconds of free vibration acceleration time series of the object structure in
case 1.
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Figure 8. Architecture of the PENN
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Figure 9. Convergence of PNN training in case 1

3.3 Statistic Performance and Its Robustness

3.3.1 Performance of AENN under Different Initial Conditions

For cases 2 and 3, two AENNs with the same architecture as it utilized in case 1 are trained
independently. The comparisons between the acceleration responses determined by
integration and those predicted by the corresponding trained AENN of DOFs 1 and 5 in cases
2 and 3 are shown in Figure 10 and 11, respectively.

Table 4 shows the prediction error of the AENNs for cases 2 and 3. In case 3, the initial
condition only includes the highest vibration modes of the reference structural model and the
acceleration vibration attenuates very quickly. The relative prediction RMS errors in case 3
are higher than them in cases 1 and 2. But, the relative RMS errors in all of the three cases are
less than 4% except the acceleration forecasting results correspond to the DOFs 1 and 2 in
Case 3 because the acceleration response at DOFs 1 and 2 in case 3 are very small. AENN
based on acceleration measurements can be treated as a reliable nonparametric model for the
reference structural model.
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Figure 10. Comparisons between the acceleration responses determined by integration and those

predicted by the above trained AENN in case 2
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Figure 11. Comparisons between the acceleration responses determined by integration and those

predicted by the above trained AENN in case 3

Table 4. Prediction error of AENN in cases 2 and 3

Case 2 Case 3
DOF | RMS error(m/sz) Re::?;r(;l;’[ S RMS error(m/sz) Re::?;r(;l;’[ S
1 0.0178 2.77 0.0044 40.36
2 0.0113 2.56 0.0076 12.30
3 0.0122 1.88 0.0105 3.85
4 0.0111 4.11 0.0182 2.47
5 0.0289 2.64 0.0122 2.85

Figure 12 shows the relative RMS error of the AENN varying with the number of

training epochs (cycles) in cases 2 and 3. It can be found that AENN in cases 2 and 3 can
simulate the mapping between the acceleration responses at time steps i-2, i-/ and them at
time step i except the acceleration response of DOFs 1 and 2 in case 3.
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Figure 12. Relative RMS error of the acceleration prediction in cases 2 and 3

3.3.2 Statistic Performance of Parametric Identification

With the same procedure described in Chapter 3.2, two PENNSs are constructed and trained
for cases 2 and 3, respectively. Here, the average and standard deviation of relative error of
stiffness and damping coefficients identification results for the 108 training patterns and the
54 testing structures that are not included in the training patterns in cases 1, 2 and 3 are shown
in Table 5. It can be found that the average relative error of the identification for the 54
testing structures is less than 7% even though the testing object structures are not included in
the training patterns.

Table 5. Statistic values of parametric identification error

Cases Average (%) Standard deviation (%)
| Training patterns 6.47 1.76
Testing patterns 6.25 1.91
) Training patterns 6.61 1.77
Testing patterns 6.43 1.96
3 Training patterns 6.65 1.79
Testing patterns 6.46 1.98
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Figure 13 shows the relative identification error distribution for the total 162 patterns.
The values in the figure mean the percentage of the number of patterns with certain average
relative error. It can be found that the average identification errors are mainly located in the
region between 5% and 8%, which is acceptable in civil engineering. Moreover, the
distributions under three different initial conditions are almost the same, which means the
proposed methodology can provide a stable identification results under different initial
conditions.

15

Ocase 1
M case 2
10 +— Ocase3

3 i

1 2 3 4 5 6 7 8 9 10
Average relative error (%)

Percentage
(%)

Figure 13. Distribution of average relative error

4 DSPI Strategy Using Forced Vibration Displacement and
Velocity Measurements

4.1 Basic Methodology

Consider a structural system that can be modeled as an N DOFs linear system. The dynamics
of the system under excitation can be characterized by the following differential equation,

M, +Cxy +Kx, =1 u (17)

where the matrices M, C and K are the mass, damping, and stiffness matrices of the structure,
respectively; vectors 560 , X, and x, are the acceleration, velocity, and displacement vectors
of the structure, respectively; matrix [, € R™" indicates the continuous time input matrix,

with 7 denoting the dimension of input vector u .
Equation (17) can also be rearranged into the state-space form and the discrete time
solution of the state equation can be written as

X ="y, +u, [ € BdT for i=12,..] (18)
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where Xx,_is the state vector at time step i , T is the sampling period, and the matrix 4 and B

are

-1 -1 -1
yo|™MC MUK\, ML (19a, 19b)
I 0 0

Basing on discrete time solution of the state equation shown in equation (18), several
time domain identification or model updating methods, such as Extend Kalman Filter (EKF),
Auto Regressive Moving Average (ARMA), Auto Regressive Moving Average with
eXogenous Inputs (ARMAX), Eigensystem Realization Algorithm (ERA) and so on, have
been proposed. Different from all these existing time domain identification methodologies, a
unique parametric assessment and identificaation approach by the direct use of forced
vibration dynamic responses and excitation information with neural networks is proposed, in
which two neural networks are constructed and trained, can be carried out in 3 steps. Similar
to the procedure shown in Figure 2, to facilitate the identification process, a reference
structural model is created, and an emulator neural network (ENN) and a PENN using
displacement and velocity response and excitation information are established based on the
reference structural model and a number of associated structural models. Figure 14 shows the
basic procedure of the direct soft parametric identification methodology using displacement
and velocity response and excitation.

In step 1, an ENN is constructed and trained using the simulated dynamic responses of
the reference structural model under a certain excitation that is assumed to be known. The
architecture and structure of the ENN including the decision and selection of the input and
output variables and the number of neurons in the hidden layer is crucial. From equation (18),
it is clear that the state vector x;1; at time step i+/ is uniquely and fully determined by the
state vector x; and excitation force u; at time step i. So, if the state vector x;4+; at time step i+/
is treated as the output of the ENN, and the state vector x; and excitation force u; at time step i
are selected as input, the mapping between the input and output uniquely exists. Using the
vibration series of the reference structural model under a certain excitation form numerical
integration, the ENN can be trained until the difference between the simulated state vector
x;+; at time step i+/ and the output reach a very small value. The trained ENN represents the
mapping between the state vectors at time step i and i+/ for the reference structural model
with known mass, stiffness and damping matrices.
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Figure 14. Overview of DSPI strategy for structural parameter identification using displacement and
velocity measurements

The trained ENN can be used to forecast the structural response step by step as described
in the following equation,

X = ENN(x,,u,), for i =1,2,..] (20)

where x;;4; is the forecasted state vector at time step i+/ by the trained ENN. The basic
procedure in steps 2 and 3 is similar to that shown in Figure 2 except the inputs of the PENN
are different because the outputs of the ENN are displacement and velocity responses.

4.2 Reference Structural Model and Motion Equation under Dynamic
Excitation

Here, the structure shown in Figure 3 is also treated as the object structure. The reference
structural model shown in Table 1 is also employed as reference structural model except the
damping is assumed to be a Rayleigh damping model as expressed by
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C=aM+bK 1)

where M, C and K are the 5x5 mass, damping, and stiffness matrices of the structure; a, and
b, are two coefficients in the damping matrix that are respectively assigned to be a,=0.6s7",
and 5,=0.001s. For the sake of discussions, the stiffness and damping coefficients of an object
structure are written as a fraction of those of the reference structural model in the following
form:

K,=sK,, a=d,a,, b=d,b, (22a, 22b, 220)

in which K; and K,; are the interval stiffness coefficients in the i-th storey of the object
structure and the reference structural model, respectively; s; is the stiffness scaling factor
(SSF) corresponding to the i-th storey of the object structure; @ and b are the coefficients in
the Rayleigh damping matrix of the object structure, corresponding to the a, and b, of the
reference structural model in Equation (21); d, and d, are the damping coefficient scaling
factors (DCSFs) of the object structure corresponding to @ and b. Therefore, to identify the
parameters of the object structure becomes the issue of estimating both SSF and DCSFs.

As indicated in Figure 14, the structural dynamic responses in time domain are directly
used for the identification purpose without any eigenvalue analysis. Without loss of any
generality, each of the object structures or the reference structural model is subjected to a
horizontal excitation force on its top floor. For easy implementation, the excitation force is
assumed to be the sum of a series of sine wave excitations, whose frequency range covers
several natural frequencies of the reference structural model. It is defined by the following
equation,

N,
u, (£) = D uysin((@,ip)i +0, ) (23)
ip=1

where u,, @,i, and <Dl.o are respectively the amplitude, frequency and phase angle of the ip-

th sinusoidal component. In this study, @, = 7 rad/sec., N=10, uy=300N, and each q)l.o isa

uniformly distributed random variable over [0, 2z]. The first 3 seconds of graphical
representation of Equation (23) is shown in Figure 15.
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Figure 15. Time history of the excitation force on the top of the object structure
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The motion of the reference structural model and associated structural models under the
above dynamic excitation can be solved by numerical integration with the Newmark
integration method. The integration time step and the sampling frequency are same as them
used in the above.

4.3 ENN for Nonparametric Modeling of the Reference Structural Model

The architecture of the three-layer ENN is shown in Figure 16. The input layer includes the
displacement and velocity responses at each floor of the 5-storey frame structure as well as
the excitation force at time step i. The neuron in the output layer represents the displacement
and velocity responses at five floors at the next time step i+/. The number of neurons is
therefore 11 in the input layer, and 10 in the output layer.

velocity velocity
response  at X . response  at
. . XX /¥ A . .
tim VYo 7= time step i+/

e step i \v'zi"!l "4,1 € step !
AU XZ7AN

displacement displacement

response ‘ a response  at

time step ¢

time step i+/
excitation at
time step i

Figure 16. Architecture of the emulator neural network based on velocity and displacement response

Based on error back-propagation algorithm, the ENN is first trained off-line for the
reference structural model. At the beginning of training, the initial weights and biases of the
emulator neural network are randomly generated from a small random variable of uniform
distribution. The training patterns/data sets for the purpose of training the emulator neural
network are obtained from the numerical integration analysis.

At a sampling period of 0.01 second, the training patterns are 300 pairs of input and
output responses that were taken over a period of 3 seconds. The entire off-line training
process takes 30,000 epochs with the training data sets presented in random order. An
adaptive learning schedule is adopted, in which the learning rate and momentum are chosen
to be high (0.8 and 0.5) at the early stage of training and low (0.5 and 0.2) at the following
time instances. After training, the ENN can be used to forecast the dynamic responses of the
reference structural model.

The number of neurons in the hidden layer significantly affects the performance of a
nonparametric modeling of the reference structural model. In practice, the number of neurons
in the hidden layer is usually determined by a trial-and-error method. The RMS error vector
that is widely used to evaluate the performance of a neural network is introduced to facilitate
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the determination of the required neuron number in the hidden layer of the ENN. The RMS
error vector used in this study can be written as,

lef=te, . en en o e} (24)
in which {e} is the RMS error vector, and e, ,e, (n =1, N)are respectively the RMS error

of velocity and displacement corresponding to the i-th floor between the predicted value by
the ENN and that obtained from numerical simulations.
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Figure 17. RMS error distribution with different number of neurons in the hidden layer

When the number of neuron in the hidden layer is set to be 11, 15, 22, 28, 33, 38 and 45,
respectively, the RMS error of each neuron in the output layer can be determined following
the order of arrangement in Equation (24). The magnitude of the RMS error vector
corresponding to velocity and displacement is shown in Figure 17 as the number of neurons
in the hidden layer varies. Figure 17 indicates that the RMS error becomes very small when
the number of hidden neuron is over 28. On one hand, neurons of a smaller number are
insufficient to accurately describe the mapping between inputs and outputs. On the other,
neurons of a larger number tend to smear the physical relation between inputs and outputs
since a significant number of non-physical unknowns (weights and thresholds) must be
determined, which is often a difficult task with limited training patterns. In the remaining
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discussions, 33 neurons in the hidden layer are used, which is three times the number of

neurons in the input layer.
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To further examine the accuracy of the ENN in time domain, comparisons between the
velocity and displacement responses determined from numerical simulations and those
predicted by the trained neural network are made in Figure 18. It is clearly seen from figure
18 that the two series of time histories match very well. In summary, with 33 neurons in the
hidden layer, the RMS errors of velocity and displacement corresponding to each DOF are
given in Table 6. It is demonstrated from Table 6 and Figure 18 that the maximum RMS
velocity error is within 5% the peak velocity and the maximum RMS displacement error is
less than 5.5% the peak displacement. The nonparametric model of the reference structural
model is therefore sufficiently accurate with the proposed ENN.

Table 6 RMS error of velocity and displacement at each floor of the reference structural
model

Number of DOF 1 2 3 4 5
RMS error(m/s) 0.000486 0.001023 0.001093 0.002109 0.003176
Velocity | Peak response(m/s) | 0.032088 0.0472 0.040535 0.049606 0.064832
Relative error(%)” | 1.51 2.17 2.69 4.25 4.90
Displace RMS error(m) 0.0000403 | 0.000063 0.0000975 | 0.000118 0.000123
ment Peak response(m) 0.000793 0.001415 0.001963 0.002360 0.002652
Relative error(%)" | 5.08 4.45 4.97 5.00 4.64

*Relative error(%) = 100xRMS error/Peak response

4.4 PENN for Stiffness and Damping Coefficients Identification

4.4.1 Architecture of the PENN

The proposed PENN is organized as shown in Figure 18. The input to the network is the
components of the RMSPDV corresponding to the velocity and displacement responses at
each floor; and the output is the structural inter-storey stiffness and damping coefficients. For
a 5-DOF structure, the parametric evaluation neural network thus has 10 input neurons and 7
output neurons. The number of neurons in the hidden layer is selected to be seven times the
neurons in the input layer or 70. To train the parametric evaluation neural network, a set of
training patterns consisting of the RMSPDV and its corresponding structural parameters must
be generated.

4.4.2 Generation of Training Patterns for PENN

The results of neural network-based system identification are dependent on the training
patterns used for network training. Therefore, it is critically important to prepare training
patterns or data sets of proper size. In general, the number of training patterns must be large
enough to represent the relationship between the RMSPDYV and its corresponding parameters
while, for computation efficiency, it ought to be reasonably small, because preparing the
training patterns and training the network takes most of the computational time required in the
parameter identification of building structures, especially large-scale civil infrastructures. An
appropriate tradeoff needs to be dealt with in training patterns preparing.
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To generate training patterns, a significant number of associated structural models with
different structural properties are considered and their responses to the dynamic excitation are
computed with numerical analyses. The RMSPDV of velocity and displacement between each
associated structure and the reference structural model can then be determined. Specifically,
take an SSF of 1.0, 0.8 and 0.6 for k;; 1.0, 0.9 and 0.7 for k,; 1.0 and 0.9 for k3, &y, ks,
respectively. Also take a DCSF of 1.0 and 1.1 for a and b, respectively. The total combination
of the assigned stiffness and damping parameters is 288. Consequently, 288 associated
structural models are constructed and 288 set of training patterns are generated. Each training
pattern is composed of a RMSPDYV and its corresponding structural parameters.

To illustrate the characteristics of the RMSPDV, some intermediate results are described
here. As an example, consider the interval stiffness in every story of an associated structure
reduced to 90% and 80% of the baseline values of the reference structural model,
respectively, and the coefficients of a Rayleigh damping matrix increased to 110% and 120%,
respectively. That is, the SSF is equal to 0.9 and 0.8, respectively, for all stiffness
coefficients, and the DCSF is 1.1 and 1.2, respectively. The components of the three
RMSPDVs, corresponding to the velocity and displacement responses at five floors of the
reference structural model and the two associated structural models, are given in Table 7. It is
observed from the table that the components of RMSPDVs significantly increase with the
change in structural parameters. It is clearly shown that the RMSPDYV is very sensitive to the
change in structural parameters.

4.4.3 Training of the PENN

The training patterns, consisting of structural parameters and their corresponding RMSPDVs
constructed above, are used to train the PENN. The 288 training patterns are arranged
randomly before training. Each of the training patterns is used once for training at an epoch.
The complete training process took 30,000 epochs using the same adaptive learning schedule
as used for the ENN training.

When the PENN is trained, it can be adapted to identify the structural parameters directly
using 3s of time series of displacement and velocity responses and excitation information.
The proposed PENN differs from other traditional optimization-based parametric
identification techniques; it can give structural identification results rapidly when several
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seconds of time series are available. It does not involve any inverse algorithms and save a
substantial amount of computational time, which is very attractive for near real-time damage
diagnosis of structures in the framework of structural health monitoring.

Table 7 RMSPDV

Reference Associated Associated
Number of | Structural model | Structure 1 Structure 2
DOF SSF DCSF | SSF | DCSF | SSF | DCSF
1.0 1.0 0.9 1.1 0.8 1.2
1 0.000486 0.0298 0.0448
2 0.001023 0.0330 0.0487
g}‘]’/r;‘)pc’nems 3 0.001093 0.0112 0.0157
. 4 0.002109 0.0184 0.0263
Velocity
5 0.003176 0.0348 0.0482
Magnitude (m/s) 0.004125 0.0604 0.0874
Change in magnitude of
RMSPDV (%) - 3442 4877
1 0.000040 0.00048 0.00066
Components 2 0.000063 0.00136 0.00195
(m) 3 0.000098 0.00298 0.00428
Displacement 4 0.000118 0.00396 0.00567
5 0.000123 0.00441 0.00632
Magnitude (m) 0.000210 0.00678 0.00973
Change in magnitude of
RMSPDV (%) * - 3248 4701

*Chang in magnitude of RMSPDV= 100%(Magnitude of RMSPDV of the associated structure - Magnitude of
RMSPDV of the reference structural model)/Magnitude of RMSPDV of the reference structural model

3.4.4 Parametric Identification Results with PENN

With the ENN and the PENN, the stiffness and damping coefficients of an object structure
can be identified as outlined in step 3, Figure 14. To evaluate the performance of the proposed
method, a comparative study is carried out with numerical simulations. The proposed method
in this study is used to identify the parameters of the (object) structure described by Yun et
al.[21]. The identified stiffness of the structure is compared in Table 8 with that by the
ARMAX Method. It is clearly seen that the proposed DSPI strategy proposed in this study
performs much better than the ARMAX method. The network strategy can accurately and
consistently identify the stiffness of the object structure even when it decreases up to 40%
from the reference structural model, a scenario for severe damage.

To further illustrate the accuracy of the proposed method, other two object structures are
considered and the identification results of both stiffness and damping coefficients are given
in Table 9. It can be observed that the average relative error for all parameters is less than
5.5%.
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Table 8 Stiffness scaling factor (SSF) identified by the proposed strategy and ARMAX
method

Floor vl e [ | e | s [P e
Exact value 0.60 0.70 1.00 1.00 1.00 -
ARMAX | Estimated value 0.63 0.64 0.92 0.88 0.89 -
method | Relative error (%) 5.00 8.57 8.00 12.00 | 11.00 8.91
Proposed | Estimated value 0.610 | 0.736 | 0.936 | 0.950 | 0.960 -
method | Relative error (%) 1.98 4,94 651 5.00 4.00 4.49

* Relative error = 100x|(Estimated value-Exact value) /Exact value |

Table 9 Stiffness and Rayleigh damping coefficients identification results

SSF DCSF Average
error
Parameters Kk, k, ks K4 ks a b (%)
. Exact 0.80 | 0.70 | 0.90 | 1.00 | 0.90 | 1.00 | 1.00 -
Object Estimated 0.76 | 0.74 | 0.94 | 0.95 | 0.96 | 1.04 | 1.05 -
structure 1
Relative error (%) | 4.81 | 5.70 | 395 | 4.67 | 6.93 | 433 | 5.00 5.05
Exact 0.80 | 0.80 | 090 | 1.00 | 1.00 | 1.10 | 1.10 -
Object .
Estimated 082 10751094 | 095|096 | 1.04 | 1.05 -
structure 2
Relative error (%) | 2.22 | 6.33 | 4.28 | 4.67 | 4.00 | 5.15 | 4.55 4.46

4.5 Noise Effects

4.5.1 Performance of the PENN Trained with Noise-Free Training Patterns

In civil engineering applications, the measurement of dynamic responses in field condition
always contains noise components from environmental factors. To make the proposed DSPI
strategy practical, the performance of the proposed DSPI strategy can be verified with noise
contaminated measurement, which mimics the measured dynamic responses in practice. A
random noise of Gaussian distribution with zero mean and a specified standard deviation are
generated and added to the simulated velocity and displacement responses as well as the
dynamic excitation. The noise level is defined as a ratio of the standard deviations between
noise and a simulated response. For instance, a noise level of 3% means that the standard
deviation of the measurement noise is 3% that of the responses, such as velocity and
displacement.

The object structure shown in Table 8 is used to evaluate the performance of the ENN
and PENN that were trained with noise-free training patterns. The parametric identification
results are listed in Figure 19 as various levels of noise are introduced in simulations.
Obviously, the measurement noise degrades the performance of the proposed strategy in
parameter identification. For the object structure in this study, the interval stiffness in the first
story is most sensitive to the noise included in the simulated dynamic responses while the
third-story stiffness is nearly immune to the noise effect. In general, the damping coefficients
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are less sensitive to the noise than the stiffness coefficients. It can be seen that noise effect on

different structural parameters is different.
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Figure 19. Relative error of identified parameters using PENN trained with noise-free patterns

4.5.2 Noise Injection Learning

Several researchers reported that injecting noise into the training patterns during the back-
propagation learning process of a neural network can remarkably enhance the generalization
capability of a trained network provided the mapping from the input to output space is
smooth[35, 36]. To improve the performance of the proposed strategy, noise is added into
training patterns for PENN. The effectiveness of the noise injection learning is investigated

by numerical simulations.
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A noise level of 3%, 5% and 7% is respectively injected to the training patterns used to
train the PENN. Including the one trained with noise-free data sets, a total of four cases are
considered. Each case is used to estimate the stiffness and damping coefficients of the object
structure defined in Table 8, from the simulated dynamic responses that are contaminated
with 0%, 3%, 5%, and 7% noise. The relative identification errors of stiffness and damping
coefficients corresponding to various noise levels in training data and simulated responses are
presented in Figure 20. As can be seen from the Figure 20, inclusion of noise in the training
patterns generally improves the performance of the proposed identification strategy. The
PENN that has been trained with training patterns of the same level of noise as introduced in
the simulated dynamic responses outperforms all others.

Figure 21 shows the distribution of the relative identification error for each parameter and
the average when different noise levels of noises are included in the training and testing data.
It is indicated that the identified parameter from the simulated responses contaminated with
3% and 5% noise is generally inaccurate when a network trained with noise-free data sets is
applied. Training the network with the training patterns with the same level of noise,
however, significantly improves the accuracy of parameter identification. The noise injection
learning is very beneficial for the promotion of identification accuracy.
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Figure 21. Parametric identification error for different level of noise injection learning

5 Concluding Remarks

Structural stiffness and damping coefficients identification strategies for structural health
monitoring (SHM) with neural networks using forced or free vibration induced displacement,
velocity or acceleration measurements are presented. Two back-propagation neural networks
are constructed to facilitate the parameter identification. The rationality of the proposed
methodologies is explained and the theory basis for the construction of the emulator neural
network (ENN) and parametric evaluation neural network (PENN) for different dynamic
measurements are described according to the discrete time solution of the state space equation
of structural vibration. The performance of the proposed methodology for different initial
conditions and the efficiency of neural networks with different architecture are examined by
numerical simulations. The effects of measurement noises on the identification results are
investigated and a noise-injection method is introduced to improve the identification
accuracy. Based on extensive numerical simulations, the following conclusions can be drawn:
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1. Neural network can be employed to be nonparametric modeling method for dynamic
structural systems by the direct use of structural response measurements. The inputs and
outputs of the neural networks are different according to the available responses. Structural
free vibration acceleration response at time step i can be forecast with high accuracy by the
acceleration response at time steps i-2 and i-/ using the AENN. Structural forced vibration
displacement and velocity response at time step i+/ can be forecast with high accuracy by the
displacement, velocity response and excitation force at time step i by the ENN. Form the
simulation results on the accuracy of AENN and ENN for structural dynamic response
forecasting, it can be found that neural networks, which hidden layer neurons number is about
three times it in input layer, can give satisfied non-parametric identification results for
reference structural model.

2. The root mean square of prediction difference vector (RMSPDV), which was just used
in literature to evaluate the performance of neural networks, is very sensitive to changes in
structural parameters and can be employed as an effective evaluation index for structural
parametric identification.

3. When free vibration acceleration measurements are used, the PENN can accurately
identify the parameters of object structures with different scenarios that are within the space
covered by the training patterns, even if the object structures are not included in the selected
training patterns. The identification accuracy and the statistic values under different initial
conditions that induce different vibration modes of the reference structural model are
discussed. Simulation results show the proposed methodology can provide stable parametric
identification even initial conditions are different.

4. The performance of the neural networks based strategy developed for the identification
of both stiffness and damping coefficients with the direct use of velocities and displacements
under dynamic loading is satisfactory with an accuracy of about 5%. When noise is present in
the dynamic responses, the identification accuracy can be improved by noise injection
learning.

5. Without involving any formulation of frequencies analysis, eigenvalues and mode
shapes extraction from the measurements or any optimization process that is required to solve
inverse problems in most current model updating and identification algorithms, use of
directly-measured vibration responses allows the parameters of engineering structures to be
identified in a substantially faster way with several seconds of dynamic measurements. Since
the strategy does not require the extraction of structural dynamic characteristics such as
frequencies and mode shapes, it is shown computationally efficient. More importantly, the
proposed methodologies can give the absolute values of stiffness and damping coefficients of
the object structure and does not require the complete knowledge of the condition (stiffness
and damping properties) of an undamaged structure, which is critically important for existing
structures that have been rehabilitated over the years. The reference structural model can be
approximately selected to have the same topology and number of degrees of freedom as the
object structure to be identified. Moreover, the non-uniqueness and simplicity for neural
networks construction make them viable tools for near real-time system identification of civil
infrastructures instrumented with monitoring system.
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Abstract

A learning algorithm for dynamic recurrent Elman neural networks is proposed based on
an improved particle swarm optimization. The proposed algorithm performs the evolution of
network structure, weights, initial inputs of the context units and self-feedback coefficient of
the modified Elman network together. A novel control method is presented successively based
on the proposed algorithm. A novel dynamic identifier is constructed to perform speed
identification and also a controller is designed to perform speed control for ultrasonic motors.
Numerical results show that the designed identifier and controller based on the proposed
algorithm can both achieve higher convergence precision and speed. The identifier can
approximate the nonlinear input-output mapping of the USM quite well, and the good control
effectiveness of the controller is verified using different kinds of speeds of constant, step, and
sinusoidal types. Besides, the preliminary examination on the randomly perturbation also
shows the fairly robust characteristics of the two models.
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1 Introduction

The design purpose of the control system is to influence the behavior of dynamic systems to
achieve the predeterminated objective. The control is usually requested to implement on the
premise that the accurate object and environmental knowledge cannot be obtained in advance.
So it is also desired to find suitable methods to solve the problems of uncertain and highly
complicated dynamic system identification. System identification is an important branch of
the research in control fields. However, in the field of automatic control, the methods of
system identification and parameter amendment based on the linear analysis can only be
applied to linear systems in most cases. It is difficult to extend the linear-based methods to the
complicated non-linear systems. So a large amount of approximation and simplification has to
be performed. But this unavoidably loses the desired accuracy. Fortunately the characteristics
of the non-linear transform and the ability of highly parallel operation of the artificial neural
network (ANN) provide effective methods for system identification and control, especially
for non-linear systems [1-9]. The ANN has a good potential for identification and control
applications because it can approximate the nonlinear input-output mapping of a system. It
enables the behavior of complex systems to be modeled and the accurate control to be
achieved through training, without a priori information about the structures or parameters of
systems. In recent years, there has been a growing interest in the application of neural
networks to dynamic system identification and control.

An ultrasonic motor (USM) is a typical non-linear dynamic system. It is a newly
developed motor, which has some excellent performances and useful features such as high
torque at low speeds, compactness in size and thickness, no electromagnetic interference,
short start-stop times, and many others. Due to the above-mentioned advantages, the USM
has attracted considerable attention in many practical applications [10-13], such as micro-
electrical-mechanical-system (MEMS), robots actuators, medical instruments, cameras and
aeronautics. A USM is usually a complex electro-mechanical device in which a mechanical
resonant vibration is excited in the stator through proper forcing piezoelectric ceramics and
the stator vibration is transformed into a rotation through friction contact between the stator
and rotor. The simulation and control of the USM are important problems in the applications
of the USM. According to the conventional control theory, an accurate mathematical model
should be set up. But the USM has strongly nonlinear speed characteristics that vary with the
driving conditions [14] and its operational characteristics depend on many factors, including
the mode shape, the resonant frequency, the contact stiffness, the frictional characteristics, the
working temperature and many others. Therefore, it is difficult to perform effective
identification and control to the USM using traditional methods based on mathematical
models of systems, and on the other hand, it is also unnecessary to construct such a complex
model from the control designer's point of view. The ANN can be applied to the identification
and control for the USM because it does not require any a priori knowledge.

Feedforward networks have been applied to dynamic system identification by
transforming dynamic time modeling into static space modeling, because feedforward
networks do not have dynamic memory, namely that the output of a feedforward network is
only the nonlinear mapping of the current input. This inevitably induces many problems such
as those listed in the following statements. The structure model of the system needs to be
assumed and the order of the system also needs to be ascertained in advance. Especially, the
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rapidly expanding network structure with the increase of the system order makes the learning
speed slower. Besides this problem, more nodes of the input make the corresponding system
much sensitive to the outside noise. However, the dynamic recurrent multilayer network,
which introduces dynamic links to memorize part information of the history influence, can
avoid the above problems. Therefore, dynamic recurrent neural networks have great
developmental potentialities in the fields of system modeling, identification and control [15-
19]. The Elman network is one of the simplest types among the available recurrent networks.
In this chapter, a kind of modified Elman network is employed to identify and control an
USM, and a novel learning algorithm based on an improved particle swarm optimization is
proposed for training the Elman network, where the complex theoretical analysis of the
operational mechanism and the exact mathematical description of the USM are avoided.

2 Modified ElIman Network

Figure 1 depicts the modified Elman neural network (ENN) which was proposed by Pham
and Liu [20] based on the original Elman network introduced by Elman [21]. The modified
Elman network introduces a self-feedback coefficient to improve its memorization ability.
There has been much research interest in the original and modified Elman networks in the
fields of dynamic system identification, prediction, control and many others. The modified
Elman network is a type of recurrent neural network with three layers of neurons. In addition
to the input nodes, the hidden nodes and the output nodes, there are also context nodes in this
model. The input and output nodes interact with the outside environment, whereas the hidden
and context nodes do not. The context nodes are used only to memorize previous activations
of the hidden nodes and can be considered to function as a one-step time delay. The
feedforward connections are modifiable, whereas the recurrent connections are fixed. The
modified Elman network differs from the original Elman network by having self-feedback
links with fixed coefficient & in the context nodes. Thus the output of the context nodes can
be described by

xo(k)y=axy (k=) +x,(k-1) (=L2,---,n) (1)

where x, (k) and x,(k) are, respectively, the outputs of the /th context unit and the /th

hidden unit and @ (0 < a <1) is the self-feedback coefficient. When the coefficient a is
zero, the modified Elman network is identical to the original Elman network. Assume that
there are » nodes in the input layer, #n nodes in the hidden and context layers, respectively, and
m nodes in the output layer. Then the input u is an » dimensional vector, the output x of the

hidden layer and the output x. of the context nodes are n dimensional vectors, respectively,

the output y of the output layer is m dimensional vector, and the weights W '', W'*and W "
are nXn, nXr and m X n dimensional matrices, respectively.
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Output nodes

Hidden nodes

(L (AL

Input nodes
Context nodes

u(k —1)

Figure 1. Architecture of the modified Elman network

The mathematical model of the modified Elman neural network is
x(k)= f(W“xC () +W"u(k-1)),

xc (k) = oo (k =1) + x(k = 1)j,

y(k)=g(W " x(k)).

where f(x) is often taken as the sigmoidal function

I
1+e’)‘|

Sf(x)=

and g(x) is often taken as a linear function, that is
y(k) =W "x(k)

Let the th desired output of the system be y, (k). Define the error as

E(k) = %(yd (k)= y(k)" (v, (k) = y(k)).

2)

3)

(4)

©)

(6)

(7)
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Differentiating E with respect to W, W' and W' respectively, according to the
gradient descent method, we obtain the following equations

Aw? =8 x (k)iiiiiiii (=12,-,m; j=1.2,--,n), ®)
AW}I; :7725;11/1(1(](—1) (_]:lazaana qzlaza“'ar)r (9)

éx, (k)

11
ow),

Awl =1, (8'w,) (G=12,m; [=1.2,--,n), (10)
i=1

which form the learning algorithm for the modified Elman neural network, where 77,, 77, and

7, are learning steps of W, W' and W", respectively, and

8 =g, (k)= y.(k)g!(), (11)
DN RS THON (12)
i=1
(k (k-1
ax’(“) zfj'(-)x,(k—l)+aL“). (13)
ow, ow;,

If g(x) is taken as a linear function, then g (-)=1. Obviously, Eqgs. (10) and (13)

possess recurrent characteristics.

From the above dynamic equations it can be seen that the output at an arbitrary time is
influenced by the past input-output because of the existence of feedback links. If a dynamic
system is identified or controlled by an Elman network with an artificially ascertained
structure, which is trained by the gradient decent learning algorithm, it may give rise to the
following problems. Firstly, the initial input of the context unit is given artificially, which
induces that the errors of system identification or control at the initial stage are larger.
Secondly, the search by using the above learning algorithm is easy to get into local minimum.
Thirdly, the self-feedback coefficient ¢ is given artificially or experimentally by a lengthy
trial-and-error process, which induces a lower learning efficiency. Fourthly, if the network
structure and weights do not trained at the same time, we have to determine the number of the
nodes of the hidden layer first and then train weights, which may destroy the Kosmogorov
theorem with the result that good ability of dynamic approximation can not be guaranteed
[22]. So we propose a learning algorithm of the Elman neural network based on an improved
particle swarm algorithm to improve the identification capabilities and control performances
of the model.
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There are many examples of applying genetic algorithm (GA) to optimize the parameters
and structures of static neural networks, but relatively little attention has been paid to the
possible application of GA to optimize dynamic recurrent Elman neural networks [23-25].
This absence of research into the application can partially be explained by a tremendous
computational effort using GA to train dynamic recurrent networks. In many cases this cannot
be completed on-time even by the fast computing systems of our days, and so GA is not
suitable to optimize and control dynamic systems on line. Yet, the particle swarm
optimization (PSO) may become promising tools in this field because it can approximate the
optimum solution very fast, compared to GA and some other conventional optimization
techniques. In this chapter, an improved PSO (IPSO) algorithm is proposed to train ENN
instead of using traditional gradient method, which performs the evolution of network
structure, weights, initial inputs of context units and self-feedback coefficient of the modified
Elman network together. We call the integration algorithm as IPBEA, further, an identifier
and a controller are designed to identify and control non-linear systems, called IPBEI and
IPBEC respectively.

3 Improved Particle Swarm Optimization (IPSO)

Particle swarm optimization (PSO), originally developed by Kennedy and Elberhart [26], is a
method for optimizing hard numerical functions on metaphor of social behavior of flocks of
birds and schools of fish. It is an evolutionary computation technique based on swarm
intelligence. A swarm consists of individuals, called particles, which change their positions
over time. Each particle represents a potential solution to the problem. In a PSO system,
particles fly around in a multi-dimensional search space. During its flight each particle adjusts
its position according to its own experience and the experience of its neighboring particles,
making use of the best position encountered by itself and its neighbors. The effect is that
particles move towards the better solution areas, while still having the ability to search a wide
area around the better solution areas. The performance of each particle is measured according
to a pre-defined fitness function, which is related to the problem being solved and indicates
how good a candidate solution is. The PSO has been found to be robust and fast in solving
non-linear, non-differentiable, multi-modal problems. The mathematical abstract and
executive steps of PSO are as follows.

Let the ith particle in a D -dimensional space be represented as

X =(X, 00X ,X,5) . The best previous position (which possesses the best fitness value)

I P
of the ith particle is recorded and represented as }3,: (Pitse--sPugs---» Pip)» Which is also
called pbest. The index of the best pbest among all the particles is represented by the
symbol g . The location Pg is also called gbest. The velocity for the ith particle is

represented as V,=(V,,...,V,...,V,5). The concept of the particle swarm optimization

consists of, at each time step, changing the velocity and location of each particle towards its
pbest and gbest locations according to Egs. (14) and (15), respectively:
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V, (k+D)=wV, (k) +er (B —X,(k)/At+eyr, (P~ X, ()/Ar (4)

X, (k+1)=X, (k)+V, (k+1)At (15)

where w is the inertia coefficient which is a constant in interval [0, 1] and can be adjusted in
the direction of linear decrease [27]; ¢; and ¢, are learning rates which are nonnegative
constants; | and 7, are generated randomly in the interval [0, 1]; Af is the time interval, and

commonly be set as unit; v, €[-v__,v, ], and v__ is a designated maximum velocity.

max > Vinax ) .
The termination criterion for iterations is determined according to whether the maximum
generation or a designated value of the fitness is reached.

The method described above can be considered as the conventional particle swarm
optimization, in which as time goes on, some particles become inactive quickly because they
are similar to the gbest and lost their velocities. In the next generations, they will have less

contribution for their very low global and local search capability and this problem will induce
the emergence of the prematurity. So we introduce an adaptive mechanism to improve the
performance of PSO and the improved algorithm is called IPSO. The inactive particles are
recognized and mutated after each given generation. Whether the algorithm is premature and
some particle is inactive is judged by the following conditions. Define

f%Zf o, =%i(fi % (16)

Where f; is the fitness value of the i th particle, 7 is the number of the particles in the

population, f_ is the average fitness of all the particles, and o ? s the variance, which

S
reflects the convergence degree of the population.

2
o

_ 9y
max{(f, - /)*,(j=12,---n)}

2

(17

If 77 is less than a small given threshold, and the theoretical global optimum or the
expectation optimum has not been found, the algorithm is considered to get into the
premature convergence. Then we identify those inactive particles by the inequality

Jo— T
max{(f, — f;),(j=1--,n)}

<0 (18)

where f, is the fitness of the best particle gbest and @ is a small given threshold.
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Then the best particle is retained and only one of them is retained if there are lots of the
best. At the same time the inactive particles are chosen to mutate by using a Gauss random
disturbance on them.

P.=P +p, (j=1,D) (19)

ij ij ij

where Pij is the j th component of the ith inactive particle; £, is a random variable and

g
follow a Gaussian distribution with zero mean and constant variance o°, namely
ﬁij NN(O:O-Z)'

4 IPSO-Based Learning Algorithm of Elman Network

Denote the location vector of a particle as X, and its ordered components are self-feedback
coefficient, initial inputs of the context unit and weights. The particle consists of two parts.
One is named as head, which comprises the self-feedback coefficient. The other is named as
body, which includes initial inputs of the context unit and all weights. As far as the network
shown in Figure 1 is concerned, where there exist » nodes in the input layer, #n nodes in the
hidden and context layers, and m nodes in the output layer, the corresponding particle

structure can be illustrated in Figure 2, where X S=(x2,,,x0,) is a permutation of the

initial inputs of the context unit, W'', W'*and W' are their respective permutations of the

expansion of weight matrices wh, W' and W' by rows. So the number of the elements
in the body is n+n-n+r-n+n-m. To code the parameters, we define a lower and an
upper bound for each parameter being optimized. This restricts the search space of each
parameter, and thus the specified bounds need to be valid in regard to the problem.

o )?g Wll le WU
g—
head body

Figure 2. Architecture of the particle

In the searching process of particles, the “structure developing” operation and the
“structure degenerating” operation are introduced to realize the evolution of the network
structure, namely, to determine the number of neurons of the hidden layer. Adding or deleting

neurons in the hidden layer is judged by the developing probability p_and the degenerating
probability p,, respectively. If a neuron is added, the weights related with the neuron is
added synchronously, whose values are randomly set according to the initial range. If the
degenerating probability p, passes the Bernoulli trials, a neuron of the hidden layer is

randomly deleted, and the weights related with the neuron is set zero synchronously. In each
of these iterations, the elements in the body part are updated according to Egs. (14) and (15),
whereas the element ¢ in the part of the head needs to be judged whether it evolves by the
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coefficient evolution probability p, . If it evolves, the element & is also updated using Eqs.

(14) and (15). The probabilities p,, p,and p, are given by the following equation

1

p.=p,=p.=e "’ (20)

where N ¢ represents the number of generations that the maximum fitness has not been

changed, and  is an adjustment coefficient, which is taken as 0.003 in this chapter.

The inertia coefficient w is adjusted in the direction of linear decrease using the
following equation according to Reference [27].

W(k) = Wmax ~ Whin x (k/genmax) (21)

where w(k) is the inertia coefficient in the k th iteration, w, . and w, are the maximum

X n

and the minimum of the inertia coefficient, respectively, and gen is the maximum

generation of iterations.

S Speed Identification of USM Using the IPSO-Based Elman
Network

In this section, a dynamic identifier is constructed to perform the identification for ultrasonic
motors using the IPSO-based Elman network, which is called IPBEI. Numerical simulations
are performed using the model of IPBEI for the speed identification of a longitudinal
oscillation USM [28] shown in Figure 3. Some parameters on the USM model are taken as:
driving frequency 27.8 kHZ, amplitude of driving voltage 300 ¥, allowed output moment

2.5 kg-cm, rotation speed 3.8 /5. The Block diagram of the identification model of the

motor is shown in Figure 4.

Piezoelectric Direction of
vibrator the rotation

\
)

Figure 3. Schematic diagram of the motor

Vibratory piece
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u(k) V()
—P> USM >
+
1PBEI - ek
__LV'_ZN; ''''' L (k)

Figure 4. Block diagram of identification model of the motor

In the simulative experiments, the Elman network is trained by IPSO on line. The fitness
of a particle is evaluated by the reciprocal of the mean square error, namely

L) S G.6)-y, 0 22)

/0= E (k) '/ 5

where f(k) is the fitness value of the particle j at time k, pis the width of the

identification window, y, (7) is the expected output at time 7, and (i) is the actual output

corresponding to the solution found by particle j at time i. The iterations are terminated

until a termination criterion is met, where a sufficiently good fitness value or a predefined
maximum generation is achieved in the allowed time interval. After identifying a sampling
step, the produced particles in the last iteration are stored as an initial population in the next
sampling step, only 20% of which are randomly initialized. These stored particles might be
very good guesses for the solution of the next step, especially if the system is close to the
desired steady-state. The use of the techniques described can largely save up the number of
generations needed to calculate an acceptable solution.

In order to show the effectiveness and accuracy of the identification by the proposed

method, a durative external moment of 1 N -m is applied in the time window [0.3999s, 0.7s]

as the external disturbances. The curve of the actual motor speed is shown in Figure 5, and
curve b is the amplification of curve a at the stage of the stabilization. Figures 6 to 11 show
the identification results. The proposed IPBEI model is compared with the original Elman
model using the gradient descent-based learning algorithm. In all the following figures, the
motor curve is the actual speed curve of the USM, namely, what the solid line and the symbol
“x” represent; the Elman curve is the speed curve identified using the Elman model with
gradient descent-based learning algorithm, namely, what the solid line and the symbol “e”
represent; the IPBEI curve is the speed curve identified using the IPBEI model, namely, what
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the short dot line and the symbol “ a» represent. The Elman error curve is the error curve
identified using the Elman model with gradient descent-based learning algorithm, and the
IPBEI error curve is the error curve identified using the IPBEI model, in which the error is the
difference between the identification result and the actual speed.

4.0
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Figure 5. Actual speed curve of the USM with a durative external disturbance
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Figure 6. Speed identification curves of the initial stage

Figure 6 shows the speed identification curves of the initial stage when using different
methods. The maximal identification error using the proposed method is not larger than
0.0004, which is obviously superior to the maximal identification error 3.5 obtained by using
the gradient descent-based learning algorithm. Figures 7 and 8 respectively show the speed
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identification curves and error curves of the disturbance stage. Figures 9 and 10 respectively
show the speed identification curves and error curves of the stabilization stage. These results
demonstrate the superiority of the proposed method. The identification errors using the
gradient descent-based learning algorithm are only less than 0.005, while the errors using the
proposed method are less than 0.0004. The identification error of the IPBEI is about 8% that
of the Elman model trained by the gradient descent algorithm, and the identification precision
is more than 99.98%.
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Figure 8. Identification error curves of the disturbance stage
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Figure 9. Speed identification curves of the stabilization stage
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Figure 10. Identification error curves of the stabilization stage

The identification algorithms are carried out on a PC with Pentium IV 2.8 GHz processor
and 512MB memory. There are 21000 sampling data and the whole identification time is
about 6.2 seconds. The requirement of the procedure in the CPU-time for identifying a
sampling data is only about 0.0003 seconds. So the proposed on-line identification strategy
and model can be used to identify highly non-linear systems successfully, in which the on-
line learning and estimation approach can also identify and update the parameters required by
the model to ensure the model accuracy when the condition changes.
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6 Speed Control of USM Using the IPSO-Based Elman Network

In this section, a novel controller is specially designed to control ultrasonic motors using the
IPSO-based Elman network, which is called IPBEC. The on-line control strategy and model
can be used for any type of non-linear systems especially when a direct controller cannot be
designed due to the complexity of the process and system model. The USM in Section 5 is
still used to test the performance of the controller IPBEC. In this chapter the optimal control
strategy and model is illustrated in Figure 11.
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Figure 11. Block diagram of the speed control system

In the controller IPBEC, the Elman network is trained by IPSO on line, and the driving
frequency is taken as the control variable. The fitness of a particle is evaluated by the
deviation of the control result over the expected result from a desired trajectory, which is
formulated as follows

[0 =1/e,(k)* =1/(y, ()~ y, () (23)

where [ (k) is the fitness value of the particle j at sampling time 7, y, (i) is the expected

output at time 7 and Y, (i) is the actual output corresponding to the solution found by

particle j at time 7. In order to deal with real-time control, the algorithm stops after the

maximum allowed time has passed. During each discrete sampling interval the control
algorithm is allowed to be run for 1 ms, which is equal to the time of 1 ms sampling interval
and the time that is available for calculating the next control action. In a similar way to
Section 5, after a sampling step the produced particles in the last iteration are stored as an
initial population in the next sampling step, only 20% of which are randomly initialized.
Because these stored particles might be very good guesses for the solution of the next step,
especially if the system is close to the desired steady-state. Control results show the algorithm
can approximate the optimal solution quickly, and the found solutions are perfectly
acceptable for control problems.

Figure 12 shows the USM speed control curves using the three different control strategies
when the control speed is taken as 3.6 m/s. In the figure the dotted line a represents the
speed control curve based on the method presented by Senjyu et al.[29], the solid line b
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represents the speed control curve using the method presented by Shi et al.[30] and the solid
line ¢ represents the speed curve using the method proposed in this chapter. Simulation results
show that the stable speed control curves obtained by using the three methods are with
different fluctuation degrees. The existing neural-network-based methods for USM control
have lower convergent precision and it is difficult to obtain the accurate control input for the
USM. From Figure 12 it can be seen obviously that the amplitude of the speed fluctuation
using the proposed method is quite small, while the fluctuation amplitudes using the other
methods are relatively large at the steady state. The fluctuation degree is defined as

C=W.. —V. )V, x100% (24)

ave

where V.,V . and V_  represent the maximum, minimum and average values of the

speeds. From Figure 12 it can be seen that the fluctuation degrees when using the methods
proposed by Senjyu and Shi are 5.7% and 1.9% respectively, whereas, it is just 0.06% when
using the method in this chapter. The control errors when using the methods proposed by
Senjyu and Shi are about 0.1 and 0.034 respectively, while that of IPBEC controller is kept
within 0.001. Figure 13 is the amplification of the control curve using the IPBEC controller.

The speed control curves of the referenced values varying with time are also examined to
further verify the control effectiveness of this method. Figure 14 shows the speed control
curves, where the reference speeds vary as step types at beginning and sinusoidal type
afterward, and the dotted line represents the speed control curve based on the method
proposed in this chapter and the solid line represents the reference speed curve. Figure 15 is
the amplification of Figure 14 at the time windows [10.8s, 11.2s], where there is a trough of
the reference speed curve. From the two figures it can be seen that the controller performed
successfully and this method possesses good control precision.
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Figure 12. Comparison of speed control curves using different schemes
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For the sake of verifying preliminarily the robustness of the proposed control system, we
examine the response of the system when an instantaneous perturbation is added into the
control system. The speed reference curve is the same to that in the Figure 14. Figure 16
shows the speed control curve when the driving frequency is subject to an instantaneous
perturbation with 5% of the driving frequency value at 6 seconds. From the figure it can be
seen that the control model possesses rapid adaptive function for the randomly instantaneous
perturbation on the frequency of the driving voltage, it suggests that the controller presented
here exhibits very good robust antinoise performance and can handle a variety of operating
conditions without losing the ability to track a desired course well.
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Figure 16. Speed control for randomly instantaneous disturbance

7 Conclusions

The model of the dynamic recurrent neural network needs not to acquire information on the
order of the nonlinear system in advance in the process of the identification and control. So it
possesses better generalization ability than the models of static neural networks. The
proposed learning algorithm of Elman neural networks based on the improved PSO
overcomes the shortcoming that ordinary gradient descent methods are sensitive to initial
values and can easily fall into a local extreme point. Training dynamic neural networks by
IPSO needs not to calculate the dynamic derivatives of weights, which reduces the calculation
complexity of the algorithm. Besides, the speed of convergence does not depend on the
dimension of the identified and controlled system, but only depend on the model of neural
networks and the adopted learning algorithm. The proposed learning algorithm guarantees the
rationality of the algorithm and realizes the evolution of network construct, weights, initial
inputs of the context unit and self-feedback coefficient of the Elman network together.
Further, an identifier IPBEI and a controller IPBEC are respectively designed to identify and
control non-linear systems on line. When the system is disturbed by the external noise, it can



280 Hong-Wei Ge, Yan-Chun Liang, Heow-Pueh Lee, et al.

learn on line to adopt the nonlinearity and uncertainty. Numerical results show that the
designed identifier and controller can both achieve higher convergence precision and speed.
The identifier IPBEI can approximate the nonlinear input-output mapping of the USM quite
well, and the effect and applicability of the controller IPBEC are verified using different
kinds of speeds of constant, step, and sinusoidal types. Besides, the preliminary examination
on the randomly perturbation also shows the fairly robust characteristics of the two models.
The methods would also be useful for controlling and identifying different types of non-linear
systems. It suggests that the proposed methods could provide effective approaches for system
identification and control, especially for non-linear dynamic systems. The theoretical analyses
on the robustness and convergence for the identification and speed control of the USM using
the proposed methods are currently being investigated.

Appendix A
The mathematic model of the Longitudinal Oscillation USM

The mathematic model of the longitudinal oscillation USM [27] used in this chapter is
represented by the following state space equations:

F =—KAl =—K[u(t)]-x, - (y(l,t) - y,)taner , (A1)

4 2
Ela ;(ic,t) +p058 y(x,t) 0 (F(x’t)w):m(x_z)cosa
X X

+_
at2, ax n m
»(0,0)=y"(0,0)=y"(L,t)=y"(l,1)=0 , (A2)
y(1,0) = y,, V(1,0) =y,

v ) cos

a, A3

g ot &
—(Fsina+u F Ax Av>0

P=—F sgn(Av) = ( s%na U Fcosa)sgn(Ax) (Av=0) a4
—(Fsina — pu F cosa)sgn(Ax) (Av<0)

F =Fsina+ uFcosa , (A.5)

Ji—? =F({t)R-M , (A.6)

where u(f) = Asin(pt), Av=v —v, v, =rQ.

Explanations of the above symbols are given in the following nomenclature.
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Nomenclature

F elastic force of the stator in the longitudinal direction

p driving frequency

A amplitude of driving voltage

K elastic coefficient in the longitudinal direction of the piece
(04 angle between the rotor surface and the vertical

[ length of the stator

X, initial displacement of the stator tip in the longitudinal direction
Yo initial displacement of the stator tip in the flexural direction
E Young’s modulus of elasticity

1 area moment of inertia about an axis normal to the plane
£ density of material

S area of the cross-section of the beam

F(x,t) axial compressive force assumed to be equal to F'

YRESODT NS SR OO
=

sgn(")
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