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ABSTRACT

Many electroactive functional materials have been used in small- and microscale
transducers and precision mechatronic control systems for years. It was not until the
mid-1980s that scientists started integrating electroactive materials with large-scale
structures as in situ sensors and/or actuators, thus introducing the concept of smart
materials, smart structures, and structronic systems. This paper provides an overview
of present smart materials and their sensor/actuator/structure applications. Fundamen-
tal multifield optomagnetopiezoelectric-thermoelastic behaviors and novel transducer
technologies applied to complex multifield problems involving elastic, electric, temper-
ature, magnetic, light, and other interactions are emphasized. Material histories, char-
acteristics, material varieties, limitations, sensor/actuator/structure applications, and so
forth of piezoelectrics, shape-memory materials, electro- and magnetostrictive materi-
als, electro- and magnetorheological fluids, polyelectrolyte gels, superconductors, py-
roelectrics, photostrictive materials, photoferroelectrics, magneto-optical materials, and
so forth are thoroughly reviewed.

INTRODUCTION

The concepts of smart, intelligent, and adaptive materials and structures originated in
the mid-1980s in an attempt to describe the newly emerging research area of integrating
electroactive functional materials into large-scale structures as in situ sensors and actuators.
Previously, electroactive materials had only been used in small- and microscale transducers
and precision mechatronic (mechanical + electronic) control systems. The general percep-
tion of smart, intelligent, and adaptive materials or structures implies an ability to be clever,
sharp, active, fashionable, and sophisticated. However, in reality, materials or structures can
never achieve true intelligence or reasoning without the addition of artificial intelligence
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Table 1
Common smart materials and their milestone years

Piezoelectrics ~ Shape-memory Electro- and Electro- and
(1880) materials (1932) magnetostrictive magnetorheological
pyroelectrics materials (1954/1840) fluids (1784/1947)
(315 B.C)
Polyelectrolyte Photostrictive Superconductors (1911) Liquid crystals
gels (pH materials (1974);
muscles) photovoltaic
(1949) materials
Optical fibers  Electro- Magneto-optical, Electrostatic materials
luminescence electromagnets,
particles magnetoelastic materials

through computers, microprocessors, control logic, and control algorithms. Accordingly, the
materials can only be active and the structures could ultimately be intelligent. Furthermore,
the synergistic integration of smart materials, structures, sensors, actuators, and control
electronics has redefined the concept of structures from a conventional passive elastic sys-
tem to an active or adaptive (lifelike) multifunctional structronic (structure + electronic)
system with inherent capabilities for self-sensing, diagnosis, and control capabilities [1-4].
Thus, the goal of this paper is to review the fundamental characteristics, design principles,
and practical applications of key smart materials as outlined in Table 1. The smart materials
examined include piezoelectrics, shape-memory alloys, electrostrictive materials, magne-
tostrictive materials, electrorheological fluids, magnetorheological fluids, polyelectrolyte
gels, pyroelectrics, photostrictive materials, photoferroelectric materials, magneto-optical
materials, and superconducting materials. The requirements for multifield optothermoelec-
tromagnetomechanical systems applied to complicated multifield control problems coupling
elastic, thermal, electric, magnetic, and light interactions are also discussed.

PIEZOELECTRIC MATERIALS

The Curie brothers (Jacques and Pierre) observed electric field generations on quartz
crystals when subjected to mechanical forces in 1880. (Piezo means “press” in Greek.) They
consequently also observed strain generations when the crystal was subjected to electric
fields. Piezoelectricity is, in general, an electromechanical phenomenon coupling the elastic
(dynamic coupling) field and the electric (static coupling) field. A piezoelectric material
responds to mechanical forces/pressures and generates electric charges/voltages, which is
referred to as the direct piezoelectric effect. Conversely, electric charges/fields applied to the
material can induce mechanical stresses or strains, and this is called the converse piezoelec-
tric effect [5] (see Figure 1). Usually, the direct effect is the basis for sensor applications and
the converse effect is for precision actuation and manipulation in control applications. The
actuation stroke ranges from nano-, to micro-, to millimeter scales, depending on configura-
tions and designs or with/without mechanical amplifications or deductions via lever systems.
Note that, at low electric field, piezoelectricity is a first-order effect that produces a strain
proportional to the electric field and the direction of the displacement dependent on the sign
of the electric field [6]. However, as the electric field increases, electromechanical hysteresis
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Figure 1. Piezoelectricity—an electromechanical coupling.

appears and its domain grows at strong electric fields, which can cause servodisplacement
control problems in large-stroke precision actuation of piezoelectric actuators.

Many natural and synthetic materials exhibit piezoelectric properties [7], which can
be classified into (1) natural crystals, (2) liquid crystals, (3) noncrystalline materials
(4) textures, and (5) synthetic piezoelectric materials, (see Table 2). Note that raw syn-
thetic materials are usually isotropic and nonpiezoelectric. They become anisotropic and
piezoelectric only after the poling process that involves applying a high electric field at an
elevated temperature. The field aligns the molecular dipoles in the material and the dipoles
are then fixed into the aligned orientation in the structure when the material is cooled while
maintaining the strong field. The poled piezoelectric will deform in the presence of an elec-
tric field and polarize when subject to mechanical stress. Because synthetic materials (e.g.,

Table 2
Common piezoelectric materials

Natural crystals Quartz, Rochelle salt, ammonium phosphate, etc.
Liquid crystals

Noncrystalline materials Glass rubber, paraffin, etc.

Textures Bone, wood, etc.

Synthetic piezoelectric materials (a) Piezoceramics: lead zirconate titanate (PZT), barium
titanate, lead niobrate, lead lanthinum zirconate
titanate (PLZT), etc.

(b) Crystallines: ammonium dihydrogen phosphate,
lithium sulfate, etc.

(c) Piezoelectric polymer: polyvinylidene fluoride
(PVDF or PVE,), etc.
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PZT and PLZT) and polymers (e.g., PVDF) can be fabricated into arbitrary geometries and
shapes, they are very popular in many sensor and actuator applications.

Fundamental theories on piezoelectricity, piezothermoelasticity, and optopiezother-
moelasticity have been proposed and refined over the years [6, 8-22]. Engineering applica-
tion of piezoelectric materials started with a depth-sounding device, based on Rochelle salt,
invented by Langevin in 1917. Novel piezoelectric devices were invented and applied to a
variety of engineering applications [2—4, 23-26]. Many other sensors (e.g., accelerometers,
pressure transducers, force transducers, microphones, etc.), actuators (precision manipu-
lators, robot manipulators, ultrasonic motors, driving mechanism for scanning tunneling
microscopes, etc.), smart structures, and structronic systems (e.g., helicopter rotor blades,
airplane wings, space structures, precision trusses, etc.) have been documented. (In fact, the
area of smart structures and structronics started with the distributed piezoelectric sensing
and control research in the early 1980s.) New devices are being invented and patented every
year. Table 3 gives a list of sample applications.

Recent development of adaptive (or smart) structures and microelectromechanical sys-
tems (MENS) further integrate piezoelectrics with structures and control electronics, in
both static and dynamic applications. Examples include aerospace/aircraft structures [27,
28], robot manipulators [29], vibration controls and isolations, high-precision devices, mi-
crosensors/actuators, thin-film MEMS [30], health monitoring [31], microdisplacement
actuation and control [25], and so on. Additional applications in smart structures and struc-
tronic systems encompass distributed structural control [16, 32-36], rotor dynamics control
[37], self-sensing actuators [38—40], orthogonal modal sensors/actuators [41-43], space
truss members [44], noise control [45], vibration isolators [46], active constrained damping
[47], morphing of wings and blades [48], microscopic neural-sensing and actuation char-
acteristics of conical, paraboloidal, toroidal and spherical structronic shells [49-55], and
so on. Other recent practical applications include piezoelectrically damped skis, control of
aeroelastic wing flutter, optical metering truss control, helicopter blade control, noise reduc-
tion, biomedical applications, and ultrasonic motors [56—61]. Note that although Table 3
summarizes sample applications of piezoelectrics, most of these applications can also be
achieved by many other smart materials, for example electro- and magnetostrictive mate-
rials, shape-memory materials, and so forth with different design principles due to their
individual material characteristics.

SHAPE MEMORY MATERIALS

Shape-memory-like behavior was first observed in a sample of gold cadmium (AuCd)
by Chang and Read in 1932. This shape transformation was later observed in brass in 1938,
and also in an AuCd bend bar in 1951. It was not until 1962 that a full shape-memory
effect was observed in a series of nickel-titanium alloys by Buehler, Gilfrich and Wiley.
This shape-memory alloy (SMA) is now called Nitinol (NiTi) and is the most commercially
known SMA [62]. Not only does this alloy exhibit excellent shape-memory characteristics
but it can also have variable transformation temperatures by changing its chemistry or
composition. Other alloys have also been tested for the effect; however, Nitinol proves to
be the most commercially attractive SMA material. Note that although the shape-memory
effect is predominately found in metal alloys, certain ceramics and polymers also exhibit
the shape-memory effect.

Mechanically deformed SMA, by raising its temperature, can be made to return to
its original shape, which is known as the shape-memory effect. At low temperature, the
SMA crystalline structure exhibits a needle-like structure called martensite, and it exhibits



Smart Structures and Structronic Systems 371

Table 3
Sample applications

Sensors Accelerometer, pressure transducer, force transducer,
noise/acoustic sensor, microphone, impact transducer,
distributed sensor, orthogonal (modal) sensor,
health monitoring, etc.

Actuators Precision manipulator, pressure generator, ink/fuel
injection, displacement actuator, vibration isolation,
vibration and noise control, ultrasonic motors, distributed
control, constrained layer damping, passive shunt
damping, orthogonal (modal) actuator, self-sensing
actuator, active structures, smart composites, etc.

Structures Vibration, noise, stress, strain, health monitoring,
measurements (e.g., flow, pressure, force, impact),
morphing, etc.

Machines and mechanical Vibration and noise (monitoring and control), strength,

systems stress, strain, health monitoring and diagnosis, optical
systems, measurements (e.g., force, acceleration,
pressure, impact, noise), rotor control, etc.

Medical and biomedical Disposable sensors, ultrasonic devices, precision drives and

applications control (e.g., scanning tunneling microscopes,
manipulators, etc.)

Robotics and mechatronic  Precision actuation, manipulation, control, precision/micro

systems robots, robot grippers, flexible robot control,
microelectromechanical systems (MEMS), micro
sensor/actuator, etc.

Smart structures and Adaptive structures and composites, structural control,

structronic systems adaptive geometry and shape control, adaptive aircraft
wings or helicopter blades (morphing), noise and
vibration control, damage detection, health monitoring,
self-sensing actuators, damage repairs, precision truss
structures, positioning, aerospace structures and
satellites, etc.

a strong cubic structure called austenite when heated. The different physical properties
at the martensitic and the austenitic crystal structures produce the shape-memory effect.
While in the martensitic crystal structure, the material is more compliant (lower Young’s
modulus) than when in the austenitic crystal structure. The austenitic crystal structure
is considerably more rigid (higher Young’s modulus). The temperature range at which
SMAs undergo martensitic transformation depends on several factors, some of which can
be altered to fit specific needs. The temperature at which the martensite starts to form varies
for different materials and different ratios of metal in shape-memory alloys. In Ni-Ti alloys,
the temperature at which the martensite forms can vary from —200°C to 4-100°C depending
on the nickel-to-titanium ratio. Cu—Ni—Al alloys can produce martensitic transformations as
high as 200°C [63]. The temperature range between the martensitic and austenitic states is
also an important factor for SMA applications. The typical range is about 5 to 10°C [64]. The
other important property of this crystalline transformation is the existence of temperature
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Figure 2. (a) SMA one-way effect, (b) two-way effect, and (c) pseudoelasticity.

hysteresis. This means that the transformation from martensite to austenite occurs at higher
temperature while heating, and the transformation from austenite to martensite occurs at a
lower temperature upon cooling. The extent of this hysteresis can be quite significant—30
to 50°C for common Ni—Ti SMAs. Material modifications can either decrease the hysteresis
to as low as 15°C or as high as 100°C [65].

There are three fundamental shape-memory effects: (1) the one-way effect, (2) the
two-way effect, and (3) the pseudoelasticity (or superelasticity). Figure 2 illustrates the
characteristics of the one-way effect, the two-way effect, and the pseudoelasticity. Plastically
deforming an SMA in the martensitic form and recovering its original shape at a higher
temperature is known as the one-way effect. This effect is particularly useful in Ni-Ti
alloys due to the existence of two yield points. This alloy exhibits a low yield point and
a significantly high yield point [65]. Deformations above the first yield point are easily
recoverable by heating, but deformations above the second yield point are not recoverable by
heating. The typical amount of recoverable deformations is as high as 3—4% for copper-based
alloys and 6-8% for Ni-Ti alloys [63]. The second effect of SMAs is the two-way effect.
This is probably the most widely used and beneficial effect of SMAs. Thermal energy can be
efficiently translated into mechanical energy using the two-way effect. If a force is applied to
an SMA in the martensitic state, heating above the martensitic transformation temperature
while applying the same force will cause the strain in the alloy to be reduced. (That is the
same stress that will cause less strain in the austenitic state than in the martensitic state.)
This is due to the decreased elasticity of the austenitic state. The force generated during
the transformation between the two states is quite significant, and it makes SMAs useful
for a number of applications. The third effect exhibited by SMAs is the pseudoelasticity (or
superelasticity) that only occurs when the SMA is slightly above its transition temperature.
When an alloy is in the austenitic state, a stress-induced martensitic transformation can
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occur. However, because the material is above its transition temperature, ambient thermal
energy converts the martensite back to the austenite after the stress is relieved. The material
is forcefully transformed back to its previous austenite shape providing a very springy or
rubberlike elasticity in the alloy. This effect allows the SMA to have recoverable strain
beyond that of most materials. Strain as high as 5% can be repetitively recovered using Ni—
Ti wires; however, fatigue is a problem [66]. There has been continual research devoted to
finding new alloys exhibiting the shape-memory effect. Patents in recent years have shown
such alloys as copper, zinc, and aluminum combined with lesser amounts of nickel and
titanium.

In 1969, Raychem successfully produced a NiTi hydraulic pipe coupling called Cryofit
and it was used in military high-performance hydraulic systems. Interest in SMA products
increased greatly in Japan in the 1970s. Recall that the two-way effect can be utilized in
a number of different actuators both thermal and electrical. Because the two-way effect
works with both normal and shear stresses, a wide range of geometrical configurations
can be used as actuators. SMAs can be made into straight wires, helical springs, cantilever
springs, wave-washer springs, torsion wires/rods, torsion tubes, and so on. Straight wires
and wave-washer springs tend to produce a higher force and a smaller motion than helical
springs. The two-way effect can also be achieved without the application of an external
force. This requires a special heat-treating process involving prestressing the material at
different temperatures. The true two-way effect produces less motion and force and is less
well understood than the two-way effect involving an external force. The heat-treatment
procedure is also more expensive, making this type of two-way effect less desirable than
the external force method [65]. Many SMA applications include SMA prosthetic arms [67],
coffee makers, seals and fasteners, blood clot filters, deep fryers, expresso machines, and
so on. [64]. Proposals for new applications include wing morphing, circuit breakers, fire
dampers, autovent systems, door panel controls, and so forth.

ELECTROSTRICTIVE MATERIALS

Both electrostrictors and piezoelectrics belong to the ferroelectric family. Piezoelec-
tricity is a first-order effect; however, electrostriction is a second-order (quadratic) effect,
that is, the induced strain is proportional to the square of the applied electric field. Thus, the
induced strain is independent of the direction of the applied field and the same deformation
(direction and magnitude) occurs when the field is reversed (Figure 3).

Electrostriction is usually present in all dielectric materials but is very weak due to
the dominating stronger first-order piezoelectric effect. Thus, during the development of
piezoelectric applications, the smaller, second-order electrostrictive effect is ignored for
most practical purposes. However, materials that have high dielectric constants (high po-
larizations), such as relaxor ferroelectrics, can exhibit very large electrostrictive strains.
Unlike piezoelectrics, the spontaneous polarization in a relaxor ferroelectric does not dis-
appear at a certain Curie temperature, but slowly decays with increasing temperature. This
phenomenon might be caused by the diffuse nature of the transition related to a partially
disordered distribution of cations in a relaxor ferroelectric, permitting a mixture of pyroelec-
tric and paraelectric phases existing over a wide temperature range. Hence, the dielectric
hysteresis in the transition region disappears before the spontaneous polarization, allowing
significant electrostriction with minimal hysteresis above and below the nominal transition
temperature. Also, strains on the order of 0.1% are typical for electrostrictors and the mate-
rial is stable in nature because no electric manipulation of the domains is required to orient
dipoles [68].
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Figure 3. Electrostrictive response.

Lead magnesium niobate, Pb(Mg; ;3Nb,,3)O3 (PMN), or its solid solutions with lead ti-
tanate, Pb(Mg;3Nb;,3)O03-PbTiO3 (PMN-PT), are the most significant relaxor ferroelectrics
commonly used in actuator applications. In 1958, Smolenski and Agranovskaya first dis-
covered PMN, which is described as a relaxor ferroelectric perovskite with an average
Curie temperature of about 0°C. It has a high dielectric constant with a wide temperature
range. Materials with a PMN base and operating above the nominal transition temperature
will typically have high induced strains (>0.1%) and low hysteresis (<5%) in fields of
moderate intensity (~1 MV/m) [69]. Electrostrictive PMN is a purely nonpiezoelectric ma-
terial in which the electrostrictive effect can be strongly distinguished. Note that polymeric
electrostrictive materials were also reported in recent years.

However, electrostrictive materials might be more reliable than piezoelectric materials
based on certain physical properties such as hysteresis, poling, modulus, temperature effect,
external interference, and so on, discussed as follows:

1. Electrostrictive PMN exhibits a negligible hysteresis (<1%), which is essential in
repeatedly locating and maintaining a setpoint accuracy and open-loop controlled
responses.

2. PMN requires no poling, which means it remains stable with no aging or creep
commonly found in piezoelectric devices.

3. PMN has a very high elastic modulus (17 x 10° psi) which produces relatively high
stiffness, enhancing the force/deflection capability.

4. PMN actuators have negligible thermal growth because the thermal expansion co-
efficient dissipates very little power. Its high maximum service temperature further
allows PMN devices to operate in very harsh environments.

5. PMN also has improved strain sensitivity that reduces the operating voltage below
150 V.

6. PMN produces little or no electrical or magnetic interference with other components.
Accordingly, PMN components have replaced many piezoelectric actuators used in
precision apparatus because the PMN drift is less than 3% over two days compared
with 10-15% of a comparable piezoelectric device under loading [68, 70].

Precision actuators and displacement transducers are ideal applications of PMN-based
materials. Note that both electrostrictive and piezoelectric materials provide accurate
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displacements with a rapid response time in actuator applications. Comparing with elec-
tromagnetic actuators, electrostrictive or piezoelectric systems are more compact, consume
less power, and have fewer overheating problems. Thus, these materials are open to a wide
variety of commercial applications. Practical PMN applications include displacement ac-
tuators [71, 72], motors [73], pumps [74, 75], optical scanning systems [76], vibration
isolators, tool bits, and so on. One application in optical devices is in the positioning of
deformable mirrors, such as those in Hubble Space Telescope. PMN is arranged in an array
on the back of the mirror surface, which can control the surface of the mirror reflection. This
is especially useful in the precision control of a high-power laser light. Similar technology
applies to the optical fiber polarization controlled by the actuator compression of single
fibers. The other major application is the development of linear and rotational motors with
typical range of motion of several micrometers for each centimeter of electrostrictor. Again,
with lever systems, one can either extend or reduce its operation range. Recent development
focuses on electrostrictive polymers and multifield coupling theories [77, 78].

MAGNETOSTRICTIVE MATERIALS

Magnetostriction is also a second-order (quadratic) effect; that is, the induced strain is
proportional to the square of the applied magnetic field, which is similar to electrostriction
(Figure 3). Thus, its induced strain is independent of the direction of the applied magnetic
field and the same deformation (direction and magnitude) occurs when the field is reversed.

Nickel was the first known magnetostrictive material that exhibited strains of approxi-
mately 50 parts per million (ppm) or a strain of 50 wm in a 1-m rod, commonly called micro
strain. In 1963, Alstad and Rhyne discovered that the rare earth element terbium combined
with iron produced much larger strains (greater than 1000 ppm). This giant strain, however,
was only achieved at cryogenic temperatures and in the presence of a large magnetic field.
In 1972, Clark and Savage finally produced an alloy of terbium, dysprosium, and iron that
generated giant strains at room temperature and without the need for large magnetic fields.
This new alloy was named Terfenol-D or giant magnetostrictive material. The new material
can also produce great forces, fast, high-precision motion, high efficiencies, and high power
levels. The material possesses another valuable characteristic: it can efficiently convert en-
ergy from an electrical form to a mechanical form and vice versa. This implies that the
materials can be applied to both sensor and actuator applications. However, characteristic
drawbacks of Terfenol-D include high flammability and brittleness. Note that there has been
magnetostrictive polymer development in Japan recently.

A magnetic field causes the Terfenol-D material to increase in length when the magne-
tizing field is applied parallel to the drive axis. This linear displacement is maximized when
the Terfenol-D material is mechanically prestressed and the difference in strain can be as
much as 1500-1700 ppm. Prestressing the material also tends to increase its linear response
at low fields, and varying the prestress actually allows for limited variation in response. As
discussed previously, Terfenol-D can provide only positive displacement in the presence
of an AC field. To obtain both positive and negative strains, magnetic biasing is required.
This biasing effect may be provided by permanent magnets or other external DC supply
sources. (Note that piezoelectric PZT actuators are also often biased with a DC voltage.)
Device applications can be mainly divided into two categories, (1) sensors and, (2) actu-
ators, in addition to mechatronic and structronic systems. Precision actuator applications
include magnetostrictive clamps [79], direct-drive motors [80], self-biased modular drivers
[81], self-sensing struts [82], magnetostrictive shakers [83], and so on. Sensor applications
are omnidirectional loudspeakers [84], low-frequency sound transducers [85], helical line
hydrophones [86], and so forth.
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ELECTRO- AND MAGNETORHEOLOGICAL FLUIDS

Usually, temperature and pressure influence kinematic viscosity of most fluids. How-
ever, the viscosity of electro- and magnetorheological fluids is controlled by their molecular
structure and activated by external electric or magnetic fields. Thus, the viscosity of an
electro- and magnetorheological fluid can be altered without changing the temperature or
pressure of the fluid. Active rheological fluids can be grouped into (1) electrorheological
(ER) fluids, (2) magnetorheological (MR) fluids, and (3) ferrofluids. These fluids change
their physical properties when an electrical or magnetic field is applied. Usually, ER and
MR fluids contain micron-sized particles dispersed in a carrier liquid (usually oil) and they
develop a yield stress in response to an electric or magnetic field. However, ferrofluid con-
tains nanometer-sized particles dispersed in an oil. The particles attract with a magnetic
field applied; however, there is no yield stress developed in response to the magnetic field.
When a rheological fluid is exposed to the appropriate energy field, the solid particles in
the fluid align. This particle alignment causes the fluid’s viscosity to decrease or increase.
Viscosity is the rate of deformation of a fluid due to imposed shear stress. The emphasis in
this section is on the first two distinct materials: ER and MR.

Electrorheological (ER) fluids

Observation of the ER characteristic went back to Winkler in 1784. However, Winslow
further systematically studied ER property changes in 1947, and accordingly the ER phe-
nomenon is sometimes referred to as the Winslow effect. ER fluids are colloidal suspensions
that dramatically change properties when an appropriate electrical field is applied. Normally,
ER fluids behave like normal Newtonian fluids. However, the linear structures that form
when an electric field is applied hinder the free flow of the ER fluid. ER fluids under the
influence of an electric field as small as 3 kV/mm behave like Bingham plastics, with a
dynamic yield stress on the order of 10 kPa. In addition, the transformation time required
for an ER fluid to change yield stress and viscosity characteristics is only a few milliseconds.
Thus, ER fluids can change from a liquid to a solidlike structure almost instantly, which is
highly advantageous in engineering applications [87].

Magneto-rheological (MR) fluids

MR fluids contain magnetizable particles: fibrous carbon suspended in a carrier fluid.
Ferrometallic particles, such as carbonyl iron and other compounds are used as the magne-
tizable particles; silicon oil can be used as the carrier fluid. The MR fluid may also contain a
surfactant to enhance the suspension of the solid magnetized ferrometallic particles. When
an electrical current is applied to these fluids, the flow characteristics are changed almost
instantly. Thus, a fluid with low viscosity can be made viscous by simply applying a mag-
netic field controlled electrically. The degree to which the viscosity is altered is proportional
to the magnitude of the magnetic field applied [88, 89].

The major difference between ER and MR fluids is the appropriate applied energy
fields. The ER fluids are those that respond to high-voltage and low-current electric fields,
whereas MR fluids respond to magnetic fields, operate on battery voltage, and generate
high fluid shear stress [90]. There is another difference concerning their efficiency. ER
fluids require thousands of volts for operation and yield low shear stresses. With this much
energy needed, there is obvious concern for safely containing the voltage and packaging
the product to satisfy design requirements. Because MR fluids respond magnetically, they
do not need the high voltage as ER fluids do, and MR fluids usually produce a much higher
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Figure 4. Three fundamental ER/MR design principles. (a) Direct shear mode, (b) Valve
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shear stress compared to ER fluids. MR fluids also exhibit very low shear resistance at
zero field, high shear stresses at maximum applied field, low hysteresis, chemical inertness,
temperature stability, and fast response time.

There are three basic design modes of ER/MR devices and systems. The first is the direct
shear mode (or the sliding plate mode) in which one of the permanent magnets or electrodes
moves and the fluid experiences a shearing effect. The second is the valve mode (or the fixed
electrode mode) in which the fluid is sandwiched between two stationary permanent magnets
or electrodes resulting in an imposed flow field between the electrodes. The last mode is
the squeeze film mode (or the fixed volume mode) where the force and displacement of the
fluid are parallel to the magnetic poles or electrodes. Figure 4 illustrates the three design and
application principles. Controllable applications of ER/MR fluids include active vibration
isolation, control, dampers [91], squeeze film damping devices [92], active vehicular shock
absorbers [88, 93], engine mounts [94], rotary active control damper [90], and so on.

POLYELECTROLYTE GELS

Ionic polymeric gels are polymeric solutions that possess the ability to alter their
physical properties depending on imposed environmental conditions, such as pH, electrical
fields, electrical charge, light, and so forth. Katchalsky and Kuhn reported the swelling and
shrinking of polymeric acids by ionization in 1949. Many new polymers were discovered
between the years of 1988 and 1991, but not much theoretical work was begun until the
early 1990s. Many of the earlier polymers had to be tested to determine the properties
they exhibited. Even now theories that exist for the prediction of polymer behavior do not
encompass all the gels; some gel properties still have to be experimentally determined [95].

Tonic polymeric gels (with some exceptions) expand and contract with changes in var-
ious imposed environmental factors. There are generally four competing forces acting on
the gel polymer: the elasticity, the polymer—liquid viscous interaction, the inertial effect,
and the electrophoretic/ionic interaction and ion pressure. It has been known for some time
that gels consisting of ionic polymers deform when an electric field is applied through
the solution emerging the gel. Swelling/contraction is a complex phenomenon depending
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on pH, salt concentrations, and electric field strength [96, 97]. The gel volume is deter-
mined by opposing effects. Swelling of the gel is induced by attractive interaction between
polymer and solvent. The other is the elasticity of the solution, which counteracts ex-
pansion. This should determine the overall volume of the polymeric gel. However, if the
gel contains electrical charges, the ions within the gel are not equivalent to those outside
the gel; hence, an electrical imbalance is induced, and further expansion/contraction is
induced.

When gels are brought into an alkaline or acidic environment, the behavior of the gel
is modified. When an imbalance of ions occurs in an acidic region, expansion of the gel
tends to be less severe than if the same polymer is brought into an alkaline region, that is,
gels shrink in acidic solution and swell in alkaline solution. Furthermore, it appears that
expansion of a neutral gel solution is similar to that of an alkaline solution except at high
and low ionic concentrations. Initially, these two kinds of functional groups are considered
to be oppositely charged and electrostatically bound to each other. In alkaline solution, the
amino groups will be neutralized, and the sulfonate groups will remain negatively charged.
Therefore, electrostatic linkage between the two functional groups will disappear, and the
electrostatic repulsion between sulfonate groups will contribute to the swelling of the gel.
Such electrostatic repulsion between the similarly charged groups is known to contribute
to the swelling cross-linked polymer gel. For the acidic solution, sulfonate groups will
remain negatively charged, and the electrostatic bond will not disappear, resulting in no
swelling.

When an electric field is applied, an imbalance is induced within the gel, and contrac-
tion/expansion occurs. Behavior of a cationic gel under the influence of an electric field
can be explained as follows. First, the anode side shrinks if the gel is contacting with the
anode, whereas the anode side swells and then shrinks if the gel is sufficiently separated
from the anode. Second, the cathode shrinks slightly in both contacting and noncontacting
cases. Additionally it is interesting to note that the deformation of the gel is inversely pro-
portional to the square of the applied current; and if the diffusion of the ions are the same,
the deformation is further governed by the dominant ions, alkaline or acidic.

Thus, actuators, self-correcting devices, or regulators are their natural applications.
Examples include artificial corneas [98], gas sensors [99, 100], medical implants, drug
delivery systems, artificial fingers [101, 102], muscles [95, 103], robotics actuators [104],
optical waveguides [105], adhesives, and membranes and integrated force arrays [104],
just to mention a few. Future research, development, and applications still need to be
explored.

PYROELECTRIC MATERIALS

Pyroelectricity is defined as an instantaneous polarization of crystals in response to a
temperature differential. Pyroelectric crystals were first mentioned by the Greek philoso-
pher Theophrastus, who described lyncurium—a material known to have the property of
attracting thin bits of metal or wood [106, 107]. This attraction was later shown to result
from thermal effects, which caused an inhomogeneous change of the pyroelectric material’s
temperature. This, in turn, caused charges to form on the ends of the pyroelectric crystals
[108]. Of the 32 point groups of crystals, 20 groups are piezoelectric and only 10 groups
qualify as pyroelectric. All pyroelectrics are a subgroup of the piezoelectrics, a crystal group
characterized by polarization due to mechanical strain [6]. In most applications, five com-
mon pyroelectric materials are used: triglycine sulfate, lithium tantalate, strontium barium
niobate, PVDF, and ceramic materials based on lead zirconate [109]. Tourmaline is one of
the best-known pyroelectric crystals. Several varieties exist, with the dark varieties having
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little or no pyroelectric effect. This is due to the high conductivity of the darker varieties.
The effects in tourmaline are basically secondary with only 10-20% due to primary pyro-
electricity. Tourmaline crystals were observed to attract dust particles during heating and
cooling [107].

Pyroelectricity may be further divided into two categories: vectorial and tensorial.
Vectorial pyroelectricity, the most common, may be defined as the change with temperature
of positive and negative polarization charges on certain portions of crystals belonging to
certain classes. Similarly, tensorial pyroelectricity manifests itself in the production of small
charges of like sign at edges occurring at the ends of certain axes, when the crystal is heated
uniformly. Tensorial pyroelectricity is concerned with the quadrupole moments in crystals
and is theoretically applicable to all crystal structures except cubic. Uniform heating causes
changes in the field in the immediate neighborhood of the quadrupoles with the result that
double layers of electricity appear at the surface [6, pp. 699-711].

The total pyroelectricity of a crystal consists of two parts: a primary component corre-
sponding to a temperature differential on a completely contained crystal, and a secondary
component dealing with the piezoelectric deformation that occurs due to the rising tem-
perature and thermal expansion [110-112]. Secondary pyroelectric effects may be further
subdivided according to whether heating is uniform. These are referred as the first kind and
the second kind, representing nonuniform and uniform heating, respectively. The converse
of pyroelectricity is the electrocaloric effect, which is known as the change in temperature
of a pyroelectric crystal caused by a change in the electric field [6]. This is generally a
very small quantity, but in some cases, like Rochelle salt, is not to be considered negligible.
Pyroelectric devices are primarily applied to temperature-related measurements or infrared
detection [113]. Several useful applications for pyroelectric materials include the measure-
ment of thermal parameters [114], x-ray generation, electrostatic attraction, the testing of
reflectivity [115], vehicle monitoring [116], infrared CCD camera [117, 118], integrated
circuit monitoring [119], and so on.

OPTOELECTRO/MAGNETO MATERIALS

Three photoelectro/magneto material classes and their applications are reviewed in this
section. The first class encompasses the photostrictive materials, the second encompasses
the photoferroelectric materials, and the third the magneto-optical materials. The first class
can be used as both sensor and actuator, whereas the second and the third are primarily
used as information storage devices, although the magneto-optical materials are often used
to manipulate and control light orientations in optical systems. Material characteristics,
control mechanisms, and practical applications are discussed.

Photostrictive materials

Photostriction (or optopiezoelectricity) is a photodeformation process that includes
two fundamental opto-electromechanical effects: the photovoltaic effect and the converse
piezoelectric effect [22, 120-125]. Figure 5 illustrates the photostrictive effect and the
photodeformation process. Photostrictive ceramics are ferrodielectric ceramics that have
a photostrictive effect. PLZT is a photostrictive material with the general formula [(Ph,
La)(Zr,Ti)O3] that can be utilized as photostrictive actuators. PLZT ceramics are fabricated
in a hot-forging process using PbO, TiO,, ZrO,, and La,O; powders with Nb,O3 as a
dopant and are then hot-forged to create a PLZT ceramic. The TiO, and ZnO, powders
are mixed and hall milled in acetone, producing a dry powder after drying. This mixture
is then combined with PbO and LaO; and NbOs as a dopant. This new mixture is ball
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Figure 5. Photodeformation and photostriction characteristics.

milled in acetone, also producing a dry powder when evaporated. The powder is calcined
and then sifted to produce a particle size of 0.3—-0.2 um. The final operation is to form the
PLZT powder to the desired shape by cold-pressing the powder and then sintering at 1000—
1150°C in oxygen. The PLZT material can be made denser by hot-forging to a temperature
of 1175-1275°C at 800-1200 psi for 1-3 h. This will achieve a density of 98.5% of the
material’s theoretical maximum density. The result of the Nb-doped PLZT ceramic is an
increased maximum strain and fatigue life over conventionally fabricated PLZT materials
in addition to reduced strain hysteresis [126].

A photostrictive actuator system is usually made of two-layer photosensitive materials
which are bonded together in opposite polarity, that is, the bimorph configuration with
their planar spontaneous polarities opposite to each other. It is assumed that the bonding
adhesive layer provides a perfect bonding and the viscoelastic effect can be neglected.
The bonding layer is assumed opaque to light transmission. Accordingly, the irradiated
light is absorbed on the top layer and no light penetrates into the bottom layer. When
the top surface is irradiated by a uniform high-energy illumination, the absorbed light
energy on the top layer induces a current on the top layer due to the photovoltaic effect
and this current flows opposite to its polarized direction [120]. The induced current flow
charges the end surface paired electrodes and thus generates an in-plane electric field.
Consequently, a positive strain is generated in the top illuminated layer and a negative strain
is generated in the bottom dark layer due to the converse piezoelectric effect. This coupling
effect causes the photostrictive optical actuator to deform convexly (the photodeformation
effect), and accordingly distributed actuation and control can be induced [22, 125]. The
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magnitude of photodeformation is on the order of microns applicable to precision actuation
and micromachines.

Note that PLZT ceramics, when utilized as a photostrictive device, have a response time
many orders of magnitude slower than piezoelectric materials. In general, the response takes
the first-order form with the exponential characteristics [127]. The discharge response could
be three times slower than the charge response. Accordingly, the photostrictive materials
are effective for precision static or quasi-static actuation and control applications. Recent
studies have also investigated the feasibility of distributed optoelectromechanical actuators
applied to distributed vibration control of plates and shells [22, 123-125]. To make PLZT
ceramics a viable active material utilized as dynamic optical actuators, the response time
has to be significantly improved. Ongoing research is addressing this issue with much
success. Furthermore, because high-energy lights drive the actuators, the actuator can be
activated via wireless noncontact light sources without any hardwire connections or physical
contact. Thus, these actuators can be used in hostile environments (e.g., nuclear radiation,
chemical contamination, strong electromagnetic fields, etc.). Other practical applications
include photophones [128], optical switchs [129], microactuators [130], optical projection
systems [131], optorobots [132], and so forth.

Photoferroelectric materials

Photoferroelectric materials such as lead lanthanum zirconate titanate have been used to
store information for many years [121]. These materials become relatively polarized when
a light signal is applied to the material. The combination of a positive bias voltage and
light exposure causes the ferroelectric domains to reorient or reverse in the exposed regions
while remaining unchanged in the unexposed regions. The maximum resolution of images
stored in these materials, bulk ceramic plates, was found that the minimum size of a pixel
(image resolution element) is approximately four to five grain diameters. The minimum
grain size that has been obtained in these materials is about 1 pm and the minimum pixel
size is about 4 to 5 wm. The light is transmitted through a polycrystalline ceramic plate;
when it encounters refractive index mismatches at grain and domain boundaries, it produces
depolarization and light scattering. Switching times for these materials are on the order of
tens of microseconds for ceramic plates of photoferroelectric materials. Correlation devices
have a wide variety of present applications and even wider variety of future uses. These
devices provide a way for determining whether an externally perceived object matches or
looks like a known object. Examples of devices might include intrusion detection systems,
terrain identification systems, and critical alignment systems. One of the most important
characteristics of new devices is that they perform at a great speed without the need for
many optical components or slow mechanical scanning components. Other applications
include a new laser centering device used in stereolithography systems.

Magneto-optical materials

In 1845, Michael Faraday discovered that a polarized light passing through a piece of
heavy glass attached to the poles of a powerful electromagnet changed its polarized angles.
This effect later became known as the magneto-optical effect, or the Faraday effect. A
linearly polarized light passing through a magneto-optical material placed in a magnetic field
will remain linearly polarized, but the plane of polarization will be rotated. The net rotation
of the plane of polarization is equal to the product of the material thickness, the magnetic
field strength, and the Verdet constant influenced by both temperature and wavelength
[133, 134].
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A beam of polarized light can be approximated as two counter-rotating beams of light.
The linear polarized light passing through the magneto-optical material is equal to two
polarized components: a right circularly polarized component and a left circularly polarized
component. Each component is affected differently by the magnetic field, and they each
enter the magneto-optical material at different speeds. When the light comes out the other
side, the left and right circular components are out of phase and after superposition they
become a linearly polarized light beam with the polarization rotated relative to its original
orientation. Although Faraday discovered the magneto-optical effect in 1845, very little was
done to practically utilize this technology until recent years.

One application of the Faraday effect and magneto-optical material is as an optical
or light isolator. The isolator is a device that permits electromagnetic waves to travel in
only one direction. Usually, a Faraday rotator is placed between a polarizer and an analyzer
such that polarized light is rotated 45° counterclockwise by the Faraday rotator. This light
and orientation travel completely through the analyzer with no distortion. Optical elements
farther down the line cause undesirable backreflections (retropulses), but by passing the light
beam (including backreflections) through the Faraday rotator a second time, the polarized
light is rotated another 45°. The polarized light then encounters the polarizer at an angle of
90°, and the polarizer rejects this 90° light beam—preventing the light from returning back
to the system where it could damage optical components. The isolator isolates the system
from stray light waves.

Another common use of magneto-optical materials is data recording in magneto-optical
media, regardless of whether it is called magnetic or optical. The fundamental principle of
a magneto-optical memory device is relatively simple. Common magnetic media have a
low coercivity at room temperature; that is, the Curie point for regular magnetic media
approximates room temperature. The Curie point basically indicates the temperature at
which the magnetic field on a material can be permanently altered. Because regular magnetic
media have a low coercivity, they are prone to being erased by being exposed to an external
magnetic field. One of the biggest advantages of optical and magneto-optical data storage is
that the Curie point is relatively high, and regardless of the strength of the magnetic field the
storage units are placed under, the permanently stored data on the disk will not be affected
unless the media are heated to a temperature above the Curie point [135, 136].

Magneto-optical disks of the magnetic field modulation mode are used in data files
and other advanced applications. The magnetic field modulation mode records signals in a
magneto-optical disk by directing a laser beam from an optical head to the recording layer
in a DC manner by raising the temperature of the irradiated spot and applying a modulated
magnetic field across the recording layer from a magnetic head opposed to the optical
head at the same time. Therefore, the magnetic field modulation mode allows for overwrite
recording and has potential application to rewritable compact disks. Many other mechatronic
applications utilize magneto-optical materials to vary the polarity of light (on or off) to send
digital signals. Because these signals are sent through light beams, they can be significantly
faster and better to work with than typical electronic digital signals, because the mass of
photons is much less than that of electrons. With the constant accelerations and decelerations
present in a computer chip, the design of chips has become much more complicated than it
could be with the use of these optical signals. Furthermore, magneto-optical material can
be used in computers for three-dimensional memory or in printheads [137] to obtain up to
300 dots per inch or even in fluids to detect the amount of magnetic debris present. Future
mass data storage systems depend on the development of magneto-optical materials and
systems. Other applications include laser radars [138], infrared detection [139], and optical
shutters [140].
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SUPERCONDUCTING MATERIALS

In 1911, Kamerlingh Onnes first observed that the resistance of mercury wire vanished
as the temperature approached absolute zero. This observation led into a new age of super-
conductivity. Electrical resistance in metallic conductors arises due to material impurities,
defects, and ion vibrations within the lattice structure at normal temperature. However,
as one lowers the temperature of some materials, the resistance due to the vibrating ions
decreases. In many nonmagnetic elements, alloys, and compounds, when the temperature
drops below a certain value, the critical temperature, the material enters into a superconduc-
tive state [ 141]. In a superconductor, all resistance due to the ion vibration is removed as the
temperature drops below the critical temperature. This leaves the resistance as a function
of the impurities and defects within the material. Thus, the resistivity of a superconductor
can be reduced to less than 10~!2 of a specimen at normal temperatures [142].

There are two important effects influencing the operation of superconductors and their
applications. The first one is the Meissner—Ochsenfeld effect. For cylinders and spheres
of superconducting materials, once the critical temperature is reached, the material expels
all magnetic fields [141]. The second effect is the Josephson effect, which consists of two
parts. The first, the DC Josephson effect, involves the movement of electrons. Consider two
superconductors separated by a very thin insulator. Pairs of electrons, called Cooper pairs,
can cross the insulating material into the other superconductor. The movement of the Cooper
pairs across the insulator, called tunneling, results in what is called a supercurrent. In short,
a current is created without applying a potential difference. The second of the Josephson
effects is the AC effect. This arises from the fact that when a DC potential difference
is applied across a configuration like the one just described, an AC supercurrent results.
This phenomenon may be used to measure a DC potential difference very accurately. One
common use of the Josephson effects is in superconducting quantum interference devices
(SQUIDs). A SQUID is a device that is used to detect very weak, external magnetic fields.
Its basic operation is fairly simple. A supercurrent is split at a junction and joined at a
second junction. The phase difference between the Cooper pairs for each path, as measured
at the second junction, is dependent on the path and the magnetic flux through the loop.
Thus, the current at the second junction varies with the properties of the external magnetic
field.

There are three types of superconductors. The first, type-I, has two very distinct states.
The state of the material is determined by a combination of the temperature and the external
magnetic field. If the field is very weak (weaker than the critical field B.) and the temperature
very low (lower than the critical temperature T ), the material will be in the superconducting
state. Otherwise, the material is considered to be in its normal state. It should be noted
that type I superconductors were the first discovered. However, superconductivity in these
materials is very hard to maintain. This is primarily because they are the lowest temperature
superconductors and are readily affected by external magnetic fields. Thus, they are also
the least useful in practical applications.

The second group of superconductors are the type II superconductors. Though these
materials remain superconducting to a much higher temperature than their type I counter-
parts, they can also exist in a mixed state. This state, which resides between the purely
superconductive and the normal state, occurs when the external magnetic field is greater
than the first critical field (B.) but less than the second (B, ) at a given critical temperature.
In the mixed state, the solid consists of thin cores or filaments existing in the normal state.
While the cores are in the normal state, the surrounding material is in the superconductive
state. The superconductive material contains a current that flows around each core. This, in
turn, produces a magnetic flux through each core [141].
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The third type of superconductors is the high-temperature variety, which are sometimes
referred to as the type III superconductors. Although little is known about how or why these
work, they do show great promise for commercial applications. The type III superconductors
are primarily derived from metal oxides (ceramics) and it does appear as though the heavier,
in terms of molecular weight, the compound is, the higher its critical temperature. As of
1988 the highest critical temperature reached for a superconductor was 125 K for TI-Ca-
Ba—Cu-O. However, in 1993 a superconducting family derived from a base of Hg—Cu—O
was discovered to have superconductive properties up to roughly 160 K [143]. These high-
temperature superconducting oxides have the important economical advantage of operating
with a less-expensive refrigerant such as liquid nitrogen, rather than metallic materials that
require more expensive refrigerants such as liquid helium [144].

Engineering applications can be mainly divided into two categories: (1) sensing devices
and (2) motors and actuators. Recall that the SQUID is an extremely sensitive sensing
device detecting superweak magnetic fields. Sample motor and actuator applications are
discussed here. In damping and levitation application, NASA developed a system using
superconductors to control and protect cryogenic instruments in spacecraft and aircraft
by means of load-bearing support and vibration damping [145]. The system consists of a
combination of two components, a cold chamber containing a cryogenic instrument and a
separate flux source outside the cold chamber. Within the cold chamber, a superconductive
material is used in the delicate cryogenic instrument. A flux source, such as an ordinary
ferrite magnet, is placed outside the cold chamber, with a copper winding encompassing
it. The copper winding in turn is attached to a resistor. As the instrument moves within
the cold chamber, the Meissner effect (the magnetic effect associated with supercooled
superconductive materials) of the superconductive material reacts to the permanent ferrite
magnet outside the cold chamber to stabilize its motion. The energy associated with this
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vibration is transformed into magnetic field energy and then converted into a current through
a copper coil surrounding the ferrite magnet. The electrical energy is then dissipated through
the linear resistor element. Also, the levitation principle is applied to ground vehicles with
improved electromagnetic suspension and propulsion [146].

A superconducting rotor stabilizer was reported recently. The restraint in the rotor
system is caused by the magnetic flux of the rotor permanent magnet penetrating into
the superconducting bearing device spaced at a predetermined distance. Thus, the device
supports a rotatable member with good stability and a relatively simple construction [147].
Electric motors using high-temperature superconducting materials were recently proposed.
In conventional motors, the peak radial flux density is limited by iron core saturation, core
loss, and the ability to produce and sustain a field with windings that are prone to emitting
strong magnetic fields. The peak current density is limited by heat transfer considerations
and space limitation. New high-temperature superconductive windings (HTSC) in electric
motors create large air gap magnetic fields without any electrical losses. HTSC emits almost
twice the peak flux radial densities of conventional motors, resulting in reductions in motor
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Figure 7. Multifield coupling of smart materials/structures and structronic systems.
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size and motor losses. The only drawback is the required cost and complexity of maintaining
a cryogenic cooling (liquid nitrogen) system to cool the superconductive windings. In a
superconductive motor, the only magnetic material in the motor is the outer layer preventing
the magnetic field losses. However, the liquid nitrogen cooling system is still much cheaper
than the liquid helium cooling system used in the old (low-temperature) superconducting
motor system [148]. Another superconducting permanent magnetic motor was also recently
reported [149]. Levitation and driving mechanism for high-speed bullet trains, based on
superconductors, have been studied and experimented upon recently.

CONCLUSION

Active controllable smart electro/magneto materials provide new dimensions and de-
sign opportunities for precision and high-performance devices, structures, mechatronic sys-
tems, and structronic systems. Synergistically integrating smart materials, sensors/actuators,
control electronics, computers, and artificial intelligence further enhances conventional
mechatronic devices or systems to a new generation of fully integrated smart structures and
structronic systems. Accordingly, the new smart structures and structronic systems tech-
nology truly represent a systematic synergistic integration of conventional disciplines and
applications as shown in Figure 6 [1, 4].

To reflect the state of the art, this paper provides an overview of a number of smart
materials (e.g., piezoelectrics, shape-memory materials, electro- and magnetostrictive ma-
terials, and MR fluids, polyelectrolyte gels, pyroelectrics, photostrictive materials, photo-
ferroelectrics, magneto-optical materials (Table 1), superconductor devices, and novel
optothermoelectromagnetomechanical transducer (sensor/actuator) systems. Histories,
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characteristics, design principle, control mechanisms, material varieties, and practical ap-
plications were emphasized.

The new smart structures and structronics technology also poses many challenging re-
search issues regarding the coupled multifield phenomena and control mechanisms. Figure 7
illustrates the multifield optomagnetothermoelectromechanical coupling of structronic sys-
tems. Figure 8§ outlines current research issues discussed in a number of technical panels
at recent ASME and international conferences. It is clear that plenty of challenges and
opportunities need to be addressed in order to fully utilize this new technology to advance
industries and to benefit human life in the near future.
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