Chapter 3
Smart Materials in Active Vibration Control

Every feedback control system has essential components like the hardware
computing control input via the strategy of our choice, sensors to provide feedback to
this controller and actuators to carry out the required changes in plant dynamics. This
chapter is concerned with the latter two components, that is sensors and actuators.
More specifically, here we take a closer look at some of the advanced engineering
materials that can be used as actuators and in some cases as sensors in active vibration
control applications (AVC).

There are many well-known traditional actuating components such as electro-
magnetic devices, pneumatic actuators, rotary and linear motors etc., which may
be effectively utilized in vibration control as well. Unlike the previously mentioned
devices, modern engineering materials which are often referred to as intelligent
or smart have the advantage of being lightweight and more importantly they can
be seamlessly structurally integrated. For example, a composite aeroelastic wing
equipped with thin piezoelectric wafers cast directly into the structure enables us
to suppress undesirable vibration without adding a considerable mass or changing
the shape of the wing. On the other hand, advanced materials like the magnetorheo-
logical fluid may add unprecedented properties to already existing components, for
example creating automotive dampers with automatically adjusted damping proper-
ties. Figure 3.1 illustrates' an experimental actuator capable of providing displace-
ments exceeding the usual range of simple piezoelectric materials [80]. The robust
and low-cost high displacement actuator (HDA) made of pre-stressed polymeric
materials and piezoelectric ceramics is an excellent example of advanced engineering
smart materials. The aim of this chapter is to introduce the reader to some of these
cutting-edge materials and their use in vibration control. Actuators like the afore-
mentioned electromagnetic linear motors, pneumatic devices and others will not be
covered here.

Thanks to the reciprocal physical effects experienced in some of these materials,
actuating elements can also be used in a sensor configuration. Just as in the case
of actuators, many feedback sensing systems exist other than the ones using smart

' Courtesy of NASA.
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Fig.3.1 Anexperimental high displacement actuator (HDA) developed at NASA Langley Research
Center [80] is placed under a fiber optic displacement sensor

materials. Some of these are among others accelerometers,? strain sensors based on
resistance wires, or more advanced devices like industrial laser triangulation heads
or laser Doppler vibrometers (LDV). This chapter will concentrate on the materials
themselves and the underlying physical aspects of the sensors in vibration attenu-
ation, while introducing other possible feedback methods in a practical example in
Sects.5.3.4 and 5.5.3.

There are several engineering materials available nowadays, which exhibit some
very desirable properties for use in AVC. So what is the criterion of classifying a
material to be smart? The keyword here is coupling. From the structural point of
view, the behavior of classical materials can be sufficiently described by their elastic
constants: the elastic constant relates stress and strain, the thermal constant relates
temperature and strain. In smart materials, coupling also exists between the either two
(or even more) of the following fields: electric charge, strain, magnetic, temperature,
chemical and light. This coupling is also obvious between the constitutive equations
describing the behavior of these materials. The most common smart materials which
are used in active structures are shape memory alloys, magneto- and electrostrictive
materials, semi-smart magneto- and electro-rheological fluids where the coupling is
one directional, electrochemical materials and of course piezoelectrics.

2 However, these are also based on the piezoelectric effect and use piezoelectric materials [46].
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The chapter begins with a discussion on the shape memory effect and shape
memory alloy materials. In addition to the shape memory effect, the passive albeit
still very interesting superelastic nature of these materials is also introduced. After
characterizing the interactions between the applied temperature, stress and strain;
the utilization of shape memory alloys in vibration control is reviewed. Section 3.2
addresses the magnetostrictive and electrostrictive effect and their use in vibration
attenuation. Following this, the popular magnetorhoeologic fluids and the related
electrorheological fluids are introduced, also with a short review of their existing
and potential applications in active vibration control. The next section, that is 3.4,
deals with the piezoelectric effect and piezoelectric materials. In addition to the phys-
ical basis, some of the mathematical modeling concepts and finite element analysis
aspects are also covered. Our selection of smart materials ends with a section on the
emerging electrochemical polymer based actuators in Sect. 3.5. A couple of short
paragraphs on other types of materials and actuators end our discussion on smart
materials in AVC.

3.1 Shape Memory Alloys

Shape memory alloys (SMA) demonstrate apparent plastic deformation and recovery
to the original shape after heating. SMA can recover as much as 5% strain, which
compared to materials like piezoceramics is a considerable shape change. The main
advantage of this type of smart material is the ability to perform complex movements
with few elements. The shape change and the resulting movement can be achieved
by a small temperature change, and causes the SMA to undergo a type of solid
state phase transformation. This change is the so-called martensitic deformation in
metals. Shape memory alloys may be used to supply energy to systems with very
slow dynamics and thus induce vibrations, effectively creating an active vibration
control system. It is also common to utilize the SMA as a type of slowly changing
adaptive part to form a semi-active vibration suppression system [33]. Figure 3.2
illustrates® the use of shape memory alloy materials to create slow-speed morphing
wing surfaces on aircraft and SMA-wire based linear motors.

3.1.1 SMA Materials and Properties

The most common SMA material is an alloy of nickel and titanium, which is often
referred to as nitinol.* In the nickel and titanium (NiTi)-based alloys, the two elements
are present in approximately equal atomic percentages. Several other alloys exist of
which we list FeMnSi, copper-based alloys such as CuZnAl or CuAINi and some

3 Courtesy of NASA.

4 This nickel and titanium alloy was discovered and developed by Buechler et al. in 1963 at the
U.S. Naval Ordnance Laboratory, thus the name NiTiNOL.
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(a) A wing-like SMA demonstration device (b) SMA based actuators

Fig.3.2 A SMA-based demonstration device resembling an aircraft surface is featured in (a) [78],
while (b) shows small actuators in a linear motor mode based on SMA wires [79]

steel formulations [28, 33]. The advantage of NiTi-based SMA is its high electric
resistivity, thus allowing the material to be rapidly heated upon the application of
electric current.

Shape memory alloys present two interesting macroscopic properties, these are:

e superelasticity
* shape memory effect

The former, superelasticity is the ability of this type of material to return to its
original shape after a considerable amount of mechanical stress and deformation.
This process needs no temperature change to be completed, and it is called the
mechanical memory effect. Elasticity is approximately 20 times higher than other
elastic metallic materials [68]. Objects manufactured from the superelastic version
of nitinol find their application mainly as medical instruments, there are several
laboratory experiments investigating the use of superelastic (austenitic) nitinol as
means for passive vibration damping.

The latter property is more interesting for the control community, as nitinol can
be effectively used as an actuator. Because of the shape memory effect or the thermal
memory effect, the plastically deformed SMA material returns to its original memo-
rized shape after applying a small amount of heat as illustrated in Fig. 3.3. The defor-
mation is not limited to pure bending as in bi-metallic structures, but may include
tensional and torsional deformations or their mixtures [68]. A 4 mm diameter nitinol
wire may lift even a 1000 kg load; however, it will lose its memory effect because
of this large loading. To prevent this, a load limit is usually enforced, for example,
in this case a 150 kg load would not induce a loss of the memory effect while still
being a very high force output [68]. Enforcing such load limits to prevent the loss
of the memory effect call for control systems encompassing constraint handling for
which model predictive control (MPC) is an ideal candidate.
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(a) SMA wire prior to activation (b) SMA wire after activation

Fig.3.3 An SMA wire is placed in between a spring steel blade and a rigid aluminum clamp. The
wire is loose prior to activation as shown in (a). Due to the applied current (9 V battery) the wire
temperature is raised above the activation temperature. The wire regains its original straight shape
in (b) and exerts a force, which is enough to deform the spring steel

3.1.2 Stress, Strain and Temperature

Both the superelastic and shape memory effects are due to a phase change from
austenite, which is the higher temperature and stronger phase, to martensite which
is the lower temperature and softer phase. Unlike the phase changes that come to
mind like the change from solid to liquid and gas, this is a solid phase change.
The austenitic solid phase is stable at elevated temperatures and has a strong body
centered cubic crystal structure. The martensitic phase has a weaker asymmetric
parallelogram structure, having up to 24 crystal structure variations [101]. When
martensitic nitinol is subject to external stress it goes through different variations of
the possible crystal structures and eventually settles at the one allowing for maximal
deformation. This mechanism is called detwinning. There are four temperatures
characterizing the shape memory effect of SMA:

* M : martensite finish—this is the lowest temperature, below all of the material
has the soft martensitic structure

e M,: martensite start—an intermediate temperature, when the martensite phase
starts to appear in the prevalently austenitic phase

* Aj: austenite start—an intermediate temperature, when the austenite phase starts
to appear in the prevalently martensitic phase

* A :austenite finish—this is the highest temperature, above which all of the material
has the hard martensitic structure. Superelastic SMA are designed to work over this
temperature, while the thermal-induced memory effect finishes at this temperature

These temperature characteristics and limits may be set upon manufacturing the alloy.
For example, it is possible to create an alloy with a reshaping temperature close to
the normal temperature of the human body.
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For the case of uniaxial loading, the stress—strain curve for SMA is denoted in
Fig.3.4 [99]. The curve shows a pseudoelastic behavior, where the applied load takes
the material from the austenite phase to the martensite phase along the upper curve.
This is the stress-induced superelastic behavior of austenitic nitinol, therefore we may
state that the temperature here is a constant 7 > A . The reverse transformation
occurs in unloading the SMA material, when the material transforms from martensite
into austenite along the lower curve, thus forming a hysteresis loop [99]. In Fig. 3.4
& denotes strain, o denotes stress. Martensite starts to form at My and finishes at M ¢,
while the austenite starts to form at A and finishes at A 7.

The dashed line in Fig.3.5 denotes a scenario, where the SMA is subject to a
temperature change in constant stress [99]. Note, however that the phase change start
and finishing temperatures are linearly dependent on the loading stress. Temperature
is marked by 7" while stress is o.

Finally, Fig. 3.6 illustrates the percentual composition of martensite and austenite
phases in a temperature-induced martensitic deformation [101]. The curve starts from
below the low temperature M ; and takes the right side of the hysteresis path. At a
certain Ay temperature the phase change to austenite begins, while the martensite
composition decreases. Eventually the material gets to the A temperature where
100% of it is converted into the austenite phase.

Shape setting of an SMA actuator can be done in a high temperature oven. The heat
treatment is performed in two steps: first the material is constrained into the desired
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Fig.3.6 Temperature Composition
dependent deformation:
austenitic-martensitic phase
transformation hysteresis of
shape memory alloys

100% |

0%

form, and heated at 525°C for 5-10 min depending on the size of the clamp. After
this, the material is quenched with air cooling, water or oil. This is then followed by
a repeated heating at 475°C for about 30-60 min [69]. Figure 3.7 illustrates SMA
materials memorized to different shapes. While the plates on the left and the wire is
memorized to a flat (straight) shape, the third and darker plate is memorized into a
curved shape.

3.1.3 SMA in Vibration Control

The free and/or forced vibration behavior of plates and other structures with
embedded SMA materials is studied using analytic or FEM methods in [35, 54,
99, 85, 130]. The cited works focus on modeling issues for the need of optimal
design for classical vibration response manipulation, without actively controlled
components. The inclusion of SMA elements in plates, beams and other mecha-
nisms can be understood as a form of semi-active control. SMA has been already
considered as passive or semi-active vibration damping devices in civil engineering
structures [43, 126, 101].

Although several models have been proposed for SMA, the constitutive descrip-
tion of the complex pseudoelastic and shape memory effect phenomena cannot be
developed by classical plasticity theory. Models based on the nonlinear generalized
plasticity have been successfully applied for SMA [28].

SMA as an actuator is suitable for low frequency and low precision applications,
therefore, their usage in active vibration attenuation applications is questionable. It is
interesting enough to note that SMA can also be used as a type of sensor. The work
of Fuller et al. pointed out that embedded SMA wires in a Wheatstone configuration
may give accurate estimation of strain levels due to oscillations in a beam [33]. The
use of SMA as sensors is, however, atypical as piezoelectric or resistance-wire based
sensors are also cheap and readily available.

Active vibration control is proposed utilizing an SMA actuator in [22]. Here,
the temperature of the SMA is manipulated to change mechanical properties.
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Fig.3.7 SMA materials can be memorized to different shapes. The wire and the plates on the left
are set to a straight shape, while the darker plate is memorized to a curved shape

Vibration damping is achieved combining active and passive methods. In a review
article Bars et al. lists shape memory alloys as a particularly interesting tool for
smart structures and states the need for advanced control algorithms such as MPC
to tackle issues such as multi-point inputs and outputs, delays and possibly actuator
nonlinearity [13].

Shape memory alloy materials are utilized in [23] for vibration damping purposes.
According to the step response of the material, upon the application of a constant
current jump the SMA wire exerts force, which can be approximated according to a
first order response [15, 23]:

r.YD 4 roy =i 3.1)
dt

where the force exerted by the SMA wire is denoted by f(¢), the actuating current
by i(¢) while T, is the time constant of the first order transfer. The temperature in an
SMA wire actuator is approximately linearly dependent on the applied current [54].
Unfortunately, the time constant is different in the heating and cooling cycles [23,
24]. The time constant is also highly dependent on the prestrain applied to the wire.
Because of these parameter variations it is likely that an MPC control-based SMA
system would require the explicit handling of model uncertainties. The above cited
work of Choi et al. utilized sliding mode controlled nitinol wires to damp the first
modal frequency of a building-like structure in the vicinity of 5 Hz, providing certain
basis to use SMA for lightly damped structures with a low first resonant frequency.
Here, the time constant was approximated to be 125 ms that would indicate an

approximately 8 Hz bandwidth.
A very interesting possibility is utilizing an adaptive passive approach instead
of actively controlling the vibration amplitudes, velocities or accelerations. Using
a structure or mechanism with integrated SMA parts, one could tune its vibration
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(a) SMA wire (b) SMA actuated F-15 inlet

Fig.3.8 Spools of shape memory alloy wires with different diameters are shown in (a), while
(b) shows a full-scale F-15 inlet (modified flight hardware) with integrated shape memory alloy
actuators installed in the NASA Langley Research Center 16-foot Transonic Tunnel [81]

frequency in real-time according to the outside excitation [33]. By this method, the
resonant frequency of the structure could actively adapt to the quality and character of
the measured outside excitation. Using the idea an actively controlled steel structure
has been presented in [86]. The resonant frequency of the structure could be shifted
about 32% of its nominal value through the application of heat into the SMA.

An overview of the civil engineering applications of SMA materials is given
in [47]. John and Hariri investigate the effect of shape memory alloy actuation on
the dynamic response of a composite polymer plate in [49]. The work examines
the stiffness change and thus the shift of natural frequencies in a composite plate
both in simulation and in experiment, founding a basis for the future application of
SMA-enhanced active materials for vibration attenuation. Spools of SMA wire with
different diameters are illustrated in Fig. 3.8a, while an SMA actuated F-15 aircraft
inlet is shown® in Fig. 3.8b.

3.2 Magneto- and Electrostrictive Materials

Both magnetostrictive and electrostrictive materials demonstrate a shape change upon
the application of magnetic or electric fields. This small shape change is believed to
be caused by the alignment of magnetic/electric domains within the material upon the
application of the fields. The advent of specialized engineering materials enables the
use of these materials in active vibration control applications thanks to the increased
deformation strains.

5 Courtesy of NASA.
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Fig.3.9 Inactive magnetostrictive material with randomly ordered dipoles is shown on the left,
while the right side shows an activated magnetostrictive material under a magnetic field. The
dipoles have been ordered along the magnetic flux lines causing the material to expand

3.2.1 Magnetostrictive Materials

Magnetostrictive (MS) materials change their shape when subjected to a magnetic
field. A common example of the magnetostrictive effect in everyday life is the
humming noise emitted by electric transformers. This is due to the expansion and
contraction of metallic parts in response to magnetostriction, induced by the changing
electromagnetic field. Nearly all ferromagnetic materials demonstrate this property,
but the shape and volume change is very small. Ferromagnetic materials have a struc-
ture divided into magnetic domains exhibiting uniform magnetic polarization. The
applied magnetic field causes the rotation of these domains and in return a slight
shape change on a macroscopic level. Figure 3.9 illustrates the randomly oriented
magnetic domains within the material and the reorientation after the magnetic field
is applied. The reciprocal phenomenon to magnetostriction is called the Villari effect.
This describes the change of magnetic properties under applied load.

The deformation in magnetostrictive materials is characterized with the magne-
tostrictive coefficient t,,s, which expresses the fractional length change upon applying
a magnetic field. The shape change of the material is zero at zero magnetic field,
however upon the application of the field it grows linearly according to the magne-
tostrictive coefficient until the material reaches magnetostrictive saturation.

The application of certain rare earth materials into an alloy allowed using the effect
of magnetostriction in real-life engineering applications. Early types of magnetostric-
tive alloys demonstrated large magnetostriction, but only by applying high magnetic
fields or at cryogenic temperatures [S1]. These difficulties were eliminated by the
introduction of Terfenol-D,6 which continues to be the most common magnetostric-
tive material [1]. Terfenol-D exhibits about 2000 e at room temperature, while
Cobalt, which demonstrates the largest magnetostrictive effect of the pure elements,
exhibits only 60 e strain. Another common material goes by the trade name Metglas
2605SC, yet another by Galfenol.

6 Similar to nitinol, it has been invented at the United States Naval Ordnance Laboratory
(NOL). Terfenol-D stands for Terbium Ferrum NOL Dysprosium; with the chemical composition
TbyDy|_ Fes.
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The typical recoverable strain of magnetostrictive materials like Terfenol-D is
in the order of 0.15%. Maximal response is presented under compressive loads.
Magnetostrictive actuators have a long life span and may be used in high precision
applications. Actuators may be used in compression alone as load carrying elements.
Pre-stressing the actuators may increase both efficiency and the coupling effects [18].

3.2.2 Electrostrictive Materials

Electrostriction is closely related to magnetostriction. Due to electrostriction, all
dielectrics change their shape upon the application of an electric field. The physical
effectis similar to magnetostriction as well: non-conducting materials have randomly
aligned polarized electrical domains. If the material is subjected to a strong electric
field, the opposing sides of these domains become charged with a different polarity.
The domains will be attracted to each other, thus reducing material thickness in the
direction of the applied field and elongating it in a perpendicular direction.

All dielectrics exhibit some level of electrostriction; however, a class of engi-
neering ceramics does produce higher strains than other materials. Such mate-
rials are known as relaxor ferroelectrics [56, 116] for example: lead magnesium
niobate (PMN), lead magnesium niobate-lead titanate (PMN-PT) and lead lanthanum
zirconate titanate (PLZT).

The elongation of electrostrictive materials is related quadratically [117] to the
applied electric field [116]:

& = const - EZ (3.2)

where ¢ is strain and E is electric field strength. The relative percentual elongation
for PMN-PT is 0.1% or 1000 e, but this is achieved under a field strength of
2 MV/m. Typical strains for special electrostrictors is in the range of 0.02—0.08%.

3.2.3 Magneto- and Electrostrictive Materials
in Vibration Control

A mechanically amplified MS actuator for low frequency (1-10 Hz) vibration
damping applications is suggested in [ 14], where the achievable displacement is rated
between 0.5—4 mm and the force between 0.5-6 kN. Commercial actuator prototypes
are also available; examples of such actuators are featured in Fig. 3.107 [20].

From the point of vibration control, MS actuators may deliver a high force output
with high frequency [18, 73]. The underlying dynamics is a complex combination
of electrical, mechanical and magnetic phenomena, which is further complicated by

7 Courtesy of the CEDRAT Group.
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(a) Miniature MS actuator (b) MS actuator (¢) FEM analysis

Fig.3.10 Prototypes of different magnetostrictive actuators are shown in (a) and (b), while (c)
features a FEM simulation of a deformed magnetostrictive actuator [20]

the nonlinear hysteretic behavior of Terfenol-D [18]. The linear properties of MS
actuators hold only under the following assumptions [18]:

¢ low driving frequency
* reversible magnetostriction without power loss
¢ uniform stress and strain distribution

Under these assumptions the magnetomechanical equations are [27]:
S =syo + gHp 3.3)
Bm = go + ueHm (3.4)

where S is strain, o is stress, sy is mechanical compliance at constant applied
magnetic field strength H, g is the magnetic cross-coupling coefficient, o is
magnetic permeability at constant stress and By, is magnetic flux within the material.

Piezoelectricity is in fact a subclass of electrostrictive materials. However, while
electrostrictive materials are nonlinear, piezoelectric materials behave linearly, which
is an important feature for control applications. Moreover, electrostriction is not a
reversible effect; unlike magnetostriction or piezoelectricity, the material does not
generate an electric field upon the application of a mechanical deformation. Another
important feature of electrostrictive materials is that they do not reverse the direction
of the elongation with a reversed electric field [ 109]—note the quadratic dependence
in (3.2). Therefore, electrostrictive transducers must operate under a biased DC elec-
tric field [116]. In comparison with piezoelectric materials, electrostrictive materials
demonstrate a smaller hysteresis [109].

Braghin et al. introduces a model of magnetostrictive actuators for active vibration
control in [18]. The authors propose a linear model for MS actuators, which is suitable
for control design below the 2 kHz frequency range. This simple linearized numerical
model has provided a good match with the experimental result for an inertial type of
MS actuator. Such a linearization is not only important for the design of traditional
feedback control systems, but is also essential for real-time model predictive control
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using MS actuators. Despite the complicated coupling, hysteresis and nonlinearity
the static actuation displacement of MS actuators remains linear [73]. A linear SDOF
system is the basis for the further analysis of the behavior of an MS actuator in a
work by Li et al. as well [58].

The vibration suppression of composite shells using magnetostrictive layers is
discussed in a work by Pradhan et al. [90]. The author formulated a theoretical
model for composite shells and found that magnetostrictive layers should be placed
further away from the neutral plane. In addition, thinner MS layers produced better
damping. The MS actuator-based vibration damping of a simply supported beam
is discussed by Moon et al. [73], where the experimental setup shows a significant
reduction of vibrations in comparison with the scenario without control.

The use of electrostrictive actuation in vibration control is relatively uncommon.
Sonar projectors are the typical field of use for electrostrictive actuators [89];
however, this does not concern vibration attenuation rather generating acoustic
waves. An electrostrictive actuator has been utilized by Tzou et al. in [117] for the
control of cantilever vibrations. Tzou et al. achieved only minimal damping under
control when compared to the free response without actuation.

3.3 Magneto- and Electrorheological Fluids

Fluids based on the magnetorheological (MR) and electrorheological (ER) effects
contain suspended particles, which upon the application of a magnetic/electric field
align themselves to form columns within the fluid. The columns of suspended parti-
cles create an obstacle for fluid flow, thus increasing the overall net viscosity of
the system. Damping systems using MR or ER fluids cannot supply energy to the
controlled system, but may change the damping properties according to a controller
strategy.

3.3.1 Magnetorheological Fluids

Magnetorheological fluids (MR) contain micrometer-sized particles in a dielectric
carrier fluid [105]. The carrier fluid is usually a type of oil, while the particles
are manufactured from multi-domain, magnetically soft materials such as metals
and alloys [5]. MR fluids respond to an applied magnetic field. Upon application
of a magnetic field, the MR fluid changes viscosity up to the point where it can
be considered as a viscoelastic solid. It is worth noting that this behavior can be
regarded as semi-active. This is because it is needed to use an external field to induce
classical coupling. There is also the lack of reciprocal effect. The controlled system
will remain conservative from the mechanical point of view and can only dissipate
energy [92].
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Fig.3.11 Inactive MR fluid with suspended particles without an applied magnetic field is shown
on the left, while the particles aligned to columns according to magnetic flux lines are featured on
the right. ER fluids behave very similarly, but the material is activated by a strong electric field

Magnetorheological fluids are different from ferrofluids mainly in the size of the
suspended particles. Brownian motion keeps the nanometer-sized particles constantly
suspended in ferrofluids. The micrometer-sized particles in MR fluids are not subject
to this phenomenon, therefore they eventually settle in the fluid because of the density
difference of the carrier and the particles.

A typical magnetorheological fluid contains 20-40% by volume, 3-10um
diameter iron particles [61]. These particles are suspended in a carrier liquid which
can be mineral oil, synthetic oil or even water and may contain proprietary addi-
tives [5]. Additives prevent the suspended particles from settling due to the gravita-
tional effect, decrease wear and modify viscosity.

When a magnetic field is applied to such a two-phased suspension, the randomly
placed particles align themselves along the flux lines as illustrated in Fig.3.11. In
this way the flow of liquid is restricted in a direction perpendicular to the magnetic
flux. The yield stress of magnetorheological fluids is typically 20-50 times higher
than electrorheological fluids [91]. MR fluids are temperature stable, need low power
supply and are able to react in a fully reversible fashion within milliseconds. The type
of the aligned particle chains may vary if the MR liquid is activated in microgravity,
ultimately changing its viscosity properties. Figure 3.12% shows the particles aligned
to spikes in Earth gravity on the left, while the particle columns are broader in space.

3.3.2 Electrorheological Fluids

Electrorheological fluids (ER) differ from magnetorheological in the form of control
coupling: while MR is controlled indirectly through the application of a magnetic
field, ER is controlled through a direct electric field [105]. ER fluids contain

8 Courtesy of NASA.
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(a) Earth gravity (b) Microgravity

Fig.3.12 Video microscope images of magnetorheological (MR) fluids. The MR fluid forms
columns or spiked structures on Earth, while on the right broader columns are formed in micro-
gravity environment aboard the International Space Station (ISS) [82]

non-conducting particles up to 50 pm in diameter and similar to MR fluids have
a reaction time measurable in milliseconds. When we describe the consistency of
the activated MR material from a practical point of view, we may refer to it as a
kind of viscoelastic solid while the activated ER fluid resembles the consistency of
a gel-like substance. In addition to the composition of the ER fluid, its behavior is
greatly dependent on the geometry such as the size and distance of the plates acting
as electrodes. This is similar to the design of capacitors, where capacitance in addi-
tion to the type of dielectric material used is influenced by electrode spacing and
geometry.

The behavior of electrorheological fluids can be described by two alternative
theories [104]: electrostatic theory and the interfacial tension theory. Electrostatic
theory assumes a behavior similar to the MR fluids: the particles align in accordance to
the electrical field to form chain-like structures. According to the interfacial tension
theory, the ER liquid consists of three phases: the suspension liquid, the particles
and another liquid within the particles. In the inactive state, this liquid is contained
within the dispersed particles. When the liquid is activated, the electric field drives
the liquid within the particles to a certain side through electroosmosis—and because
of that neighboring particles start to bind and formulate chains on a macroscopic
level. While no conclusion has been reached, it is possible that different types of ER
materials exist which behave according to different principles.

3.3.3 Magneto- and Electrorheological Materials
in Vibration Control

There are three possible operation modes for MR and ER fluid based semi-active
damping devices. These modes are [105]:
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Fig.3.13 Different operation modes for an MR fluid-based damping device. The figure shows shear,
flow and squeeze modes (from left to right). Thick arrows denote movement directions, while thin
arrows represent magnetic flux lines
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To get an idea of these different operation modes, let us imagine a situation when
the MR fluid is placed between two parallel plates. The magnetic field is acting
perpendicular to these plates; therefore, the particles align themselves perpendicu-
larly as well. In shear mode, one plate is moving in relation with each the other in a
direction perpendicular to the magnetic flux and the particle columns. In flow mode,
the plates are stationary and the fluid is moving due to a pressure difference. In the
squeeze-flow mode, the plates are moving in relation to each other, however this time
the movement is carried out along the flux lines and the particle columns. Operation
modes of different MR and ER fluid based devices are illustrated in Fig.3.13. The
vibration damping performance of flow and squeeze mode semi-active insulation
mounts with ER fluid actuators is discussed by Hong and Choi in [41], concluding
that the squeeze mode actuator is more effective than the flow mode.

Mathematically, it is somewhat difficult to represent the behavior of MR and ER
materials. The reason for this is that the model must account for hysteresis and static
friction. The yield stress of the fluid is also variable: in the presence of a magnetic
(electric) field the MR (ER) fluid acts as a solid, up to the point where the shear stress
is reached (yield point).

The most common mathematical description is the so-called Bingham plastic
model, which utilizes variable yield strength ty. This depends on the strength of the
applied magnetic field H. There is a point where the increased magnetic field H does
not have an effect on the yield, the MR fluid is magnetically saturated. The flow is
governed by the equation [87]:

T =1y (H) + nyys (3.5)

where shear stress is expressed by 7, shear strain by y, and fluid viscosity by n,.
Below the yield stress, the material exhibits viscoelastic properties, which may be
described by:
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T = Gy, (3.6)

where G is the complex material modulus. The Bingham plastic model is a good
approximation for the activated MR and ER fluids with the respective substitutions
for ty, ny, ¥s. In reality, the dynamic behavior of MR and ER fluids differs from the
Bingham plastic model, for example in the absence of magnetic field, because the
fluid is slightly non-Newtonian and its behavior is temperature dependent.

The above-mentioned types of semi-smart materials also have a few drawbacks:
namely that they demonstrate high density (weight), good quality fluids are expen-
sive and are prone to sedimentation after prolonged use. Particle sedimentation is
controlled by surfactants; recent studies also used nanowire particles to decrease the
sedimentation effect [83]. Sedimentation in ER fluids is prevented by using particles
of densities comparable to the density of the fluid phase. Another disadvantage is that
both MR and ER fluids have low shear strength; this is in the range of 100 kPa for
MR [5]. Shear strength in both MR and ER can be improved by fluid pressurization
[71, 122] while it can be further increased in MR using elongated particles [120].

In addition to sedimentation and low shear—stress, ER dampers require a high
potential electric field to operate which is in the order of 1kV for an electrode
separation and fluid thickness of 1 mm.

From the control point of view, the dynamic behavior of MR and ER dampers is
highly nonlinear, creating a considerable difficulty when designing a control algo-
rithm. Controllers such as positive position and velocity feedback, acceleration feed-
back based LQ control, have been successfully utilized to generate control voltage to
MR dampers. The operating voltage in ER fluids is close to the breakdown voltage of
the material, therefore a constrained controller such as MPC is highly recommended
to prevent actuator failure and increase lifetime while maintaining maximum actu-
ating efficiency.

Flow mode MR dampers are used to control linear vibrations. Rotational motion
can be controlled by using a shear mode damper, while a squeeze flow setup mode
is useful for vibration damping platforms. The relatively large size of MR dampers
prevents their use in certain application fields, such as submarines [5]. The use of
MR dampers in earthquake control is favored because of low power requirements
and high reliability [128]. Magnetorheological dampers are often utilized for the
vibration damping of vehicle suspensions and civil engineering structures [5, 57,
67, 121]. MR dampers have been also suggested for the semi-active damping of
washing machine vibrations in [103].

In addition to experimental vibration damping applications [42, 50, 107], ER
materials have been successfully utilized in clutches [72] and brakes, machine tool
vibration control in [123], engine suspensions in [125] and others. They have been
considered to use in haptic displays and to create bulletproof vests. An ER fluid based
composite sandwich material is suggested in [62]. The authors investigated the modal
properties of such a system under different electric loads and arrived at the conclu-
sion that the resonant frequencies shift up and peaks decrease with an increasing
field strength. Such a composite smart structure could be very interesting for the
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aviation and space industry. Yet other applications for vibration control through
MR-or ER-based dampers are featured in [17, 25, 134, 110].

3.4 Piezoelectric Materials

Piezoelectricity is the ability of certain materials to generate an electric charge in
response to an applied stress. If the material is not short-circuited, the charge induces
a voltage. This is the so-called direct piezoelectric effect. The piezoelectric effect
is reversible, meaning that applied voltage generates mechanical stress and defor-
mation. This is known as the converse piezoelectric effect. Piezoelectric materials
are common in everyday appliances, such as sound reproduction instruments [96],
igniters, optical assemblies and other devices. Due to the unique properties of piezo-
electric materials, their application is also widespread in active vibration control and
its related fields.

The usage of piezoelectric transducers as both sensors and actuators is demon-
strated in Fig. 3.14° with the Aerostructures Test Wing (ATW) experimental device
designed and used at NASA’s Dryden Flight Research Center. The ATW is equipped
with an array of piezoelectric patches, used in sensor mode to estimate aeroelastic
flutter effects on the wing [77]. The wing is intentionally driven to mechanical failure,
in order to assess flutter effect. This experiment is carried out by mounting the ATW
to a testbed aircraft, but the larger piezoelectric patches are used as actuators to excite
the structure to induce structural failure artificially. The figures and the experiment
not only demonstrate the dual usage of piezoelectric transducers, but also point out
the dramatic effects and real power of mechanical systems driven through piezoce-
ramics.

3.4.1 The Piezoelectric Effect and Materials

A piezoelectric material mounted with electric terminals is illustrated in Fig.3.15a
where no strain change (¢;, = 0) is induced in the absence of deformation and no
voltage (V,,; = 0 V) can be measured on its terminals. Upon the application of
deformation, the strain change induces charge within the material and a measurable
voltage on the output. The piezoelectric material acts as a strain or deformation
sensor. This direct piezoelectric effect is illustrated in Fig.3.15b graphically. An
initial situation identical to the previous case is illustrated in Fig.3.15¢c, where no
strain or voltage can be measured on the material and its terminals. Here however,
the material works as actuator, taking advantage of the converse piezoelectric effect
as illustrated in Fig. 3.15d. Upon the application of an input voltage to the terminals,
a deformation thus a strain change is induced in the material. Note that the strain
change ¢,,; # 0 is maintained only as long as there is an input voltage on the

Courtesy of NASA.
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(a) Wing before failure (b) Wing after failure

Fig.3.14 An aerostructures test wing (ATW) is pictured in (a), while the same device is shown in
(b) after intentional failure. Piezoelectric transducers are mounted on the surface and visible on the
image [75, 76]

terminals. Moreover, the strain change can be induced with DC voltage change as
well. In the direct case, only dynamic strain changes are detected. In other words,
steady-state deformations &,,; # 0 are not included in the output signal V,,,;, only
the strain changes are represented.

The direct and converse piezoelectric effect is due to the electric (piezoelec-
tric) domains or dipoles within the material [33]. In fact, the piezoelectric effect
is a special case of the electrostrictive effect, where the randomly oriented electric
domains in all dielectric materials orient themselves along the flux lines of an applied
electric field, causing slight deformations. Although there are naturally occurring
piezoelectric materials (quartz,topaz, Rochelle salt, cane sugar), today’s applica-
tions use engineered polycrystalline materials such as lead-zirconate-titanate (PZT),
lead titanate (PT), lead magnesium niobate-lead titanate (PMN-PT); more recently
macrofiber composites (MFC) and ammonium dihydrogen phosphate (ADP); or the
environmentally friendly lead-free ceramics such as bismuth sodium titanate (BNT),
tungsten-bronze (TB), and others [26, 65, 94, 133]. PZT is probably the most
commonly utilized piezoelectric material utilized in commercially available trans-
ducers. Piezoelectric transducers are relatively cheap to manufacture, and are avail-
able in an array of shapes and sizes. The material itself is hard and brittle. By the
process of poling or polarization, the dominant geometry of the piezoelectric material
can be set at the manufacturing stage. Both the direct and the converse piezoelectric
effects will dominate this polarization direction.

The amount of deformation depends on the type of piezoelectric material in use.
In addition to the material type, the size, geometry, positioning and the amount
of applied voltage are also contributing factors in the achievable deformation. For
PZT the percentual elongation is typically 0.1%. In addition to precision systems
and nanopositioning, there are numerous examples where piezoelectric transducers
can be used directly with or without mechanical amplification. For example [38]
considers the use of PZT wafers in cyclic and collective pitch control of UAV
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Fig.3.15 The direct piezoelectric effect, or in other words the piezoelectric material in sensor
mode, is illustrated in (a) and (b). After the application of a deformation to the material causing a
strain change, voltage can be measured on the terminal. The reverse of this effect is illustrated in
(c) and (d) where after the application of a voltage, the material deforms

helicopter rotor blades. Forces generated by converse piezoelectricity are enormous,
in the order of tens of meganewtons but the small displacement is the reason why
this is not so obvious.

From the viewpoint of control, piezoelectric materials have a linear response to
the applied voltage [70, 91]. Since piezoceramics have a ferroelectric nature, they
can show signs of hysteretic behavior. In fact, the hysteresis of PZT materials is
relatively significant and is in the order of 10—15% [91]. In practical terms, hysteresis
means that the output displacement of the piezoelectric actuator not only depends
on the applied voltage, but also depends on how that voltage was applied previously.
Hysteresis manifests mainly with high voltage drives, although in scenarios where the
actuator is driven by low voltage amplifiers this effect may be practically neglected
[32, 48, 70]. The presence of hysteresis may have an effect on stability and closed-
loop performance [70, 129]. This type of actuator nonlinearity is mainly important
in control systems where the piezoelectric transducers are used to position an object
precisely, for example AFM scanning probes [56, 111]. Such quasi-static application
fields may utilize a closed-loop compensation of hysteresis, but the use of such
techniques in combination with dynamic systems is discouraged, since it may lead
to instability [91]. The hysteresis effect in piezoceramic materials and techniques
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overcoming it are discussed in the book by Moheimani and Fleming [70]. In addition
to hysteresis, piezoelectric materials may also demonstrate creep [21, 95, 129], which
is atendency of the material to slowly move or deform under the effect of a permanent
voltage input. Methods aimed at overcoming hysteresis and creep in piezoelectric
materials are discussed in [21, 37, 48] and others. The simulations and experiments
presented in the upcoming chapters neglect the effect of hysteresis and creep in
the piezoelectric transducers, because they are driven by low voltages in a dynamic
application scenario.

3.4.2 Piezoelectric Transducers in Vibration Control

The converse piezoelectric effect may be readily utilized in active vibration control
as a source of actuation force. At the same time, the direct piezo effect allows to
use piezoelectric materials as sensors as well. The availability, price and electro-
mechanical properties of piezoelectric transducers set these devices at the forefront
of vibration control applications. Their usage in the field of AVC continues to be
popular among both engineering practitioners and researchers.

Because experimental studies aimed at the active vibration control of flexible
beams predominantly use piezoceramics as actuating elements, the AVC demonstra-
tion device introduced in the upcoming Chap. 5 will also feature piezoelectric actua-
tors. The price range, effectiveness and simplicity of these devices and moreover the
possibility to integrate them into active structures renders them as an ideal option for
this laboratory application [112, 115]. As a complete review of all possible aspects
of the use of piezoceramics in AVC is not in the scope of this work, we will leave
the exhausting analysis of modeling techniques, placement optimization aspects and
other details to our more experienced colleagues. The available literature on the
application of piezoelectric materials, transducer design, placement strategy, types
of actuators and their use in vibration control is very broad, we may recommend the
excellent books by Fuller et al. [33] and many others [9, 45, 87].

The use of piezoelectric patches for the vibration control of cantilever beams
[64,97, 113, 114, 127] and plates [16, 59, 63] is especially popular in the liter-
ature and there is an abundance of publications on the topic of these demon-
strative examples. Piezoelectric patches have been suggested for use on systems
with dynamics similar to vibrating beams, such as on robotic manipulators arms
[98, 124, 132] and satellite boom structures [74]. Further real-life examples of piezo-
ceramics in vibration control are scanning position tables, scanning probe micro-
scopes such as the atomic force microscope (AFM), magnetic force microscope
(MFM), micropositioning platforms [29, 60], or the vibration attenuation of civil
engineering structures [102]. Less common engineering applications of piezoelec-
tric actuators in AVC are for example the vibration control of grinding machines
proposed by Albizuri et al. [2], vibration suppression in gantry machines as proposed
by Stoppler in [106], vibration damping of car body structures [52] and gearboxes
[40], and aeroelastic wing control [108].
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Fig.3.16 A range of commercial piezoelectric transducers in different shape and size variations,
contrasted to the 1 Euro coin for size reference

Figure3.16 illustrates a range of commercially produced piezoelectric trans-
ducers. A wide selection of transducer shape and size configurations is currently
available on the market, moreover they can be manufactured according to the needs
of the customer. The transducers shown in the figure come in a pre-packaged form
with the necessary electric leads bonded on the surface, equipped with a protective
foil and a connection terminal. The longer transducer pictured at the bottom (marked
as QP45N) and the transducer on the right (marked as QP25N) contain two layers
of piezoceramics. These two layers can be used either with the same input signal to
achieve larger actuation force or one layer can be utilized as an actuator while the
other as sensor to achieve near perfect collocation.

3.4.3 Mathematical Description of the Piezoelectric Effect

The relative expansion or strain of a piezoelectric element is proportional to the
applied field strength. It may be calculated very simply, by using the following
formula [88]:

Al

&= —dijE (3-7)
lo
U

E=— (3.8)
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where d;; is the piezoelectric constant of the material, E is the electric field strength,
U the applied voltage and finally wj is the thickness of the piezoelectric material in
the poling direction. The electric behavior of the material is described by

D¢ = &, Ee (3.9)

where De is the electric displacement, &, is permittivity and E, is the electric field
strength. Similarly, the mechanical properties are described by Hooke’s law:

S =sgo (3.10)

where S is strain, sg is the compliance matrix and o is stress. When we combine
these two equations, we obtain the coupled piezoelectric equations in the strain-
charge form [33, 87]:

S=spgo +d"E, (3.11)

De = do + &, Ee (3.12)

where d represents the piezoelectric coupling constants. Subscripts g indicate zero
(or constant) electric field and , zero (or constant) stress field. Superscript 7 denotes
matrix transposition. Equation (3.11) may be used to express relations for a piezo-
electric actuator and similarly (3.12) is used to describe the behavior of a piezoelectric
sensor. For additional clarity, these equations can be expressed for a poled piezo-
electric ceramic like PZT in the following form:

S| _le] sﬁng 0 0 7 o 0 0 dy
S stysfisf30 00 02 0 0 d3 E
S| sf3sfysh0 0 0 o3| 10 0 dy il g
Sa e 04 0 dis0
< 00 0 55,00 100 E3
S 000 0 s4,0 o 00 o
6 L0 0 0 0 0 sg L%
o1
Dy 00 0 0 ds0 22 g“g 8 E
D=0 0 0 dso0 0 oi +1 o 0“833 E> (3.14)
D3 d31d31dsz 0 0 O o5 0 0 O‘ E3
06

The previous equation makes use of the crystal symmetry, thus showing only the rele-
vant elements in the matrices. Naturally, for other fundamental types of piezoelectric
materials these matrices are in a different form. The elements d;; of the matrix d
express the coupling between the electric field in the i direction and the strain in the
J direction. In practice, due to crystal symmetries, the coupling matrix d has only a
few non-zero elements.
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3.4.4 FEM Formulation for Piezoelectric Transducers

The previously introduced Eqgs.(3.11) and (3.12) provide the basis for the finite
element (FE) formulation of an engineering problem involving a structure with
piezoelectric actuators. The approach is similar to the modeling of lumped para-
meter mechanical systems introduced in Sect. 2.4, with both the mechanical and the
electrical terms in the equation of motion. Analogies between the structural damping
and dielectric loss, furthermore in between the stiffness / permittivity / coupling
are made use of when formulating the underlying set of equations expressed in the
following matrix form:

byl HE S HE P H R S

where Bq is responsible for structural damping, By, for dielectric loss and M is a
mass matrix. Terms q and p and their first and second order derivatives express the
structural and electrical degrees of freedom. Kp is anisotropic permittivity, Ks is
the anisotropic stiffness and finally K, and is responsible for coupling—or simply
stated, the piezoelectric effect.

The above formulation, familiar from lumped parameter vibrating systems is
formulated for piezoelectrics using the stress—charge form of the piezoelectric equa-
tions, which are given by

o = cgS — epFe (3.16)

De =ep’ S + esEe

where e, are the piezoelectric coupling coefficients in the stress—charge form, ¢g
contains stiffness coefficients under constant electric field and eg is the electric
permittivity matrix under constant stain. As we can see, this equation differs consid-
erably from (3.11) and (3.12), which are given in the strain—charge form. Other
representations of the linear piezoelectric equations are also possible, as we can
express the constitutive equations in stress—charge, strain—charge, strain—voltage and
stress—voltage forms.

Although the FEM representation of the piezoelectric effect is based on the stress—
charge form using the ep, coupling term, the piezoelectric matrix d can also be directly
used and defined in most FEM packages. For example in the ANSYS package, d is
defined in the strain—charge matrix form. This is then internally converted into the
piezoelectric stress—charge matrix, using the strain matrix at a constant temperature.
Conversion between the strain charge to stress charge is calculated according to [44]:

e =g, —dsg'd? (3.17)
ep =dsp ! (3.18)
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cg =sg ! (3.19)
where subscripts , 5, g indicate that the values were evaluated under a constant

stress, strain and electric field. The elements of the anisotropic elasticity matrix may
also be expressed by the following terms:
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where vy, is Poisson’s ratio in a given direction.
The piezoelectric constitutive equations of (3.16) can also be compacted to a

matrix term:
o | CE €p S
o)=L L] 62b

After applying the variational principle and finite element discretization, one will
arrive at the form introduced by (3.15). The damping matrix By, responsible for the
dielectric loss will contain the negative element dielectric damping matrix, Kp will
contain the negative element dielectric permittivity coefficient matrix and K, the
piezoelectric matrix [3].

A finite element formulation of a vibrating beam may be created using the Euler
Bernoulli model, where the beam section with piezo patches is considered to be
laminated and the rest isotropic [36]. The numerical model of Gaudenzi et al. contains
not only the mechanic and piezoelectric parts - but also the electronic components
like the voltage amplifier.

A practical guide to simulating the electromechanical behavior of a transversally
vibrating beam equipped with piezoelectric transducers is given in Appendix. A for
those interested. The text lists an ANSYS code with a detailed description of the
commands and the process of creating a working model.

3.5 Electrochemical Materials

Electroactive polymers (EAP) are artificial polymer-based smart materials reacting to
applied electric current through a change in size. The coupling is electro-mechanical
just like in the case of piezoceramic materials. While the normal piezoelectric mate-
rials may exhibit large forces, their percentual elongation is typically in the order
of mere 0.1%. However, for certain types of EAP this can be more than 300%
[11, 131]. Electroactive polymers can be divided into two fundamental classes:
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3.5.1 Dielectric EAP

In dielectric or “dry” EAP, actuation is caused by electrostatic forces [10]. Dielec-
tric EAP materials work like a capacitor: due to the introduced electrical field the
capacitance changes and the actuator compresses in thickness and expands in area.
Typically, dielectric EAP actuators exhibit large strains, albeit they require a large
actuating voltage in the range of hundreds or even thousands of volts. This type of
EAP requires no electrical power to keep the actuator at the desired position.

The most common type of dielectric EAP material is polyvinylidene fluoride
(PVDF), which is a part of the ferroelectric polymer family.!? Electrostatic fields in
the range of 200 MV/m can induce strains of 2%, which exceeds the capability of
piezoceramics. In addition to the large actuating voltages, the applied electric field
in PVDF is also very close to the breakdown potential of the material. Ferroelectric
polymers are not to be confused with ferroceramics. The piezoelectric effect is linear
and reversible, however electrostriction in PVDF is only one way and nonlinear.

Electro-statically stricted polymer (ESSP) actuators are made from polymers with
low elastic stiffness and high dielectric constants. These polymers are then subjected
to an electrostatic field to induce deformation. The most common physical config-
uration of ESSP are rope-like longitudinal or bending type actuators. A very large
actuation potential in the range of 100 V/pm is required to induce strains in the order
of 10-200%. Moreover, these excessive voltages are very close to the breakdown
potential of the material, therefore in practice they have to be lowered. Thin actuators
of less than 50 wm are used to decrease the required actuation voltage. Similar to the
polarization limits of piezoceramics, different types of EAP also require constraints
on the input voltage. An effective way to include these constraints into the controller
(while maintaining the stability of the resulting nonlinear control law and full perfor-
mance optimality) is the application of the model predictive control strategy.

Electro-viscoelastic elastomers (EVE) are a type of dielectric EAP that are closely
related to magnetorheological fluids. In fact, before a curing process, EVE behave
analogously to MR fluids. The difference between the two types of materials is
introduced with a curing cycle, when an electric field is applied to fix in the position
of the polar phase in the elastomer. EVE materials can be used as an alternative to
MR fluids in vibration control systems [10].

According to the experiments by Palakodeti and Kessler, the relative increase
in area of dielectric EAP is roughly linearly dependent on the applied electric
field [84]. The highest actuator efficiency has been measured at the largest prestrain
and smallest frequency values, while a frequency of 20 Hz caused an efficiency
drop to 25%.

10" Dye to the inherent similarities with piezoceramic materials, sometimes polyvinylidene fluoride
(PVDF) is regarded to be a piezoelectric material. The piezoelectric effect is reversible, however
the actuating effect in PVDF is only one way.



3.5 Electrochemical Materials 91

3.5.2 Ionic EAP

In ionic EAP, actuation is caused by the diffusion and subsequent displacement of
ions. The driving chemical reaction in ionic EAP is a change from an acid to a
base environment, in other words the ionic EAP materials have fixed anions and
mobile cations [7]. This reaction can be stimulated electrically with embedded elec-
trodes [19]. Upon the application of electric current, the cathode becomes basic
while the anode acidic—the cations begin to migrate towards the electrodes. Unfor-
tunately, the response time is slow due to the need of the ions to diffuse through
the material, and the electrodes degrade very rapidly. For example in the work of
Calvert et al. the swelling of an ionic EAP gel structure to twice its original size took
approximately 20 min, while the process could only be repeated 2—3 times due to the
chemical degradation of electrodes [19]. Depending on thickness and the kinetics
of the chemical reaction, other materials can exhibit actuation changes measured in
milliseconds to minutes [10]. While much lower actuation voltages are needed in
ionic EAP, larger electrical current is required to start and maintain the ionic flow
within the material. The disadvantage is that power is also required to keep the actu-
ator at a given position. Actuators made from ionic EAP are predominantly bending
type structures [11]. Due to its fundamental working principle, ionic EAP are also
referred to as “wet” EAP [10].

Perfluorinated ion exchange membrane platinum composite (IPMC) treated with
an ionic salt and deposited with electrodes on both sides is a common type of ionic
EAP material often cited in the literature and utilized in academic research. The
ionic base polymer used to create IPMC is typically 200 pm thick [55], and it
is available under the market names Nafion or Flemion [4, 31]. IPMC actuated
with low voltages in the range of 1-10V demonstrates large displacements in the
sub 0.1 Hz frequency range. Unfortunately, the displacement response decreases
very rapidly with increased frequencies [10]. An application of voltages above 1 V
induces electrolysis; causing degradation, heat and gas generation. The schematic of
the electro-mechanical behavior of an IPMC-based ionic EAP actuator is illustrated
in Fig.3.17.

Carbon nanotubes are another emerging type of ionic EAP actuators. As the name
implies, these materials consists of two narrow sheets of carbon nanotubes bonded
together through an electrically insulated adhesive layer. This composite structure
is then immersed in an electrolyte. Carbon nanotube EAP can achieve strains in the
order of 1% [10]. In addition to the usual disadvantages of wet EAP materials, carbon
nanotube-based EAP are expensive and their mass production is difficult as well.

As of today, the commercial availability and acceptance of EAP materials is still
very limited, most of the EAP research projects utilize custom made materials and
actuators. The main limitations of EAP are low actuation forces, lack of robustness
and no well-established commercial material types with guaranteed properties. Ionic
EAP requires protective coatings to maintain moisture continuously within the mate-
rial [8]. Bending type structures are the most convenient to manufacture and while
the shape change is very easily induced, the actuating forces are weak.
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Fig.3.17 Mechanical behavior of an IPMC based ionic EAP actuator

3.5.3 EAP in Vibration Control

Generally, the use of EAP in active vibration control applications cannot be
recommended. This is due to the above-mentioned disadvantages such as the lack
of robustness or the technical readiness, availability or acceptance of EAP mate-
rials. In addition to that, the effective bandwidth and internal chemical degradation
or electrode corrosion makes the use of EAP in vibration control somewhat limited.
Recent interest of the scientific and engineering community gives hope for the further
progress of the development of electroactive polymers. A more mature EAP tech-
nology is certainly a good basis for practical applications in active vibration damping.

Passive structural vibration damping via EAP materials is possible and limited
research exists in the field. The damping properties of carbon nanotube EAP enforced
structures are for example discussed in [93], while other researchers are exam-
ining the passive vibration damping provided by deposited layer of electroactive
polymers [66]. Only a handful of academic publications deal with the use of EAP
as possible actuators in vibration control. Space mission vibration control through
IPMC-based ionic EAP has been suggested without detailed elaboration in [53] by
Krishen et al. This is of course only possible with very low bandwidth actuation of
large and flexible structures in the sub Hertz range.

An earlier work discusses IPMC-based active vibration control in more detail:
the tip of a flexible link has been stabilized by Bandopadhya et al. using ICMP
patches controlled by distributed PD controllers [7]. Here EAP is considered instead
of piezoceramics because of the lower actuation voltage and the lack of brittleness.
It is interesting to note that according to Bandopadhya et al. in addition to the voltage
and bending curvature the voltage bending moment relationship remains linear for
the considered IPMC material. Moreover, experimental results suggest that, if piezo
patches are used as sensors on an IPMC actuated bimorph, the generated voltage is
proportional to the tip deflection [8]. The experimental evaluation in this work utilizes
a 2 Hz excitation signal, it however demonstrates only a 1 second time response
showing the vibration in a higher order mode around 50 Hz. It is unclearwhether
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Fig.3.18 Experimental vibration control setup using electroactive polymer actuators [7, 8]

the vibration damping is due to the active effect of the EAP enabled beam or the
damping would even be present with activated EAP patches in a semi-active fashion.
The experimental vibration control setup used by Bandopadhya et al., which features
electroactive polymer actuators is shown!! in Fig.3.18.

Attempts to model the electro-mechanical dynamics of EAP actuators mathemat-
ically have been discouraged by the complexity of the task and the several unknown
factors such as the humidity in ionic EAP, static prestrain, manufacturing irregulari-
ties and other environmental factors. Other challenges in the modeling of EAP include
nonlinearity,'? large mechanical compliance (mismatch between the properties of the
material and electrodes), hysteresis and non-homogeneity of the material resulting
from the manufacturing process [12]. It is more of an experimental approach, however
we must note the work of Lavu et al. in which the authors developed an observer
Kalman filter identification (OKID) based state-space multi-model for IPMC taking
into account the relative humidity around the actuator [55].

3.6 Other Types of Materials and Actuators

There are several other types of smart materials that have not been explicitly discussed
here. These include chemically activated polymers, light-activated materials, magnet-
ically or thermally activated polymers and gels [11].

If an electrically conductive material is subjected to a time-changing magnetic
field, eddy currents are formed in the conductor. The eddy currents circulate within the

I Courtesy of Bishakh Bhattacharya.

12 As some researchers have pointed out through experimental tests, models could be linearized
as EAP behaves linearly under certain conditions [8, 84].
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conductor creating an inside magnetic field which is then mutually interacting with
the outside magnetic field thus creating dynamic forces between the conductor and the
field. Utilizing this effect, an electromagnet placed in the vicinity of a conductor can
be used as an actuator to attenuate vibrations. According to Sodano and Inman, the
first use of an active eddy current actuator for vibration suppression is demonstrated
in [100]. Eddy current dampers are suggested for the vibration control of a cantilever
beam earlier in [6], while Gospodaric et al. used a pair of electromagnets to control
vibrations in a ferromagnetic cantilever beam in [39] as well. In a more traditional
approach, a mechanical structure can be actuated by simply placing an electromagnet
close to its surface and using the magnetic forces between the ferromagnetic materials
or permanent magnets and the actuating coil as means of actuation. In this case, the
coupling between the electric and magnetic effect is indirect, and we cannot speak
of smart materials. For example, a cantilever beam is actuated by an electromagnet
placed underneath the beam tip in the work of Fung et al. [34].

This chapter has been mainly concerned with the use of smart materials as actu-
ators or sensors. However, vibrating mechanical systems are often actuated through
traditional actuators such as linear motors or hydraulic devices. An electrodynamic
shaker is directly utilized as an actuator for the vibration control of a robotic arm by
Dadfarnia et al. in [30]. A two degree of freedom mass-spring-damper demonstra-
tion device is actuated using a hydraulic piston in a work by VandenBroeck et al.
[118, 119].
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