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ABSTRACT

This final report documents the results of the research and development activities focused I
on the development of a new generation of smart structures incorporating embedded hybrid
multiple actuation systems which capitalize on the diverse strengths of both
electrorheological fluids and piezoelectric materials, and employ fiber-optic sensing systems. U
A state-of-the-art review of smart materials and structures technologies has been
undertaken, and an in-depth critique of the current generation of actuators and sensors for
smart structures applications has also been presented. An in-depth review of analytical,
computational and experimental investigations on controlling the vibrational characteristics
of beams, plates and a variety of prototype structural systems has also been undertaken.
Furthermore, variational formulations for predicting the performance characteristics of smart
structures featuring hybrid embedded piezoelectric and electrorheological domains have
been successfully developed. These formulations will form viable bases for the development
of finite element design tools for Phase II.

A comprehensive library of smart structures and articulating mechanical systems applications
has been developed and documented. The principal research findings distilled from these
comprehensive set of investigations clearly indicate that it is possible to significantly tailor
the vibrational and aeroelastic characteristics of structural and mechanical systems for US I
Army applications. Phase II will, therefore, be focused on the development of a US Army
smart rotorcraft demonstrator system which will have the ability to autonomously tailor its
vibrational and aeroelastic characteristics in response to variable service conditions while I
operating in unstructured environments. The rotorcraft system will also feature capabilities
to detect and appropriately respond to routine service damage and/or battlefield damage
by employing state-of-the-art optronic systems. Preliminary concepts for the design, 3
development, fabrication, and testing of a smart US Army rotorcraft demonstrator have also
been presented. I

[Accesion For --

NTS CRAM!
SDTIC TABI
SUnannouwced

SB y _ .............. .... .................... .....
Di str'bjtion I

SDist t S . ,:

. ... -- I

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (lNIen Does FnM,.edf 3



SUMMARY

* A state-of-the-art review of smart materials and structures technologies has been
undertaken.

• An in-depth critique of the current generation of actuators and sensors for smart
structures applications has been developed.

* Variational formulations for predicting the performance characteristics of smart
structures ieaturing embedded piezoelectric and electrorheological domains have
been successfully developed. These formulations will form viable bases for the
development of finite element design tools for Phase II of the program.

* The development of a new generation of hybrid smart structures has been discussed
extensively.

* The application of artificial intelligence strategies and the deployment of neural
networks to smart structures applications have been enunciated.

* An in-depth review of analytical, computational and experimental investigations on
controlling the vibrational characteristics of beams, plates and a variety of prototype
structural systems has also been undertaken.

* Innovative ideas pertaining to the aeroelastic tailoring of airfoils in order to tailor
their aerodynamic characteristics have also been presented.

* A comprehensive library of smart structures applications have been developed and
documented.

* The principal research findings distilled from these comprehensive set of
investigations are:

1) It is possible to significantly tailor the vibrational characteristics of structural
and mechanical systems for US Army applications.

2) The appropriate mathematical tools for predicting the elastodynamic
characteristics and developing the relevant control strategies for deploying
smart structures and mechanical systems in battlefield environments have
been developed. These tools will serve as viable basis for undertaking Phase
II of the program.

iii



3) Fiber-optic technologies are mature enough to be successfully employed for
the cure sensing, health monitoring and damage detection of macroscopically
smart composite structures.

Phase II will be focused on the development of -a US Army smart rotorcraft
demonstrator system which will have the ability to autonomously tailor its vibrational
and aeroelastic characteristics in response to variable service conditions while
operating in unstructured environments. The rotorcraft system will also feature
capabilities to detect and appropriately respond to routine service damage and/or
battlefield damage by employing state-of-the-art optronic systems. Preliminary
concepts for the design, development, fabrication, and testing of a smart US Army
rotorcraft demonstrator have also been presented.

iv
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I INTRODUCTION I

This final report formally documents the accomplishments of a research and development i
program which was funded by an SBIR Phase I Award entitled "Smart Materials for Army
Structures". This SBIR award was financially supported by the Department of the Army,
Materials Technology Laboratory in Watertown, Massachusetts under Contract Number
DAAIA-91-C-0033 for the time-period July 10, 1991 to January 9, 1992. The principal
objective of the research and development program is to develop appropriate tools for
synthesizing new generations of revolutionary smart composite structures by, for example,
incorporating embedded hybrid multiple actuation systems which capitalize on the diverse
strengths of both electro-rheological fluids and piezoelectric materials, in addition to
employing fiber-optic sensing systems.

The goal of this Phase I program is to evaluate the state-of-the-art in the field of smart
materials, and to explore the feasibility of exploiting these materials to develop a new i
generation of Army vehicles and rotorcraft systems, large-scale structures and machinery.
It is anticipated that this new generation of smart Army systems will feature tremendous 3
capabilities to reduce shock and vibration, and sense battle-field damage, while
simultaneously demonstrating effective maintenance and life-prediction capabilities. The
research results will also significantly benefit several national defense programs and alsoN
substantially impact the commercial sector.

1.1 BACKGROUND N
Human civilization has been so profoundly influenced by materials technologies that
historians have defined distinct time periods by the materials that were dominant during
these eras. Thus as humankind embarked upon the continual quest for superior products I
and weaponry fabricated from superior materials, terms such as the Stone Age, the Bronze
Age, and the Iron Age have entered the vocabulary. The current Synthetic Materials Age
featuring plastics and fibrous composites is providing a viable precursor to the dawn of a
new era, the Smart Materials Age, which will capitalize on these synthetic materials in order
to exploit several eclectic emerging technologies for the synthesis of smart materials
exhibiting nervous systems, brains, and muscular capabilities. The degree of sophistication
displayed by this new generation of materials will depend mostly on the individual
application, however, it is anticipated that these innovative material methodologies and I
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I
i technologies will eventually be utilized in several diverse fields of science, such as

nanotechnology, biomimetics, neural networking, artificial intelligence, materials science, and
molecular electronics, for example, as depicted in Figure .1.

This new generation of smart materials will significantly impact civilization and the defence
sciences. For example, some classes of materials will be able to select and execute specific
functions autonomously in response to changing environmental stimuli, others will only
feature embedded sensory capabilities in order that a structural member is manufactured
to comply with the quality control specifications. Self-repair, self-diagnosis, self-
multiplication and self-degradation are also some of the characteristics anticipated to be a
feature of the supreme classes of smart materials. It is clearly evident upon reviewing the
capabilities of these smart, or intelligent, materials in an engineering context that all aspects
of civilization will be influenced by these new generations of innovative materials as
designers capitalize on their unique capabilities in industries as diverse as aerospace,
manufacturing, automotive, sporting goods, medicine, and civil engineering.

1.2 SYNOPSIS OF THE REPORT

This report formally documents a state-of-the-art evaluation of the embryonic field of smart
materials by discussing and highlighting the salient features of the principal sub-fields.
Subsequently this knowledge-base provides the necessary conditions for addressing how this
new generation of materials will impact upon the U. S. Army's military systems at the end
of the twentieth century.

Chapter II provides an introduction to the field of smart materials. The anatoliy is
documented and the relationships between the sub-disciplines is enunciated. Chapters III
and IV include discussions on the principal actuation technologies and the principal sensing
technologies. Subsequently Chapter V presents mathematical formulations for two classes
of smart structures with different types of actuation systems. The fact that there is no single
type of actuators or sensor which can satisfy all of the criteria imp sed upon smart structural
systems, motivates the philosophy proposed in Chapter VI that hybrid systems should be
established which exploit the capabilities of several types of actuators and several types of
sensors. Chapter VII addresses the crucial military field of damage detection in structures
which is particularly relevant to smart structures fabricated from polymeric composite
materials. Chapter VIII and IX discuss the impact on smart structures of two very
embryonic, but potentially very powerful technologies of artificial intelligence and neural
networking. Chapter X presents experimental results for different classes of smart structure
within the context of the static response, the transient vibrational response and the forced
response of both structures and also mechanical systems. Chapter XI builds upon this
theme by discussing the ability to control these static and dynamical responses by utilizing
classical algorithms from the field of automatic control theory.

1 2
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The previous chapters have focused upon a diverse range of somewhat generic research
issues involving smart materials and structures. The remaining chapters transition away
from generic concepts to the more applied development issues of feasibility. Chapter XII
presents results from a number of proof-of-concept investigations involving both smart
structures and also mechanical systems featuring smart structural members. Chapter XIII
continues this theme by providing an exposition on tailoring the aeroelastic characteristics
of airfoils for superior performance. Chapter XIV provides an exposition on the impact of
smart materials technologies on US Army systems. These systems range from aircraft and
helicopters, through vehicles and machinery, to civil engineering applications. Chapter XV
formally documents the research findings, the results, and the recommendations of this SBIR
Phase I award. Chapter XVI presents some preliminary concepts for a Phase II award
involving the design, development, fabrication and testing of a smart system demonstrator
for the US Army. Chapter XVII conclude this final report by furnishing a comprehensive
bibliography.

4



I

II SMART MATERIALS FOR ARMY STRUCTURES 3
The innovative research program on 'Smart Materials for Army Structures' is focused on a
class of biomimetic intelligent materials for military systems that must operate in
unstructured environments where the relevant intelligent functions include self-diagnosis,
damage assessment and self-repair, in addition to high reliability. As the field of smart
materials and structures matures, greater emphasis will be placed upon the creation of new
synthetic materials requiring the synthesis of compounds with inherent functional properties.
The intelligent characteristics associated with this activity include numerous autonomous
functions such as self-degradation, self-learning, and regeneration. Other functions could
include the ability to recognize and subsequently discriminate, redundancy at the most
primitive level of computational, sensory, and actuation functions, hierarchical control
functions and the ability to predict the future based upon sensory date prior to developing
an appropriate response.

These diverse attributes of intelligence are dependent upon a more basic set of properties
which include homeostasis, the tendency of an organism to maintain normal internal stability
by a coordinated response of systems that autonomously compensate for environmental
changes, appropriate feedback mechanisms, and also the ability to respond to an external
stimulus in an appropriate time-frame and in an appropriate manner. Examples of these
latter traits include materials that can evaluate current trends and circumstances in order
to predict future conditions. Another classification includes materials that possess time-
dependent properties which enable these materials to autonomously respond to stimuli
imposed by the external environment. Thus, for example, a material which has been
damaged and is undergoing a self-repair process may reduce its level of performance from
a superior performance category to an adequate performance category in order to survive.

Smart materials will have the capacity to select and execute specific functions intelligently
in response to changes in environment stimuli. This ability may be complemented by several
other capabilities that are characteristic of intelligent systems, mentioned above.
Furthermore, these features may be augmented by capabilities for anticipating future
challenges and missions, and the ability to recognize and discriminate.

The current generation of smart materials incorporate at the global level material functions
associated with structural, actuation and sensing properties. Thus, for example, a current
generation smart structure might feature a load-bearing graphite-epoxy fibrous polymeric
structural material in which are embedded piezoelectric discs for sensing purposes and

5



embedded shape-memory-alloy wires for actuation purposes. Research is currently being
prosecuted on embedding these material functions of sensor, actuator, and structure at a
much more local level. For example, carbon fibers may be coated with piezo-electric
materials in order to synthesize a smart composite material which has distributed actuator
and structural properties at length scales comparable to the diameter of the fiber. Similarly,
electro-rheological fluids may be embedded within hollow fibers which may be employed
in the structure for reinforcement or sensing, for example.

In the future, the current methodology of large scale macroscopic and mesoscopic
integration of structural, sensory, and actuator materials will be replaced by the integration
of the microstructural properties at the atomic scale in order to synthesize somewhat more
homogeneous substances as shown in Figure 11.1.

Typically these techniques will be employed at regions with dimensions that are too large
to be considered to be at the inter-atomic level but too small to be considered at the solid-
state level. This concept has been referred to by several scientific terms such as micro-
composite materials, mesoscopic materials, hybrid materials, structurally-controlled materials,
and engineered materials. When this technology has been perfected, the materials scientist
will be able to synthesize, design and create three-dimensional atomic arrangements which
will render obsolete the categorization of materials into such groups as insulators, metals,
polymeric materials and biomaterials, for example.

A cursory review of the history of materials science will certainly reveal the profound
influence of this scientific discipline upon the evolution of civilization during the millennia.
Thus, it is therefore inevitable that the new generation of smart materials and structures
technologies featuring at the most sophisticated level a network of sensors and actuators,
real-time control capabilities, computational capabilities and a host structural material, as
presented in Figure 11.2, will not only have a tremendous impact upon the design,
development, and manufacture of the next generation of products in diverse industries but
also the economic climate in the international marketplace.

In the context of intelligent materials there is considerable focus on sensors and actuators
which are of course discrete materials with discrete functional properties. With the
development of techniques for designing and manufacturing materials at the atomic level
these terms will again become somewhat obsolete. After all, the basic unit of life in
biomaterials, the cells, monolithically unite all of the structural, sensory and actuator
functions in a truly integrated system.

The current generation of smart materials and structures incorporate one or more of the
following features:

0 Sensors which are either embedded within a structural materials or else bonded to
surface of that material. Alternatively the sensing function can be performed by a

6
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I

functional materials which, for example, measures the intensity of the stimulus associated I
with stress, strain, electrical, thermal, radiative, or chemical phenomena.

0 Actuators which are embedded within a structural material or else bonded to surface I
of the material. These actuators are typically excited by an external stimulus, such as
electricity in order to either change their geometrical configuration or else change
their stiffness and energy dissipation properties in controlled manner. Alternatively,
the actuator function can be performed by a hybrid material which serves as both a
structural material and also as a functional material. I

o Control capabilities which permit the behavior of the material to respond to an
external stimulus according to a prescribed functional relationship or control
algorithm. These capabilities typically involve one or more microprocessors and data
transmission links which are based upon the utilization of an automatic control
theory. I

The applications for these new generations of smart materials and structures will be diverse,
but a common denominator for the development of the most sophisticated class of systems 3
featuring actuators, sensors, and microprocessors will probably be the unstructured
environment in which a system must operate. Thus the uncertainty associated with the
behavior of the relevant external stimuli which govern the system response relative to I
prescribed design criteria will largely dictate the deployment of smart materials and

structures. The decision-making algorithm is presented in Figure 11.2 from which it is evident
that the necessity for synthesizing materials and structures with autonomous self-adapting, i
self-correcting characteristics is governed by the desire to achieve optimal performance at
all times under variable service conditions and while operating in unstructured
environments. There are several characteristics of these smart materials and structures which a
have been the foci of research activities, and these include changing the mass-distribution,
the stiffness, and the energy distribution characteristics for vibration-control purposes. I
These smart systems are typically synthesized from a range of off-the-shelf materials and
discrete devices whose properties are well known, rather than fabricate systems with new
materials synthesized at the microscopic level. Thus each discrete material in the current U
generation of smart materials and structures satisfies a discrete functional requirement of
the overall system in order to provide sensing, actuation or structural properties. The current
generation of smart materials and structures generally exploit the actuation characteristics
offered by electrorheological(ER) fluids, piezoelectric materials, shape-memory-
alloys(SMAs), magnetostrictive materials and ferro-electric materials, for example, but there
are a variety of actuator candidates, and the characteristics of some of these actuator
materials are documented in Figure 11.3.

Several sensing technologies can be incorporated into the current generation of smart
materials and structures, and some leading candidates for undertaking strain measurement,

9
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I
which is a common requirement for many smart materials applications, are presented in
Figure 1.4.

These sensors have diverse characteristics, such as thermal operating range and dynamic
response, consequently each class of actuator and each class of sensor have distinct
advantages and disadvantages. Nevertheless, by judicious selection, the smart-materials
designer can synthesize numerous classes of actuators and sensors to satisfy a broad range 5
of performance specifications.

Consider the smart-structural system whose desired actuation and sensing characteristics are 3
schematically shown in Figure 1.5. This illustrative example features a structure which must
be controlled over a broad bandwidth from low frequencies to high frequencies. Typical
requirements include vibration control at the high frequencies through the tailoring of U
damping, natural frequencies, and the amplitude of dynamic behavior of the structure; while
at low frequencies a shape or geometrical control requirement is imposed upon the
structure. Since these requirements are extremely diverse, a hybrid smart material is I
proposed featuring two types of actuators and two types of sensors. Thus, for example, while
the high frequency actuator is able to provide actuation capabilities at high frequencies, and
the low-frequency actuator is able to provide appropriate actuation capabilities at low I
frequencies, the domain of applicability for these actuation systems overlap in mid-frequency
range whereupon either actuator, or alternatively both actuators, may be activated. u
In order to satisfy the low-frequency requirements, shape-memory-alloy actuators may be
employed in conjunction with embedded fiber-optic sensors to satisfy the shape control
specification, while the high-frequency requirements may be satisfied by employing an array
of piezoelectric actuators which are interfaced with an array of piezopolymeric sensors. A
review of the actuator and sensor candidates suggests that some functional materials may
be employed as either an actuator or a sensor, while others are only able to perform one
of these functions, as indicated in Figure 11.6. The dual versatility of these materials could
be exploited in some smart materials and structures applications by employing the same
material as a sensor and/or as an actuator during service. Thus, for example, a material
serving as a sensor could continuously monitor the vibrational response of a structure, prior
to becoming an actuator when the amplitude of vibration becomes excessive in order to 3
alleviate this dynamical behavior.

Smart materials and structures in the foreseeable future will in the most general sense 1
comprise an integrated set of discrete subsystems featuring structural materials, sensors,
actuators, and microprocessing capabilities as indicated in Figure 11.7. The design philosophy
presented in Figure 11.7 contains a very large multi-parameter search domain because of the I
very large number of decisions and design parameters associated with the properties and
characteristics of sensors, structures, and actuators. Furthermore, the designer seeking a
global optimal solution in the synthesis of an appropriate smart material for a particular I
application must also address other crucial decisions concerning computational capabilities,
networking issues, and appropriate control strategies. 3

11 1
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IThe establishment of a set of viable analytical tools for predicting the behavior of smart
material and structures featuring embedded actuator materials, the characteristics of
structural materials, and also the characteristics of the interface regions and the
characteristics of the piezo-electric actuators is a prerequisite for hybrid optimal control
strategies for smart mechanical and structural systems featuring multi-functional smartI actuation and sensing capabilities. Since these materials will typically be employed in
engineering practice to satisfy various performance specific.-tions, the tailoring of the
structural characteristics by employing hybrid optimal control strategies is a crucial step inI the development of the knowledge-base in this area.

I

I
I

i
I
I
I
I
I
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III ACTUATORS FOR SMART MATERIALS 3
Actuator materials are one of the principal ingredients of several important classes of smart 3
materials and structures. These actuator materials are typically employed to dynamically
tune the global mechanical properties of the structure, or else to dynamically tailor the
shape of the structure in an orchestrated manner. The subsequent pages document synoptic I
qualitative descriptions of the current generation of candidate actuator materials.

3.1 ELECTRORHEOLOGICAL FLUIDS

i
Electrorheological (ER) fluids are typically suspensions of micron-sized hydrophilic particles
suspended in suitable hydrophobic carrier liquids, that undergo significant instantaneous
reversible changes in their mechanical properties, such as their mass distribution, and
energy-dissipation characteristics, when subjected to electric fields. When these fluids are
embedded in voids in structural materials, the imposition of an appropriate electrical field
on each voidal domain permits the mechanical properties of the embedded fluid to be U
actively controlled, which enables the global properties of the structure containing the ER
fluid domains to be controlled. The voltages required to activate the phase-change in ER
fluids are typically in the order of 1 to 4 kV/mm of fluid thickness, but since current
densities are in the order of 10 mA/cr 2, the total power required to change the fluid
properties is quite low. Furthermore, the response-time of ER fluids to an electrical
stimulus is typically less than one millisecond.

However, other significant activities in the field of ER fluids can be decomposed into two
parts; namely the development of new classes of ER fluids, and :he engineering and
development of discrete devices such as valves, engine mounts, and finite-degree-of-freedom
vibration isolation systems. All ER fluids comprise solid par'iculates dispersed within an
insulating liquid phase. When an electric field is applied the rheological changes are
precipitated by the rearrangement of the solid dispersed phase within the liquid medium.
Since the liquid must be electrically non-conducting, organic oils are often used. However, 3
it must be emphasized that many ER-active compositions are not well characterized
chemically and a variety of different formulations have been shown to exhibit ER behavior.
Furthermore, it is apparent that all compositions involve dispersed polarizable or conducting I
particles within the insulating oil. If the dispersed phase is not, or is only weakly,polarizable or conducting then the addition of various reagents can cause or enhance
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ER-activity. These additives become absorbed on the surface of the dispersed solid.
Although the presence of some water was once considered essential for ER-activity, some
anhydrous systems have been developed. Two examples are aluminosilicates dispersed in
a hydrocarbon oil and semiconducting polymeric quinones dispersed in hydrocarbon or
silicone oil. Other examples of solids used as the particulate phase include metal oxides,
clays and other aluminosilicates, silica, carbon, polyaccharides, and several polymeric
organics. Typically, particulates vary in size between 40nm and 50,000nm and the polymers
employed have typically been characterized by molecular weights above 1,000,000. The
liquid phase is most often a hydrocarbon or silicone oil or one of the halogenated or
polyha-ogenated derivatives. It is clearly evident, therefore, that the rheological
characteristics of ER fluids are derivatives of the physical chemistry of the fluid suspension.

Smart structures exploit the dynamically-tunable characteristics of electrorheological fluids
by embedding these fluids in host structural materials, which are fabricated in either
conventional materials or advanced composite materials. By controlling the voltages
imposed on the fluid domains in the structure, the properties of the fluids are controlled and
hence the properties of the smart structure are also controlled.

In order to determine the feasibility of exploiting this class of smart structures for U.S. Army
applications analytical and experimental investigations of the constitutive characteristics of
electrorheological fluids were undertaken prior to the development of a mathematical
capability for predicting the constitutive characteristics of smart structures featuring
embedded electrorheological fluids.

3.1.1 Analytical and Experimental Investigations of the Constitutive Characteristics of
Electrorheological Fluids

The steady-state rheological characteristics of a variety of electrorheological fluids subjected
to static electrical fields of different intensities were determined experimentally and
subsequently evaluated. The investigation involved a coherent combination of analytical and
experimental work. One of the experimental results is presented in the figure below, Figure
3.1, from which it is evident that the constitutive behavior is of a non-Newtonian form. The
reported results indicate that this class of electrorheological fluids has a constitutive
equation dependent upon the rate of strain and also the yield stress, which are both
dependent upon the magnitude of the applied voltage. This observation permits a
constitutive equation of the following form to be proposed,

r- a Ex"  for y < y
and

E X" + vi y(E) for y > Y
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I
where a, 11 and i% are material constants, y, is a critical strain rate, and E is the electrical I
field intensity.

The mathematical models for describing the electrical-field dependent non-Newtonian I
rheological characteristics of ER fluids, and also the magnetic field dependent characteristics
of magnetostrictive materials discussed in section 3.5, will be, typically, similar to those
exhibited by Bingham bodies and BKZ fluids, for example. These mathematical models will I
account for the electrical field-dependence of the rheological characteristics of ER fluids,
and also the dependence of the constitutive characteristics of magnetostrictive material upon
the imposed magnetic field.

A typical representation for a BKZ-type constitutive model for describing the properties of
field-dependent ER fluids is anticipated to take the following qualitative form:

t
ctE(x,t) - -pI + q [f UC,-'(() - UC,(C)ldC]

where a are the components of the stress tensor for the ER fluid, p is an indeterminate

scalar, q is a function, and U, and q are defined as follows: 5
dUj

- dl ,-i1,2 1
where U(E(x,t)), is the electrical field-dependent strain energy potential of the ER fluid, and
1, and I2 are the first and second invariants of the right relative Cauchy-Green deformation a
tensor

ct C) - FI()0F(C)

where Ft are the components of the relative deformation gradient tensor. Clearly the
electrical field E(x,t) imposed upon the ER fluid would be a function of the geometry of the
electrodes, their distribution in space and the potential difference, and can be determined
from the classical theory of electro-magnetism. Similar mathematical developments are also
proposed for magnetostrictive actuator materials.

The research results distilled from this experimental and analytical investigation are

summarized succinctly below:

1. Electrorheological fluids are characterized by non-Newtonian constitutive behavior.

2. Electrorheological fluids sometimes exhibit shear thinning. 3
I
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3. There is a large change in the non-Newtonian viscosity in the presence of an electric
field for a prescribed shear rate.

4. As the concentration of the particulate phase of an electrorheological fluid decreases,
the electrorheological effect also decreases.

5. The yield stress of electrorheological fluids increases monotonically with the magnitude
of the electrical field intensity.

6. A first-order model for electrorheological fluids has been proposed.
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Fig. III.1 Experimentally determined stress versus shear-
rate characteristics measured at different voltages
for a hydrous electro-rheological fluid comprising
of 45 percent corn starch and 55 percent
silicone oil.
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3.2 PIEZOELECTRIC MATERIALS 3
Piezoelectric materials are solids which generate a change in their latent electrical potential 5
difference in response to a mechanical deformation, or alternatively they develop
mechanical deformation when subjected to an electrical field. These properties enable this
class of functional materials to be employed as either actuators or sensors in the 1
development of smart structures.

Piezoelectric ceramic materials are typically employed as actuators while polymeric 3
piezoelectric materials are typically employed as sensors for tactile sensing, temperature
sensing, and strain sensing. Typically piezoceramics are the lead zirconate titanates (PZTs)
while typical piezopolymers are the polyvinylidene fluorides (PVDF).

3.2.1 Characterization of Piezoelectric Materials for Smart Structures

The constitutive characteristics of a variety of piezoelectric materials subjected to a variety
of electrical fields were evaluated, and a linear constitutive equation was proposed for
predicting the behavior of these functional materials. This equation relating the mechanical
and electrical behavior of the material naturally incorporates a term representing the
intensity of the electrical field. This equation is given by:

- CijA u - dj Ek I
I

Di- d~k Yik eV jj 3

where Tij are the components of stress, C ijk are the components of the tensor of elastic
constants, y k, are the components of the Lagrangian strain tensor, d kii is the piezoelectric
strain constant, E k is the electric field strength, D is the electric displacement, and E ij is
the dielectric permittivity of the piezoelectric material. I
The research results distilled from this experimental and analytical investigation are
summarized succinctly below:

1. The constitutive characteristics of commercially available piezoelectric ceramics and 5
polymers are adequately modeled by linear constitutive relations.
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2. Distinct classes of piezoelectric ceramic (PZTs) materials are more appropriate for
actuators while piezoelectric polymeric materials (PVDF) are more appropriate for
sensors in smart material applications.

3. Piezoelectric actuators have capabilities superior to the electrorheological fluids for
imposing higher magnitude bending moments and other classes of loading characteristics
on smart structures.

4. The response characteristics of piezoelectric actuators are infinitely variable through the
selection of appropriate excitation voltages which permit amplitudes and frequencies of
smart structures to be controlled in real-time. Non-harmonic and harmonic excitation
voltages can also be employed to tailor the response characteristics of this class of smart
structures.

3.3 Shape-Memory-Materials

Shape-memory-alloys are metals which, when plastically deformed at one temperature, will
completely recover their original undeformed state upon raising their temperature above an
alloy-specific transformation temperature. A characteristics of these alloys is that the crystal
structure undergoes a phase-transformation into, and out of, a martensitic-phase when
subjected to either prescribed mechanical loads or temperature. During the shape-recovery
process, these alloys can be engineered to develop prescribed forces or displacements. The
transformation temperature of these materials can be selectively-tuned over a broad
temperature range to suit each application, and plastic strains as high as six percent can be
completely recovered by subjecting them to heat. Shape-memory-metals have been
employed as both actuators and sensors in smart materials and structures applications.
Typical materials which exhibit the shape-memory effect include the copper alloy systems
of Cu-Zn, Cu-Zn-Al, Cu-Zn-Ga, Cu-Zn-Sn, Cu-Zn-Si, Cu-Zn-Ni, Cu-Au-Zn, Cu-Sn, and the
alloys of Au-Cd, Ni-Al, and Fe-Pt. Nitinol, a nickel-titanium alloy, is the most common of
the SMAs or transformation metals.

Nickel-titanium alloys (Nitinol, NiTi) acquire their name from Ni (Nickel)-Ti(Titanium)-
NOL (Naval Ordnance Laboratory). NiTi alloys, featuring a near-equiatomic composition,
can be plastically deformed in their low temperature martensitic phase and then be restored
to the original shape by heating them above the characteristic transition temperature.
Typically plastic strains as high as 6% to 8% can be completely recovered by heating the
Nitinol in order to transform it to the austenitic phase, and constraining it from regaining
the memory shape can result in stresses of 100 000 psi, for example. The yield strength of
martensitic Nitinol is approximately 12 000 psi.

There is a substantial database on the thermal, electrical, magnetic, and mechanical
characteristics of Nitinol, however, the influence of residual stresses and high temperatures
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associated with the fabrication and processing of Nitinol-based composites, for example, is 1
not well understood. Furthermore, the extent, duration and repeatability of the shape
-memory effect as well as the dynamic actuator and sensing characteristics of Nitinol are
also not understood. Shape-memory effects in alloys and metals are characterized by
deformation mechanisms which are associated with shape changes due to martensitic
transformations. Therefore a thorough understanding of martensitic transformations is an
important prerequisite to the understanding of the shape-memory effect in alloys and metals. I
The transformation of steel in a high-temperature austenitic phase to a low temperature
martensitic phase was first observed by the German metallurgist Adolf Martens. The I
extremely fine structure observed in the martensitic phase results from a lattice
transformation without atomic diffusion. The face-centered cubic austenite transforms into
body-centered cubic lattices or body-centered tetragonal lattices. These diffusion-free
martensitic transformations manifest themselves in a variety of alloys and metals.

Martensitic transformations fundamentally involve a lattice transformation featuring shear I
deformation and a coordinated atomic movement, which maintains a one-to-one lattice
correspondence between the lattice points in the parent phase and the transformed phase. 3
The martensitic phase is a substitutional or interstitial solid solution. The transformation
is diffusion-free which yields the same concentration of solute atoms dissolved in the
martensitic phase as in the parent phase. Martensitic transformations are typically 3
characterized by well-defined shape changes or surface reliefs.

Mathematical models need to be developed to predict the stiffness and dissipative thermo- g
mechanical behavior of shape-memory alloys. These models must feature the capability to
predict the behavior of shape-memory materials, where changes in loads and temperature
significantly alter martensitic and austenitic phases. A basis for such an activity is provided I
by an energy density function based on a model for a constrained elastic crystal which is
governed by the expression ,+

W(C,O) - b(O)J + c(O)K + d(O)J2  I

I
where C is the right Cauchy-Green tensor, 0 is the temperature, b(O), c(O) and d(O) are the
constitutive coefficients which must be based on experimental data, and J and K are
deformation measures. This energy density function will have the ability to predict that the I
austenitic phase will be stable when the temperature is greater than the critical temperature,
and martensitic phase will be stable when the temperature is less than the critical
temperature, and the two phases will be able to co-exist in the neighborhood of the critical
temperature.

The entire subject of martensitic phase transformations (MPTs) is one of considerable
technological and scientific interest. In recent years, theoretical understanding of the basic
physical properties of these systems has developed along two parallel tracks; one by applying 3,
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finite element techniques to solve continuum elastic models for cubic to tetragonal phase
transitions and the other by considering simple atomistic model Hamiltonians which
incorporate the essential ingredients of a martensitic system and solving them using several
theoretical tools. There have also been some attempts to construct phenomenological
Hamiltonians which incorporate the basic underlying physical characteristics of MPTs and
solve these models using Monte Carlo and molecular dynamics techniques. In fact it is now
believed that the MFTs are basically first order displacive structural phase transitions. Such
phase transitions have been of great interest to physicists in the area of structural phase
transitions in solids. The Quantum research team has worked extensively in the area of
structural phase transitions in molecular solids,some of which show first order cubic to
orthorhombic phase transitions with large pre-transitional elastic anomalies in the so-called
plastic phase, and order-disorder transitions in intercalation systems.

The fundamental physical but technologically important questions which are addressed in
this proposal include (i) the dynamical response of a martensitic alloy both above and below
MPT temperature, (ii) the effect of finite geometry on the thermodynamics and dynamics
in thin films of martensitic alloys, (iii) the effect of impurities on the phase transition and
hence on the pseudo-elastic and thermo-elastic response both in the bulk and film systems.
These issues are extremely important for the future application of shape-memory alloys in
small-scale integrated smart structures. It is now possible to quantitatively predict some of
the important characteristics of shape-memory alloys starting from an atomistic microscopic
theory. This can be achieved by calculating the fundamental Landau parameters appearing
in a continuum (long length-scale description of MPT) model in terms of atomic correlation
functions, an approach which was highly successful in understanding the MPT's and elastic
response in molecular solids. This is essential if a fundamental understanding of shape-
memory alloys is to be developed in the context of probing the effects of finite size and
impurities.

A variety of shape-memory-plastics are currently being developed. Norsorex, for example,
is the trade name of the polynorbornene polymer manufactured by Norsler in France.
Norsorex has excellent shape recovery properties at shape memory temperatures of over 350
C. However, Norsorex has several characteristics which have impeded its commercialization
in engineering applications. Norsorex is characterized by a super high molecular weight of
over 3 000 000. Furthermore, the shape recovery temperature of Norsorex cannot be
changed easily. For commercial applications shape-memory-plastics must be easily
processible and feature a wide temperature range in which the shape recovery temperature
can be changed. Other considerations, such as strength, durability, environmental resistance,
etc. are also significant.

Zeon Shable is a relatively new shape-memory-plastic which addresses several requirements
for commercialization. Zeon Shable yields itself to easy processing by injection molding,
extrusion, and blow molding, for example. The plastic is available in five different grades
which feature five different shape recovery temperatures ranging from 40o C to 800 C, which
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are 100 C apart for each grade of the material. Zeon Shable features very good strength 3
properties, and good environmental and chemical resistance.

In the injection molding process, the plastic is initially heated, melted and injected into a 3
mold, which is maintained at a specified temperature. Upon cooling, a hard molded plastic
is obtained as a result of the primary molding operation. When the molded plastic is heated
up to the shape recovery temperature the product manifests itself in a soft rubbery state. I
In this soft state, the product can be easily subjected to large deformations by the
application of appropriate force fields. The deformed product in the rubbery state can be
cooled in order to retain the same geometric configuration even in the absence of the
applied force field. This process is usually referred to as secondary molding. When it is
heated again to the shape recovery temperature, the secondary molded product becomes
rubbery and recovers the geometric configuration attained by primary molding. This is
accomplished by the release of the residual strain energy. When the product in this state
is cooled to room temperature, the recovered product solidifies while maintaining its
geometric shape, thereby returning to its shape after the primary molding.

It is clearly obvious from this discussion that shape-memory-plastics can memorize the shape
corresponding to the completion of the primary molding process. By employing an external
stimulus, such as heat, the primary molded product can be easily deformed by secondary
molding and its new shape fixed by cooling. By employing external stimuli, it is possible to 3
reversibly transform the product from its primary molded shape to its secondary molded
shape, and vice versa. g

The shape-memory property involves several processes which enable the material to:

1. Memorize the shape of the primary structure. 5
2. Fix the shape of the secondary molding.

The processes involved in memorizing the shape of the primary structure include: 3
a) entanglement of the polymer chains,
b) cross-linking,
c) crystallization,
d) formation of domain structure. 3

The shape of the secondary molded product is fixed by:

a) heating the material over the glass transition temperature and cooling,I
b) melting and re-crystallization of the crystalline phase,
c) melting and reformation of the domain structure. 3

The secondary molded shape is fixed mainly by physical structural changes, whereas the
primary molded shape is chemically and physically memorized. 5
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B Shape-memory-plastics (SMP) have several distinct advantages as compared with SMAs.

These advantages include the characteristic of being lightweight, freedom from rust, the
ability to impact color to products fabricated from SMP's, and the ability to print on theseI products. Furthermore, SMP products can undergo substantially larger deformations, they
are easier to mold, process, and impart memory in addition to lower price.

3.4 Thermally-Active Material

I
Distributed thermal actuators exploiting the Peltier effect, which characterizes certain classes
of semiconductor materials, have been employed to generate thermal gradients for

i controlling the dynamic response of flexible structures. These semiconductors act as heat
pumps when a voltage is applied to them and this excitation is responsible for the
development of a temperature gradient and hence deformation of the material. There areU a number of environmentally-responsive polymers that are commercially-available, and some
of the materials generate a mechanical deformation in response to a thermal excitation.

3.5 Magnetostrictive Materials

Magnetostrictive materials are solids which typically develop large mechanical deformations
when subjected to an external magnetic field. This magnetostrictive phenomenon is
attributed to the rotations of small magnetic domains which are randomly-orientated when
the material is not exposed to a magnetic field. The orienting of these small domains by5i the imposition of the magnetic field results in the development of a strain field. As the
intensity of the magnetic field is increased, more and more magnetic domains orientate
themselves so that their principal axes of anisotropy are collinear with the magnetic field
in each region and finally saturation is achieved. Terbium-iron alloys are typical
magnetostricitive materials.

"Terfenol-D" is a commercially available magnetostrictive material marketed by Edge
Technologies Inc. which incorporates the rare-earth element dysprosium. This material
offers strains up to 0.002, which is an order of magnitude superior to the current generation
of piezoceramic materials. However, this class of mechano-magnetic materials do suffer
from some disadvantages which must be carefully considered when synthesizing smart
structural materials. These include the technological challenges of delivering a controlled
magnetic field to a magnetostrictive actuator embedded within a host structural material;
furthermore, the material generates a much greater response when it is subjected to
compressive loads; and the power requirements for this class of actuators are greater then
those for piezoelectric materials.
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3.6 Electrostrictive Materials 3
Electrostrictive materials are analogous to magnetostrictive materials since these materials 3
develop mechanical deformations when they are subjected to an external electrical field.
The electrostrictive phenomenon is attributed to the rotation of small electrical domains in
the material when an external electrical field is imposed upon them. In the absence of this
field, the domains are randomly orientated. The alignment of these electrical domains
parallel to the electrical field results in the development of a deformation field in the
electrostrictive material.

The ceramic compound lead-magnesium-niobate, PMN, exhibits a thermo-electrostrictive
effect and the quadratic electrostrictive phenomenon is dependent upon the ambient
temperature. This type of material, while exhibiting less hysteresis losses than
piezoceramics, features a nonlinear constitutive relationship requiring some biasing in
practice to achieve a normally linear relationship over a limited range of excitation.
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IV SENSORS FOR SMART MATERIALS

_I The diverse range of off-the-shelf sensors available in the market place must be
evaluated within the context of smart material applications. The principal criteria for
evaluating these sensors are documented below, and these criteria are applied to the list
of sensors presented in the tabulated synopsis of the current generation of sensors
documented in Section III

* Accuracy: the minimum sensitivity required for the actuator/sensor

e Dynamic Range: the desired maximum range of the actuator authority or the
sensed measurand

1 Frequency
Response: the bandwidth of the actuator or sensor

* Linearity: the expected non-linear behavior of the actuator or sensor

throughout the required bandwidth and dynamic range. This
non-linearity is typically evidenced in hysteresis, saturation,
etc.

* Noise Rejection: the sensitivity of the actuator or sensor to interference from
electronic noise and EMI signals

e Embeddability: the ability of the actuator or sensor to withstand the
processing environment of the composite material

1 Health Monitoring
Capability: the ability of sensors to measure parameters required to

detect structural damage

o Networkability: the ability of an actuator or sensor to be integrated into a
distributed control system or health monitoring system

* Cost: the cost of the actuator or sensor and the associated ancillary
opto-electronic equipment, for example
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I
" Survivability: the ability of the actuator or sensor to function in a diverse

range of environments

" Technical the technical ability to commercially deploy the actuator or
maturity: sensor with minimum development cost and/or time

In addition to the conventional structure/sensor architectures, there is an increasing need
for "smart materials" in US Army structures as well as in airframe applications. Such
materials would contain sensors and control elements as integral parts of their structures
to provide detection, and perhaps prevention or correction, of imminent failure or
misalignment. One such possible approach is the in situ formation of piezoelectric thin
films on the surface of existing light-weight structural materials such as aluminum alloys.
Piezoelectric material is a natural electromechanical transducer. When an electric field I
is applied to such a material, a strain is produced in it. Conversely, if the material is
stressed mechanically, an electric field is generated.

Polymeric materials with piezoelectric properties such as polyvinylidene fluoride (PVDF)
that can be deposited as thin films are potential candidates for such materials. However,
polymer materials typically have limited lifetimes in the radiation and vacuum I
environment of space for example. In contrast, ceramic piezoelectric materials have
much greater stability. However, they are less easily formed into thin films, particularly
on existing large structures. Recently, significant advances have been made in using
organic precursors such as alkoxides to produce a variety of piezoelectric ceramics such
as barium titanate. 3
Fiber-optics can also be employed by embedding a fault tolerant fiber-optic network into
the structure and using fault tolerant networking techniques to detect and isolate
structural damage. In such a fault tolerant to assess the state of smart structures
networking environment, there are several available routing algorithms to detect and
isolate the malfunctioning nodes and paths for a given network topology. In addition, it
is possible to measure physical variables of interest in structural ar plications using optic
fibers. For instance, measurements of both static and dynamic strain have been reported
using optical fibers embedded in composite materials. 3
Other potential sensors for damage detection in smart structures include computer
vision. This involves the development of a TV-based vision system for the detection of
structural damage using, for instance, edge detection algorithms.

4.1 FIBER-OPTIC SENSORS I
The health management of smart structures is a philosophy involving the utilization of
sensors embedded in a structure to monitor the state of relevant governing parameters. I
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These sensors must typically be very small in order not to adversely affect the structural
integrity of the structure. Fiber-optic sensors satisfy this criteria. Research involving
Kevlar-epoxy fibrous materials has demonstrated that the embedded optical fibers do not
reduce the tensile or compressive strength of the host structural material, nor the
interlamina fracture toughness (see claus et.al and Measures et.al, Bibliography: B5).
These results need to be generalized, and further work undertaken to study the long-
term effects on the fatigue life of these structures. Damage detection in this class of
smart structural material can also be determined using a simple technique whereby
optical fibers are fractured with the attendant disruption in their transmitted light.
Furthermore, fiber-optic strain rosettes, involving Michelson interferometry, permit the
principal strains in a local domain to be calculated for smart structural applications.

I In terms of smart structures, strain, deformation and vibration measurements are-often
the most important. Fiber-optic strain sensors offer several distinct advantages over their
electrical counter parts, such as resistive strain gauges for this class of applications.
These advantages include:

e They can be embedded within composite materials
o They do not generate electrical interference
o They require no electrical isolation
e They do not heat the structure
o They can provide fine spatial resolution
o They can make integrated strain measurements over larger distances

IMoreover, since optical fibers are dielectric in nature they are compatible with
composites and when embedded avoid creating electrical pathways within the structure.
This will become more important as composites are used increasingly in aircraft that fly
in the vicinity of thunderstorms.

4.1.1 Influence of Embedded Optical Fibers on the Structural Integrity of CompositeIMaterials

A fundamental issue that must be addressed if optical fibers are to be embedded within
composite materials as a routine industrial practice concerns their potential to
compromise the strength and damage vulnerability of the material. It has been
previously shown that neither the tensile nor compressive strength of Kevlar/epoxy
appears to be reduced by the presence of the embedded optical fibers. Initial
investigations of the influence of the embedded optical fibers upon the interlamina
fracture toughness have been undertaken and the results of this work indicate that if
anything the critical energy release rate is increased by the presence of the embedded
optical fibers. This experimental evidence suggests that the presence of optLal fibers has
no adverse effect upon the structural integrity of fibrous polymeric composite materials.
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Indeed, they marginally improve the damage resistance of the material. These I
preliminary results have been for Kevlar/epoxy materials and need to be generalized. A
further study of the long-term effects of embedded optical fibers on the fatigue life of
composite materials also needs to be undertaken before total confidence in these results
can be obtained. S
4.1.2 Michelson Fiber-Optic Sensor

The differential Michelson interferometric fiber-optic sensor uses two closely spaced
single mode optical fibers, and one of these optical fiber serves as a reference. TheI
sensing region is localized between the mirrored ends of the two optical fibers, and
interference associated with changes in the strain or temperature of the structure
modulates the intensity of light incident on the detector. The coupler mixes the lightI
from the two optical fibers. Some of the advantages offered by this sensor in terms of its
use as a strain gauge are: high sensitivity, well-defined directionality, and excellent
localization. This enables it to be especially effective as a pointer sensor. A number of I
fiber-optic Michelson strain gauges have been built and a series of experiments designed
to characterize their performance capabilitic have been undertaken.

The ultimate goal of a fiber-optic strain sensor is the measurement of an arbitr. ry state
of strain consequently there has been considerable research on the development of a
fiber-optic strain rosette. Current approaches are focused on the development of the 3
Michelson fiber-optic sensor because this leads to a simpler and more sensitive optical
strain rosette than the polarization based-system developed previously. 5
4.1.3 Polarimetric Fiber-Optic Sensor 3
One of the problems associated with the philosophy associated with the Michelson fiber-
optic sensor is the difficulty of maintaining the intimate mechanical bond between the I
two fibers needed for the common mode rejection necessary to achieve lead-in/lead-out
insensitivity. Even when the two arms of the interferometer are adequately bonded
together, in-plane bending will subject one to tension and the other to compression
making lead-in/lead-out insensitivity difficult to attain. On the other hand, a
polarimetric fiber-optic sensor relies on a single optical fiber making it much easier toI
obtain lead-in/lead-out insensitivity. Although the strain sensitivity of a polarimetric

fiber-optic sensor is close to two orders of magnitude less than it's interferometric
counterpart, this feature is useful if long sensor lengths are desired. Another significant 1
advantage of this type of sensor is that it can be used with a laser of small coherence
length. Localization of the sensing region is typically accomplished in a polarimetric u
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fiber-optic sensor by use of either dual 45 degree splices or a single 45 degree splice and
a mirrored end face.

A structurally integrated optical microsensor system for assessing the state of a structure
has been termed a Type I passive smart structure. Typically the smart structure
comprises a fibrous polymeric composite material in which is embedded an optical
microsensor system. This embryonic field requires the integration of diverse
technological disciplines ranging from materials science and composites manufacturing,
through networks and artificial intelligence to microelectronics and fiber-optics. With
these basic raw ingredients, several different recipes exist for producing different classes
of baked goods.

The first class of products involve the manufacture of fibrous polymeric composite parts
which are typically cooked in an autoclave where the part is simultaneously subjected to
both pressure and temperature in order to cure the matrix system. Currently, this
manufacturing process is undertaken using an open--loop control philosophy, where the
heat and pressure profiles of the autoclave are prescribed by the manufacturer of the
resin or polymeric material. Consequently, if the curing process is incomplete during
manufacture, then the resulting mechanical properties of the part, such as the strength
and the stiffness characteristics, will not comply with the design specifications for that
part.

The curing process is by no means a simple straight-forward undertaking. For example,
the degree of cure can vary dramatically in a large fibrous polymeric part because of the
thermal characteristics of the autoclave; the exothermic phenomena associated with the
curing of the matrix; the thermal diffusivity of the part material; which typically depends
upon the layup and the fiber volume fraction, and also the geometry of the part.
Variations in the batch properties of prepreg materials and also the period of time that
the prepreg remains outside the cold-storage facility, may also be contributing factors.
Since an incomplete state of cure in a region of a part will typically result in the part
failing to comply with the design specifications, critical parts are typically subjected to
cure cycles that are longer than the optimal duration in order to develop a state of
overcure. This philosophy is clearly expensive.

A closed-loop control philosophy may be invoked for the manufacture of autoclave parts
by embedding fiber-optic sensors involving a network of thin optical fibers in the
composite part. This processing philosophy enables the state of cure throughout the part
to be continually assessed by a microcomputer-based control system, connected to the
autoclave controller prior to tailoring the characteristics of the external stimuli imposed
on the part by the autoclave, in a localized region of the part in order to achieve the
desired state of cure. Figure IV.1 presents a schematic diagram of the system. This
embryonic technology has broad ramifications for the fabrication of parts with complex
shapes, and also high-perfo-mance composite parts where quality is of paramount
importance. The technolog would naturally impact all of the diverse industrial and
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I
commercial products that are currently exploiting the superior properties of polymeric I
fibrous composite materials.

In some situations the objective of the smart structure may be to simply ensure that a 3
critical part for an aerospace system is manufactured to specification in an optimal
fashion. The embedded sensors could monitor the state of cure, the magnitudes of the
residual stresses, and also provide information on the size and location of defects. Thus,
the part is only smart during the manufacturing cycle since it becomes dumb once the
optical fibers are severed where they emerge from the composite structure. 3
In sharp contrast to this class of products featuring smart capabilities only during the
manufacturing process, a second class of products would continuously employ this class
of in situ photonic sensors throughout the processes employed to manufacture the part
and also throughout the service life of the part. Thus, as depicted in Figure IV.2, the
embedded sensing system would initially be employed to monitor the state of cure during
the fabrication of a smart component featuring fibrous polymeric materials, in order to
ensure that the part is processed correctly. Subsequently, the embedded sensing system
would be employed to continuously monitor a number of critical parameters within the
part during service, as illustrated by the dynamic stress characteristics of robot arm
shown in Figure IV.3 due to the loading generated by the end-effector tooling. If these
stresses exceed prescribed criteria, for example, then the associated signals would be fed 5
to the robot controller and the resultant mode of operation would be modified in order
to restore the system characteristics to the prescribed work envelope. Finally, the
embedded sensing system would be employea to monitor the structural integrity of the U
component. As shown in Figure IV.4, the embedded sensing system could be employed
to monitor the structural integrity of structural members, such as aircraft wings, for
example, by detecting cracks and monitoring the propagation of these defects. Such a I
capability will be an invaluable tool for inspection and maintenance personnel.

This notion of employing sensors embedded within a structural member in order to 3
monitor the properties of the part has resulted in the coining of the term "health-
monitoring,' and the relevant scenai Los are depicted in Figure IV.5 Other terms include
the cradle-through-grave philosophy. These terms are derived from the continual health- I
monitoring activities of homo sapiens and they build upon notions of biomimetics. This
field is a principal ingredient of many smart materials technologies. Prior to birth,
human beings are often subjected to non-invasive techniques to monitor the status of the I
fetus prior to embarking upon corrective courses of treatment. These medical practices
often continue through the birth process. Subsequently, throughout life the health of
human beings is monitored in response to external stimuli of various forms prior to being
subjected to corrective treatments. Finally, as depicted in Figure IV.2 in the scene
involving the emergency care vehicle, the sensing systems can be employed to monitor
the vital signs and record the failure of the principal organs such as the heart, liver, and
kidneys.
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It is dear, therefore, that the most sophisticated classes of smart structures will embody
health monitoring capabilities as engineers endeavor to replicate biological systems.
Products featuring health-monitoring capabilities would typically include pressure vessels
and piping in industrial, military, and aerospace systems where the focus of attention
would be the structural integrity of these shell-like structures in high pressure systems, or
leakage in low pressure systems containing hazardous chemicals. The fuselages and
wings of both commercial and military aircraft where structural integrity and vibration
phenomena would also feature health-monitoring technologies. There are, of course,
numerous other engineering situations involving components being subjected to fatigue
environments, other classes of hostile environments, and other scenarios involving
unstructured external stimuli, where this technology is also relevant.

The cost of installing a passive smart structure featuring a structurally integrated
microsensing system must be carefully weighed, relative to the cost of part failure and
subsequent loss of performance of the overall system containing the smart structural part.
For example, consider a scenario in which a critical articulating member of a piece of
military machinery, is being subjected to a variety of unstructured external dynamic
stimuli that are prematurely precipitating a fatigue failure of the part with the
consequential loss of capabilities in the battlefield. The deployment of this embryonic
technology would provide a diagnostic tool whereby the status of fatigue cracks in the
part could be monitored, and upon attaining a specific threshold, planned-maintenance
procedures could then be initiated in order to replace the part at a convenient time, in
order to avoid the subsequent loss of battlefield capabilities associated with the previous
generation of production machines.

A variety of fiber-optic materials and sensing strategies for several applications were
comprehensively evaluated (see Bibliography: B5, for example). The research results are
highlighted below.

1. Fiber-optic sensing systems are able to monitor the state of cure during the
manufacture of a composite structural component and this information can
provide the basis for on-line closed loop control during manufacture in an
autoclave process, for example.

2. Fiber-optic sensing systems possess the ability to rapidly transfer high volumes of
data, and in addition photonic phenomena permit a diverse group of parameters
to be measured such as pressure, force, strain, magnetic fields, damage, and
temperature, for example.

3. Typical fiber-op'tic systems are Mach-Zehnder interferometers, Michelson
interferometers and several polarimetric devices.
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Fig. TV.1 Optical fibers embedded for autoclave cure monitoring.3
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Fig. IVi2 The health-monitoring of Homo sapiens
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Fig. IVA In-flight structure surveillance would require fiber-optic
nervous system (FONS) channels in key structural regions
of a plane.
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Fig. IV.5 The health-monitoring of parts utilizing
embedded sensors.
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3 4. Fiber-optic strain sensors have been developed for measuring strain at a point and
they have also been employed for damage detection associated with impact and
delamination phenomena.

S. The embedding of optical fibers in polymeric laminates does not adversely affect
the interlaminar toughness of the structure, or the strength of the structure
provided empirical guidelines are complied with.

6. Damage detection in polymeric composites can be accomplished by the utilization
of an array of optical wave guides that are severed by cracks propagating through
the structure, thereby severing the optical path and reducing the intensity of light3 at the photodetector.
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I
I
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I
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V MATHEMATICAL FORMULATION FOR TWO CLASSES OF SMART
STRUCTURES

Design tools for smart materials and structures applications will typically involve the I
integration of concepts from continuum mechanics, such as field equations and boundary
conditions, and computational techniques such as finite element methods. In order to
develop these computational tools, two variational theorems are established herein for
smart structures featuring firstly an elastic body with piezoelectric properties; and
secondly for an elastic body with embedded electrorheological fluid domains. 3
Subsequently, finite element formulations are systematically developed for these two
classes of smart structural systems.

5.1 VARIATIONAl THEOREM: SMART STRUCTURES INCORPORATING

PIEZOELECTRIC ACTUATOR DOMAINS5

A variational formulation for an elastic body with piezoelectric

properties is established herein. OXYZ are Lagrangian 3
coordinates fixed in the body in an undeformed reference state. Using an

indicial notation (i - x,y,z), at time t, a general point P in the continuum

has the position vector 3
ri -roi + rRi + u i

vhere roi are the components measured in the oxyz frame of the position vector

of the origin of the body axes relative to the origin of the inertial frame. i

Similarly, rRi represents the position vector of point P in the reference

state relative to the origin of the body axes and ui is the deformation

displacement vector. The velocity associated with the time rate of change of !

ri is written as p V By using the Lagrange multiplier, the functional

governing this response may be written
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Jt 0  Vr 1  + 2 7 j (r - Cij klkl+dkijEk)

2 Ei(Did jk'ijEj) + riJ(Ii2"
.D 2 (u i ,j+uj i) )

"Di (E 1+ , 1 )'PP1 (p 1 ." 1oi++e ijk#J (rok+rRk+uk)))j dV

+ S1&iridS - Jg 1 (UI-u1) dS + J 3(v)dS} dt (1)

where the kinetic energy density T - 2 p plpi, and electric enthalpy density H

- I I E D In this functional, X is the body force and g, is the
2 'iJ 7ij - 2 1 V

surface traction on region S2. C ijkl represents the tensor of elastic

constants from the generalized Hooke's Law, and this tensor interrelates the

Langrangian stress tensor rij and the strain tensor 7 i. Components of the

angular velocity of the moving coordinates are represented by 0i' while e ik

is the alternating tensor. The electric potential and electric field strength

generated by the applied surface charge a are represented by 0 and Ei

respectively, while D is the electric displacement. The piezoelectric strain

constant is given by dijk and Eij represents the dielectric permittivity of

the piezoelectric material. Three differential notations are used in this

expression: ( *) is the time rate of change 
with respect to the moving frameI .

oxyz; ( ) is the absolute rate of change and (,) represents the spatial

differentation. In equation (1), an overbar denotes a prescribed quantity.

The sum of S., S2 , S3 defines the total surface area S of the continuum which

has a volume V. The first variation of the functional J can be written as
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6J -0- t 67 (-rj.Cijkl~kldkUj-k) dVIt f 2 -1 dVU

+ J 6ria Iij2 (u1 j+uj, )) d)

Is * *
" p 6Pi (P1 - (roI+UI+eljkij (rok+rRk+uk) ) dV

+ JV 6u i (XI + Tjj,j-P pi} dV

+ JV 60 dV

- V 6Ei (Di-dijk- }j E ) dV

I 6vDi (E1+0.1I dV

+ I 6ui(gi-gi) dS - J 6gi(ui-ui) dS + J 60 (o-Dini) dS

" 6r 1 {+ S2 $3 IdS-JVpidV5

+ 6 j trv eijk Xi (rok+rRk+uk) dV + SS e ijk gi (rok+rRk+k) dS I

J Ve ijkP k (r ok+r Rk+uk) dV}} dt (2)1

In equation 2, n i represents the component of the unit vector of the outward

normal from the surface S. By permitting arbitrary independent variations of

the system parameters 7ij, iJ P, ui, '  E1, Di, roil 0 in equation (2), 1
the field equations and associated boundary conditions can be established for

a diverse class of engineering situations where flexible piezo-electric

members are describing general planar motions relative to an inertialI

reference frame. 435
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Upon prescribing the boundary conditions and the initial conditions for a

specific member, then the solution of the field equations provides the basis

for establishing a viable design tool for this class of problems. Since

closed-form solutions are not realizable in practice, herein, a finite element

formulation vill be established in order to yield approximate solutions.

In the finite element method, discrete quantities are employed to

represent continuous functions, consequently all equations written for a

continuous medium must be reformulated as matrix equation using discrete

quantities. Since equation (2) was written for a continuum model and it is to

be the basis for determining the finite element equations, this e-pression

must now be modified.

A simple displacement model for the deformations of a component will be

adopted, herein. The response of -he link will be obtained by superimposing

the nodal displacements on the gross rigid-body motion of the member. This

assumption is considered to be appropriate and realistic since a linear theory

of elasticity has been invoked and the subsequent investigation is restricted

to the analysis of slender links in their lower modes of vibration.

The general displacement vector at any point in an element is related to

the nodal displacement vector ,e) by

lue) - [N](Ue)

I
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where (NJ is the matrix containing the shape functions, and superscript e 5
denotes the parameter in element level. The electric potential vector at any

point in an element can be assumed to have the following spatial distribution I

() " (No] (fe)"

where [N e contains the interpolation functions for the electric potential and

(0) is the nodal potential vector. Assuming the velocity at any point within I
an element, p , is related to the nodal velocities (P) by the exr-ession

(p e) -[N] {pe) , I

where IN) contains the same interpolation functions used to describe the I
spatial distribution of displacement u, then the third expression in (2) may

be rewritten

I
- *e peIT[N]T[NJ ((pe) _ pe) _ (6e)) dV

The velocity field associated with the rigid-body motion of the link is m

approximated by [N] (P) and implicitly contains the equation of closure of

the mechanism.

Using matrix notation, the variational equation of motion for a single I
finite element may be written 5

4
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SJ-0-J ( 6) (-i - (1C]e) + [d](E)) dV
2

0

+r (6,) (1 - (LfI[](U)) dV

- ' p(6p)T INIT[NJ ((P) - -(P) dV

+ M:)T j [N T(X)+tL2](v)-pI(P)) dV + J [N] tJ((g)-(g)) dS)

Ve Sen S1

+ f (60)T (Ne T (L3 (D) dV
Ve

I 2 (6E) T((D) -d]T(,- [e](E)) dV

V 
fe  2

f 6D)T(fE) + 1L3 !N el10)) dV

+6) [F: N] ((U) -IU)d 6)[ -- D) n)) d
+ (# dS [Ne]T ( -{D)T dS

+(6r 0 ) )T(j e (X)dV +j S e nS(g)dS -J Ve [ N)+ dV)
Ve  S~nS1  Ve

+6# ,(j e(r x )dV +JiSe (r x )dS - Ve (r xp j) dV)}Idt (3)

Ve  S ri S1

where the bolded parameters denote vector quantities. The differential

operators [L,], [LZ and [L3] and definitions of the (r), (7), [d), [c] are

given in the Appendix. Integrating by parts the second term in the fourth
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integral and the fifth integral respectively, and using the following5

notations,3

[K) f J L2 IN)[][,[l dV3

[KJ ([L2][N) )T jdI(ILJIIS*I) dV3
Ve

IK] - Je p (NJ TIN] dVI

(RI - Q(L3I IN eD)T It (jL3 1I(N e ) dV3

[R ~ I ((L3 JjN.J )T[d)jT ([L1J[N]) dV

the variational equation of motion becomes3

1e 0(7Tr)- [CJ(7) + [d]uE)) dV
~ 0 ~ to VC e

+ I (6r)T ((7v) _ [L111][N(U) dV

I (6p)T[N]T IN] ('P) - -(R) ) dV3

+(6U) T (-(K(U) -[K c ](0) -[M](P) +JV (NJIT X) dV + J eS IN IT~g) dS)3

+ (60) T ([RI(f) + [R e](U) +[ I e T1 4 1TdS)
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I
6e T ((D) - Id(-v ~IE) dV

IV

I -J' (,,g)TN ((U) - (U)) ,S

S:n S2

+(3r TJ (X)dV +J ()dS J N4(P) dV)

V e  en S

I I

From equation (4) the governing equations governing the displacement vector

1U) and electric potential (1) can be written as

I (K](U) + [KC ]() + Ml(U) - (F) (5)

w R]e -| [R] o(U) - (Q) (6)

I where

(F) " J [N]T(X) dV + J SNjT(g) dS - (M](PR)

I (QeJ "I NT° dS

I
It can be seen that equations (5) and (6) couple the displacement field and

electric field. The aforementioned element equations can be assembled to
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I

develop the system equations. For brevity, the same notation will be used for 3
the system equations.

The governing equations governing the response of a member U
macroscopically consisting of two materials in different regions, one being

the usual structural material and the other being the piezoelectric material,

can be developed by first considering each material independently prior to 1
utilizing the compatibility condition on the interface. Thus,

(i) the piezoelectric part I

[KP](U p) + [K c](0) + [MPI(Up) - (Fp) + (Fi)

[R] (9) - [Rc](UP) - (Q) I

(ii) the structural part

[K]J(US) + [Ms](US) - (FS) - (Fi) I

(iii) the displacement compatibility

~II

where superscripts, p and s are used to distinguish the piezoelectric and 3
structural parts respectively, and subscript i denotes the quantity on the

interface. By combining these equations, the global equation can be written I
in a matrix form 3
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['1 q2 0 0] [b;1 1 r[KT 1 KT 2 0 Kucl (Up [FP1
, o o1 1 I I IF I

I 8  K81 I I -

I 21 l2222 M21 01 1 11 + K21 22+K22 K21 c IiI II I It I I

Mo 12 Ma lll US11 1 KS12 K S2 o lUst FS
I I I I HI I I

lo 0 0 Oj1*J [-R -R c 0] I Q

where the submatrix and subvector are discretized by the location of those

quantities described.

In the case that the piezoelectric material acts as an actuator. The

electric potential * is the control variable. The equation can then be

written

M11 M12 0 p K11 K12 0 UP l[K) .fI
0 P s s " + K (0

MP1M22+M22 M21 Ui + 'K21 K22 +K22 21 U i  F2F 2 + c2 ]

s s s 0 Ks Ks U s  F s0

M812 MNll K12 K22, 1 .1

or in a compact form

LH(U) + KJ(U) ife) + Ifc) (7)

so

IM(}+[]U f|+fc 7



i

where if e) and (fc) are the external force vector and the control force 
vector 3

respectively. If a proportional damping matrix is introduced for the

structural material, the equation (7) can be augmented 
and written

[K]IU) + [C]IU) + [K](U) - f e) + (fC) (8)

where the damping matrix is written I
(C) - a1i4 + [K] (9) I

The following vector and matrix notations are used in 5
equation (3),

Stress vector Strain vector 3

r13I',,I I3

It) 
'11

Electric field Electric displacement 3

IE) - Ea  (D) - D2

193 ID3,

Piezoelectric strain constant I
dill dall dl 12 dill d3 d |
d, d 22 21 1
dl:: d:33 d 322  d12a daa d322( d) d da, d, 333 d133 d233 d333l

(d] - d12, d22 3 d $is 2dl23 2d223 2d3/ I
d11 3 d21 3 d313 F2dll3 2d21, 2d3 ,I

Ldll 2  dal1 d3 12J 2d11 2 2d21 2 2d3l2 J

I

I



Dielectric permittivity

41 412 '13

1. 421 '22 '23

43 32 433J

Elastic constant (orthotropic)

C1 1  C1 2  C1 3  0 0 0 C1 1  C1 2  C1 3  0 0 0
C21  C22 C23  0 0 0 C21  C2 2 0 0 0
C3 1  C32  C3 3  0 0 0 C31  C32 C3 3  0 0 0

C44

(C] - 0 0 0 C4 0 0 (C] -0 0 0 2-0 0
C55

0 0 0 0 Cs0 0 0 0 0 2
C6 6

0 0 0 0 0 C66 J  0 0 0 0 0 2

Where [Z is used for the symmetric expression of [K] while [d] is used for
the equalities: 712 - 721, 713 - 73, and 72 3 -732

and the differential operators,

aL 0 0
ax1

00

0 0 L.3J Ox3

[L0J" 0 I Ai
2 ax3  20x2

0 1a
2 8x3  2 8x1
IaL 1aL
2x 2  2 8x 0
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0 0

[L21- 0 A- L-
OxK Ox2 3
0 a

Ox 2  Ox1

Oxi Ox2  OIX3
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5.2 VARIATIONAL THEOREM: SMART STRUCTURES INCORPORATING
ElectrorheoLOGICAL FLUID DOMAINS

The static response of a given structure subjected to a prescribed loading regime is
governed by the stiffness of the structure. The dynamic response, however, is largely
governed by the mass, stiffness and energy dissipation characteristics of the structure and
also the nature of dynamic excitation. Thus in order to control the static and dynamic
behavior of a structure, the structure must in general possess the innate ability to change,
upon command, the mass, stiffness and energy-dissipation characteristics. Since ER
fluids possess electrically-dependent mechanical characteristics when subjected to static
or dynamic electrical signals, then if these ER fluids are embedded within an electrically
conductive solid medium, as shown in Figure V.1, the ability then exists to control the
global properties of this material.

The task of modeling the dynamic response of a viscoelastic body comprising both a solid
and a fluid domain is accomplished herein by developing a variational principle which
governs the motion of a viscoelastic body of volume V, with an embedded Lagrangian
reference frame oxyz, describing a general spatial motion relative to an inertial frame of
reference frame OXYZ.

At time, t, a general point P in a viscoelastic continuum may be defined by the position
vector r

ri = rot + rRi + (1)

~~Solid strtui~tral

Fig. V.1 The generic idea of an electrorheological fluid embedded in
a deformable solid.
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When the continuum is subjected to an isothermal process during the

time interval t1 - 0 to t1 - t, the principle of virtual work requires the

stationary conditions of the following functional to be determined U

g, r' d dS1  (2)

I
The equations governing this class of dynamic linear-viscoelastic problems

are the field equations throughout the volume, the boundary conditions and I
also the initial conditions. The first two classes of equations may be

established by seeking the stationary conditions of the functional J1

subject to the following constraints throughout the continuum, 5

eij - (uij + uji) (3)

1(u (4)
£ iJkwk" 2~(i -, uji) (4)I

.j 1k 2 . j |

pi - r i + rRi + e Jk~j(r k + rRk + Uk) (5)

and on the surface region S2

ui - ui" (6) I

A free variational problem may be constructed by incorporating the I
constraint equations (3), (4), (5) and (6) into the functional Jl using 3
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Lagrange multipliers to formulate a functional J. Upon taking the first

variation of the functional J and setting it equal to zero, these

undetermined multipliers may be expressed as functions of the system

variables.

Expressions for A and A in equation (2) need to be established

before the above task may be addressed. This is accomplished by combining

the local equation for conservation of energy and the entropy production

inequality under isothermal conditions (16]. Thus,

+ aij (t) ij (t) a 0 (7)

Now, assuming that

tB e. *(r) aek ('i)

A(t)- 2 G ,(2t- - 7)-0 , 1k- 1/ drdq (8)
2 1 ijkl Br a

where GijkA(t) are the isothermal relaxation functions of the viscoelastic

body, and upon substituting (8) into (7) and requiring the resulting form to

be valid for arbitrary values of the current strain rate eij (t), then the

following hereditary stress-strain relation

G ekA (9 )

ij (t) - GJ (t r dr (9)

is obtained. Equation (7) now becomes

A(t) 2 0 (10)
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where I

rtrt~ 8e O

A(t) -- Jrat GijG .(2t - - n) ae M( drdr (11)

which states that the rate of dissipation of energy must be non-negative. 3
In this work, attention is focussed on ultra-advanced composites

which are structurally alternating layers of two different species of 3
materials. One set of layers is assumed to be either a monolithic material,

or a traditional composite material, whereas the second set of layers is 3
assumed to be an electro-rheological fluid. The constitutive model for this

class of ultra-advanced composite materials is based upon the concept of I
geometrically-weighted averages.

In this variational theorem, the effective mass density p of the I
A

ultra-advanced composite material consisting of S1 layers of a structural 3
material and S2 layers of an electro-rheological fluid is defined by

A AI

A (i2, n) r(n)1 J 1 2 h J (12)I

m-I n-I h

where, the volume fractions of the solid and fluid components of the 1
material are related by the volume additivity constraint, 3

VI1 + &,2 - 1, (13)

and the total thickness h of the ultra-advanced composite material is I
defined by,
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hI + h 2 - h (14)

In equation (1), p1 m) and p(n) are the densities of the uth layer of the

traditional composite material and the nth layer of the ER fluid
A (i) A(n)

respectively. Similarly t and t represent the thickness of the mth

layer of the traditional composite material and the nth layer of the ER

fluid. respectively.

The effective relaxation function d (v"n) of the ultra-advanced

composite material is defined by

A A(n) (in) t(m (2G(n) A,^A(n)

ijkl( ) 2 ikth 1  zl G ij kg (V h 2  V 2 (15)

where G Jk represent the components of the tensor for the mth layec of the

traditional composite material. The corresponding relaxation function of

t(n) ( (n)the nth layer of the ER material G jkA V i(V a function of the applied
A

voltage V(n ) . Clearly when the applied voltage in a given layer of the ER

fluid induces a fluid-like state, the contribution to the overall relaxation

function may be minimal depending on the fluidic properties.

Upon substituting equations (8) and (1l)-(15) into equation (2), and

also incorporating equations (3), (4), (5) and (6) into (2) after each

equation in this latter group is first premultiplied by a Lagrange

multiplier, the following variational equation is obtained by the standard

rules of the variational calculus,

63 - 0 - jo (6(ij) ['eij + 2 (uji + uj
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$ lilIiikk + 2 - aj) + Vaieij( I

A A

PP [P +  o l S1 *S2
" 6 G(m) (t11) 2 G(n) '21 Oe d

rijhi 1) iiw(t17) h 2

l-1 n-1 h

+ J'$ J0o 5 ul(jE- 8 1 )drdS1  g(l 1 -C~ drdS (16)I
+ &j { l~l r + r + kd ;JEjkr., ~ + rRk + uk ) d

1 20

A

S ^(m) S2  A (n)

1 14m) (+) Vl + (n (rIk + +

J i I h+ r2 + 2  rRk + u d

AA

(t (t)... + 1 (n)jLr +~Vd
Jo~~~ ~ L;ifXd + Si SiP 2  h 1~ k+ Rk2 h 2 k"Vd

1 -1 2

U
If independent arbitrary variations of the system parameters PI' ui,

r01 ' rRl, ei, k *J' °[J] 0(iJ) and g1 in equation (5) are permitted,Ithe characteristic equations for this class of dynamic lnear-viscoelastic

problem follow. They are the balance of linear and angular momentum for the I
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complete continuum, the field equations defining the stress-strain

constitutive relations, the strain-displacement expression, the rotation-

displacement equations, the requirement that the stress tensor be symmetric,

the velocity-rate-of-change-of-position statement and the equations of

I equilibrium. These expressions are subject to the boundary conditions for

prescribed tractions and deformation displacements.

By taking arbitrary independent variations in equation (5) the

equations governing the response of flexible multi-bodied articulating

systems fabricated in monolithic or multi-constituent materials are

obtained. Exact solutions to these equations are not possible for a broad

class of physical problems, therefore, herein, approximate finite element

solutions have been developed. For illustration purposes, a General

Electric P-50 robot retrofitted with an arm incorporating an ER fluid is

I considered. The constitutive behavior of both the structural material and

the ER fluid is assumed to be viscoelastic.

FINITE ELEMENT FORMULATION

The variational equation of motion (16), provides the basis for

developing a variety of mixed, hybrid, equilibrium or displacement finite

element models for plate, shell or beam-like articulating structures.

Herein, a finite element formulation for the predicting the elastodynamic

response of flexible multi-bodied articulating beam-shaped robotic systems

is developed by assuming that the deflections are governed by the Euler-

Bernoulli beam theory. The transverse and axial deflections are assumed to

be of the form

u(x,t) - [N ](Wx) and w(x,t) - [Nz ](W z or w [N]W) (17)
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where [N) is the row vector containing the shape functions, (') represents

the spatial derivative with respect to the axial variable, x, and z is the 3
spatial variable perpendicular to the beam section in the plane of the

mechanical linkage of the robot. The absolute acceleration field (x,t) 3
which may be decomposed into two components jx and jz is assumed to the

related to the nodal values of the discretized field by the expression I

( J NRJ(P ) + [N](W) + 2 [ L- Z_]h ('0)I
IR-' N_ I :-0 ,

xi

I
Using the standard formulation for a Kelvin solid [17], namely a

spring and dashpot in parallel, the constitutive equation for the ultra

advanced-composite material may be written as I
A WA W A

(a(V)) - [C(V)]( 7) + (C1 (V)](; ) (19) 3
W^ I

where (a) and (y) are the stress and strain vectors respectively, [C(V)] is

W A

the matrix of elastic constants and [CI(V)] is a damping matrix. Both of

these matrices are assumed to model material characteristics which are
A I

functions of the applied voltage V. This latter matrix models material

damping stresses which are assumed to be proportional to the strain

velocity. This damping matrix, which may be defined as a function of the

I
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matrix of elastic constants is dependent upon the voltage applied to each

layer of the ER fluid. Hence

[C1(V)I - P(F) [C(V(n)) (20)

where the effective damping ratio ? of the laminate is defined by

3 ((n)) (m) t~m)(n)( (n))

m-1 n-lI (n) (n)

where C(M) and C2 are the damping ratios of the nth layer of the

traditional material and the nth layer of the ER fluid. In equation (20),

is an experimentally determined factor which is a function of the natural

frequencies and the damping ratio of the laminate. An approach for

experimentally determining this factor is presented in the subsequent

section of the manuscript. This semi-empirical approach permits a simple

descriptive mathematical model to be established for describing the complex

phenomenological behavior of composite materials with a liquid phase and a

solid phase.

A finite element formulation for the dynamic analysis of flexible

robots fabricated in ultra-advanced composite-ER materials may be

established by transforming equation (16) from a cartesian tensor expression

in to a statement in linear algebra. Upon incorporating the assumptions of

equations (17) - (21) into equation (16), and also exercising the option of

taking the arbitrary independent variations in ; oi and Wk to be zero,

the resulting variational equation of motion for one finite element becomes
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U-0 - it { Jv (S0) T() - B](O))dVI

+ (;)(-~)+ C])+ (C1] (;)dV

" f (5fi)T(.(p) + [NRJ(PR) + [N] (1))dV

" (81)j([K]+[K(V(W) + ([Cl+[MCOR)(O) + EHIR)(PR)+'M](W)U

- -V(](Xd I[N]T (g)dS,)I

+ J (N ]T(Sg)((W ) - W)dS 21 dt (22)

where,

IVI

[C] - fl[K] (23)

[H] - f N (N]NdVI

[M]- iv ;N TNR~dV 
I
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[HCORI f 2;; [ N ] [01w

are the local stiffness matrix, damping matrix, mass matrix coupling the

discretized deformation and rigid-body fields, the inertial coupling matrix

and the Coriolis' acceleration matrix, respectively. The strain

transformation matrix is written as [B], where

[B] T r + Lx Lx
I- L2 L2 L2  L3  L L2 + L 3 L L

IT L L0 0 0 0
[N] [(x~ 2 (~ + 2x3 (322Z3) 2~44 3 3 J

(24)

N IT [ i lL 0 0 0 0 ]
0 0 (l L 1 1

where L is the element length.

This completes the development of the mathematical apparatus

necessary for analyzing an articulating assemblage of flexible bodi-s

fabricated with ultra-advanced composite materials incorporating ER fluids.
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VI HYBRID SMART STRUCTURES I

The above muscular systems and sensory systems feature diverse characteristics, such as I
thermal operating range and dynamic response, consequently, each class of actuator and
each class of sensor have distinct advantages and disadvantages. Nevertheless, by
judicious selection, the smart-materials designer can synthesize numerous classes of
hybrid actuator systems and sensor systems featuring several different classes of actuators
and sensors to satisfy a broad range of performance specifications as shown in Figures
11.3 and 11.4).

Consider the smart-structural system whose desired actuation and sensing characteristics
are schematically shown in Figure VI.1. This illustrative example features a structure
which must be controlled over a broad bandwidth from low frequencies to high
frequencies. Typical requirements include vibration control at the high frequencies
through the tailoring of damping, natural frequencies, and the amplitude of the dynamic
behavior of the structure, while at the low frequencies a shape or geometrical control
requirement is imposed upon the structure. Since these requirements are extremely 3
diverse, a hybrid smart material is proposed featuring two types of actuators and two
types of sensors. Thus, for example, while the high frequency actuator is able to provide
actuation capabilities at high frequencies, and the low-frequency actuator is able to I
provide appropriate actuation capabilities at low frequencies, the domain of applicability
for these actuation systems overlap in the mid-frequency range whereupon either
actuator, or alternatively both actuators, can be activated.

In order to satisfy the low-frequency requirements, shape-memory-alloy actuators can be
employed in conjunction with embedded fiber-optic sensors in order to satisfy the shape I
control specification; while the high-frequency requirements may be satisfied by
employing an array of piezoceramic actuators which are interfaced with an array of
piezopolymeric sensors. A review of the actuator and sensor candidates suggests that
some functional materials may be employed as either an actuator or as a sensor, while
others are only able to perform one of these functions, as indicated in Figure 11.6. The
dual versatility of these materials could be exploited in some smart materials and
structures applications by employing the same material as a sensor and/or as an actuator
during service depending upon the environment and conditions under which the material
is operating. Thus, for example, a material serving as a sensor could continuously
monitor the vibrational response of a structure, prior to becoming an actuator when the
amplitude of vibration becomes excessive in order to alleviate this dynamical behavior. n
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Fig. VIA1 Smart structures featuring hiybrid actuation and sensing
capabilities.
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Fig. '/1.2 Smart beam featuring a hybrid actuation and sensing3
system.
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Smart materials and structures in the foreseeable future will in the most general sense i
comprise an integrated set of discrete subsystems featuring structural materials, sensors,
actuators, and microprocessing capabilities as indicated in Figure VI.2. The design
philosophy presented in Figure VI.3 contains a very large multi-parameter search domain I
because of the very large number of decisions and design parameters associated with the
properties and characteristics of sensors, structures, and actuators. Typical experimental
results for a hybrid beam featuring ER fluid and piezoelectric actuators are presented in !
Figure VIA. Furthermore, the designer seeking a global optimal solution in the synthesis
of an appropriate smart material for a particular application also must address other
crucial decisions concerning computational capabilities, networking issues, and I
appropriate control strategies.

The establishment of a set of viable analytical tools for predicting the behavior of smart P
materials and structures featuring embedded actuator materials, the characteristics of the
structural materials, and also the characteristics of the interface regions and the
characteristics of the piezo-electric actuators, is a prerequisite for hybrid optimal control
strategies for smart mechanical and structural systems, featuring multi-functional smart
actuation and sensing capabilities. Since these materials will typically be employed in
engineering practice to satisfy various performance specifications, the tailoring of the
structural characteristics by employing hybrid optimal control strategies is a crucial step
in the development of the knowledge-base in this area. I

Consider, for example, the task of controlling the vibrational response of a smart
structure featuring embedded hybrid electrorheological and piezo-electric actuators. By 5
incorporating suitable simplifying assumptions, the governing equations can beformulated asI

x= Ax + BU+ B V1 + B2 V2

y = Cx

where y is the output vector and x is the state variable vector, where A is the plant
matrix, B is the input matrix associated with the electrorheological actuator, while, B2 is
the input matrix associated with the piezo-electric actuator. Vectors U, V,, and V2

provide the system inputs associated with the conventional, electrorheological and piezo-
electric actuators, respectively. 5
In the context of this mathematical framework attention may by focused on optimal
hybrid control strategies for the following problem of finding the optimal location of
distributed actuators incorporating electrorheological fluids and piezo-electric materials
which maximize the control influence matrices B and B. For the matrix B2 associated
with the piezo-electric actuator find the optimal location which maximizes the difference
of the modal slope coefficients of the actuator segment, for example. This problem may
be summarized as follows:

I
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Fig. VI.4 The elastodynamic response characteristics of a
hybrid beam featuring an ER fluid and piezoelectric
actuators.
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Maximize (- (xl)- (Xi))

subjected to geometrical and material constraints. I
Similarly, for minimizing rise time, the problem reduces to the design of the controller
inputs U and V which minimize the performance index

j_ f (xT Q X UT R, U U1 TR 2 U1)dt i
with state weighting matrix,

Q which is partitioned into a matrix Q, and a matrix e I
I is the identity matrix,
Q is associated with velocity state,
e I is associated with displacement state,
R and 1N are the control weighting matrices.

Clearly, the optimal hybrid control strategies for minimizing settling time, rise time,
overshoot time and tailoring the aeroelastic characteristics in the presence of external
disturbances and bounded uncertainties, can be formulated in the analogous manner for 3
a variety of actuator materials including magnetostrictive materials and shape-memory-
alloys, for example.

I
!
I
I
I
I
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VII DAMAGE DETECTION STRATEGIES FOR SMART STRUCTURES

The defense industry is increasingly fabricating structures with composite materials.
Consequently the development of a built-in damage assessment system that could
constantly monitor the structural integrity of each critical component in a system would
greatly alleviate concerns over the introduction of composite materials, as well as
substantially reduce the cost of their deployment in rotorcraft systems, for example
caused by a reduction in down-time for inspection. For composite materials a built-in
monitoring system can be based on a grid of optical fibers imbedded within the structure
at the time of manufacture.

7.1 FIBER-OPTIC DETECTION OF ACOUSTIC EMISSION ASSOCIATED WITH
COMPOSITE DAMAGE

One approach to fiber-optic damage assessment employs the high sensitivity of an
interferometric based system to detect acoustic energy released as a result of matrix
cracking, fiber breakage or interlamina debonding (delamination) within composite
materials. An embedded Michelson fiber-optic strain gauge can detect delaminations
caused by out-of-plane loading of Kevlar/epoxy laminate panels. Image enhanced
backlighting has been used to confirm the creation of the delamination association with
the acoustic signal. Although these results are somewhat preliminary, they represent the
first direct confirmation of the feasibility of detecting a specific form of composite
damage with embedded optical fiber sensors. Indeed research results suggest that the
different modes of damage within composites can be discerned from their acoustic
emission signals

7.2 FUNDAMENTALS OF COMPOSITE DAMAGE DETECTED WITH
EMBEDDED OPTICAL FIBERS

Fracture of optical fibers, with the attendant disruption in their transmitted light,
represents the simplest technique for damage detection. Optical fibers imbedded within
carbon/epoxy composite materials were shown to detect severe impact damage
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sometimes inflicted on submarine acoustic domes. This concept was then extended to
damage detection in composite structures of relevance to aircraft.

In the case of Kevlar/epoxy panels, experimental studies have shown that the imbedded
optical fibers fracture only when they were in the immediate impact zone, and then only
if substantial damage was inflicted. A special treatment of optical fibers has been
devised for reducing the strength of these optical waveguides and thereby control their
damage sensiti v. A combination of optical bleeding and image enhanced backlighting
was used in an extensive analysis of the dependence of the sensitivity to fracture of the 3
treated optical fibers with respect to: their orientation relative to the material reinforcing
fibers in the adjacent plies and their depth location within the structure. The greatest
sensitivity to damage arises when the optical fibers are embedded as close to the surface 3
of maximum tensile strain as possible and sandwiched orthogonally between a pair of
collinear plies. When this is not possible, the orientation leading to the best damage
response for optical fibers embedded between a given pair of plies is determined by the I
most likely direction for transverse matrix crack propagation. This in turn depends upon
the overall layup and the direction of the applied load. This observe. "-s consistent
with the premise that through-the-thickness matrix cracks constitute the principal fracture
mechanism for embedded optical fibers.

In general the optical fibers should be configured perpendicular to the reinforcing fibers !
in the ply that seprates the optical fibers from the region of damage to be sensed. This
arrangement would, however, be unsatisfactory if it lead to the optical fibers being
aligned with one of the ply directions. Under these circumstances it would be better to I
orient the optical fibers so that they bisect the larger angle between the plies.

7.3 GRO=WTH OF COMPOSITE DAMAGE DETECTED WITH EMBEDDED
OPTICAL FIBERS 3

Research investigations have shown that imbedded optical fibers can detect load induced
growth of a . gion of damage in a fibrous composite structure. In this research various I
fiber-optic instrumented multi-ply Kevlar/epoxy panels were simply supported on all four
edges and subjected to a central force that caused out-of-plane deformation. In between
successive deformations the panel was examined by backlighting to assess the formation
of delaminations and the embedded optical fibers were interrogated by laser radiation to
determine where they had fractured.

These results are fairly representative of many experiments and this work is very
encouraging since it strongly indicates the viability of v ,g embedded optical fibers to I
assess the growth of a region of delamination. Further work, suggests that optical fibers
are able to sense the presence of delaminations between lamina that are located several
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plies away provided they are able to communicate with the optical fibers by means of
through-the-thickness matrix cracks.

7.4 AIRCRAFT WING LEADING EDGE FIBER-OPTIC DAMAGE
ASSESSMENT SYSTEM

I The University of Toronto Institute for Aerospace Studies have just completed the
fabrication of the world's first aircraft composite leading edge containing a build-in fiber-
optic damage assessment system with the assistance and collaboration of Boeing - de

S Havilland Division. This is the culmination of a study that involved undertaking a
substantial series of impact experiments on planar versions of the leading edge, to
determine the minimum number of optical fiber arrays and their optimum placement
and orientation. This work resulted in the conclusion that it was necessary to employ
three arrays of damage-sensitized optical fibers embedded within three separate lamina.

Although the visual inspection of the light transmitted through the optical fibers can be
used to assess damage, a photodiode array that is butt fitted against the optical fiber
output port is more a reliable approach. The output from the photodiode array will be
interpreted by a computer and a display of the predicted region of damage will be
presented on a monitor.

7.5 DAMAGE DETECTION ALGORITHMSI
The analytic redundancy approach to failure detection and isolation problems in dynamic
systems uses the analytic relationships between various sensor outputs arising from a
knowledge of the underlying system dynamics. Analytic redundancy can be either in the
form of algebraic redundancy involving the instantaneous relationship between sensor
outputs, or dynamic redundancy involving the relationship between the time histories of
sensor outputs. The term "analytic redundancy" was coined in the early seventies to
differentiate this technique from the traditional hardware redundancy approach in which
the outputs of like sensors are compared for failure detection. Analytic redundancy
comes about from the common estimation capability of various sensor groups. Sensor
failure detection and isolation algorithms make use of this inherent analytic redundancy
by considering different sensor subsets. Hence, the analytic redundancy approach offers
the capability of comparing dissimilar instrument outputs for failure detection and thus,
allows the design of reliable systems with reduced hardware duplication requirements.

During the past twenty years, or so, several failure detection and isolation algorithms
applicable to damage detection problems for smart structures have been developed
based on dynamic system descriptions. Such analytic redundancy research culminated in
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the development of aircraft sensor fault tolerant digital flight control systems, engine
sensor failure detection systems, strapped down navigation systems with skewed sensor
arrays, sensor fault tolerant integrated flight control and navigation systems, and more
recently in reconfiguration strategies for aircraft subjected to actuator failure/surface
damage.

General failure detection and isolation methods for dynamic systems can be divided into m
the following groups: a) parity techniques; b) failure sensitive filters; c) jump parameter
formulations; d) multiple model methods; e) innovations signature analysis. Parity
techniques encompass the standard voting techniques for systems with parallel hardware
redundancy and their generalizations to systems with algebraic redundancy. Failure
sensitive filters exploit output decoupling concepts are used to make failures manifest
themselves in a fixed direction within the measurement space. In jump parameter
formulations, failures are modeled as jumps in system parameters. Multiple model
methods are based on constructing a different model for each failure mode. Innovations
signature analysis techniques include performing statistical tests on measurement
innovations.

Recent work has concentrated on extending the signature analysis methods to non-linear
dynamic systems with modelling uncertainties. For instance, the research by Cagayan
and Rahnamai resulted in a hierarchical actuator failure/surface damage detection and|
isolation system based on the modification of the multiple hypothesis test to account for
modelling errors in aircraft dynamics. In this approach, isolation thresholds are
introduced in addition to detection thresholds so that the algorithm first declares a
detection decision with a partial isolation decision, and a full isolation decision only
when a certain distinguishability criterion is met. The performance of this developed
actuator failure/surface damage detection and isolation system has been demonstrated i
using the non-linear AFTI F16 and Combat Reconfigurable Control Aircraft dynamic
simulators. i
The advantages to using analytic redundancy in reliability improvement will be more
pronounced in developing damage detection algorithms for large space structures (LSS).
Due to weight limitations, these structures will be very flexible and, therefore, the I
suppression of the structural vibrations by active control will be necessary for the critical
substructures. Furthermore, the proposed functional uses will dictate stringent design
specifications for shape control and pointing accuracy. Consequently, the overall
reliability design of the control hardware deployed in LSS will be critical in satisfying the
vibration suppression, shape control and pointing accuracy specifications. These
requirements, along with the weight and the volume limitations of the sensors and
actuators which can be transported into space, will necessitate the use of analytic
redundancy in the design of fault tolerant control systems for LSS. The automated
diagnostics capability provided by the analytic redundancy approach will be especially
important in unmanned structures such as the large flexible antennas. In addition, the
reliability provided by an analytic redundancy based scheme would be indispensable in
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an application where the accuracy requirement is critical, e.g., the pointing accuracy of a
microwave energy transmitter.

The current failure detection and isolation technology developed for the conventional
rigid aircraft will not be directly applicable to large space structures. First, these
structures have infinite dimensionality since they are distributed parameter systems. In
practice, their description will be approximated, through modal truncation, by a large
dimensional linear system. Therefore, current methods for low order systems will be
unsuitable for LSS due to the increased system order. The second challenge in LSS will
be the inadequacy of the modal used for the system description, due both to truncation
and to a lack of knowledge about the parameters of the truncated model. For instance,
the application of the generalized parity technique to a simple flexible beam problem has
shown that this approach is very sensitive to system parameter errors. Again, the'current
methods which may be adequate for low dimensional systems with fairly known
parameters, e.g. a conventional rigid body aircraft will prove unsuitable for LSS due to
large false alarms caused by the parameter modeling errors. Since on-earth-testing for
LSS will be extremely limited, these limitations should be incorporated into the design.
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VIII ARTIFICIAL INTELLIGENCE STRATEGIES FOR SMART STRUCTURES

The recent success of expert systems technology, a subfield of artificial intelligence, in I
diagnosis and monitoring problems in certain application domains has initiated similar
efforts in onboard flight monitoring and diagnosis as well. Successful expert system
applications such as SOPHIE in computer assisted instruction, MYCIN in medical 1
diagnosis, PROSPECTOR in oil exploraion, DENDRAL in biology initiated onboard
real-time expert system developments such as Experimental Expert Flight Status Monitor
(EEFSM) in flight control systems monitoring, FAULTFINDER in onboard aircraft
diagnostics, and expert systems for self-repairing flight control system maintenance
diagnostic. J
An expert system is a computer program that can perform a task normally requiring the
reasoning ability of a human expert. Expert systems are highly specialized according to
their application domains. Although any program solving a particular problem may be
considered to exhibit expert behavior such as computer programs implementing the
damage detection algorithms described in the last section, expert systems are
differentiated form other programs according to the manner in which the application
domain specific knowledge is structured within a program. In particular, expert system
programs partition their knowledge into the following three block: Data Base, Rule Base, 1
and Inference Engine.

In other words, the knowledge about the application domain is compartmentalized rather I
than distributed throughout the program. The Data Base contains the facts about the
application domain. The Rule Base contains the set of rules specifying how facts in the
Data Base can be combined to generate new facts and form conclusions. The Inference I
Engine determines the construct of reasoning in the application of the rules. For
instance, the diagnostic system MYCIN starts from the symptom facts in order to find
the conditions causing the symptom. This manner of reasoning is called "backward I
chaining". In contrast, "forward chaining" inference starts with the established facts to
find a set of consistent conclusions. The partitioning of application domain knowledge in
expert systems allow the incremental addition of rules to the Rule Base without major I
revisions to the program. Moreover, the expert system can explain the reasoning chain
by recording the rules as they are applied. 3
While expert systems have been traditionally built using collections of rules based on
empirical associations, interest has grown recently in knowledge-based expert systems 5
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which perform reasoning from representations of structure and function knowledge. For
instance, an expert system for digital electronic systems troubleshooting is developed by
using a structural and behavioral description of digital circuits. Qualitative process (Q)
theory is another approach allowing the representation of causal behavior based on a
qualitative representation of numerical knowledge using predicate calculus.

(I theory is a first-order predicate calculus defined on objects parameterized by a
quantity consisting of two parts: an amount and a derivative, each represented by a sign
and magnitude. In qualitative Process theory, physical systems are described in terms of a
collection of objects, their properties, and the relationships among them within a
framework of a first order predicate calculus.

In applying 0' theory to physical dynamic systems such as structural damage detection
problems, the bottoms-up approach in getting the qualitative rules from low levels of
elemental descriptions can possibly yield erroneous results at higher levels. In contrast,
finding qualitative rules at high levels using a complete knowledge of the system via
reduced order modelling would not be susceptible to such problems.

For fault diagnosis in digital circuit applications, some researchers have advocated
reasoning from first principles starting with simple hypotheses, keep track of simplifying
assumptions made, and using multiple representations (e.g., both physical and functional
representation of a digital circuit). The multiple representation approach is analogous to
hierarchical knowledge representation at several levels of abstraction used in modelling
human problem solving strategies for complex systems.

This hierarchical knowledge representation introduces an abstraction hierarchy in
modelling human fault diagnostic strategies. This hierarchy is two dimensional. The first
is the functional layers of abstraction for the physical system: functional purpose, abstract
function, generalized function, and physical form. The second is the structural layers of
abstraction for the physical system: system, subsystem, module, submodule, component.
Using a qualitative approximation method based on a simplified version of such a
functional hierarchy, a training system for marine engineers of a steam power plant has
been developed.

The aerospace flight and space application domain introduce the attribute of dynamics
not encountered in early applications of expert systems. This has necessitated the
inclusion of a dynamics knowledge into expert systems implementations. Current
commercially available expert system building tools (shells) are not generally applicable
to building expert systems for onboard fault diagnosis applications due to the following
reasons: 1) the shells are not fast enough; 2) the shells have insufficient facilities for
temporal reasoning; 3) the shells are not easily embeddable into conventional high level
programming languages and most cannot run on numeric microprocessors used for
embedded applications; 4) the shells have insufficient facilities for devoting attention to
significant events; 5) the shells are not designed to accept onboard sensor data; 6) the
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shells have no integration with a real-time clock and do not handle hardware interrupts; i
7) the shells cannot provide guaranteed response times.

As discussed previously, most interpretive expert system shells spend 90% of their time
in matching the current facts against the antecedent of rules in their rule base. Hence,
an expert system development approach where the interpretive processing is performed
off-line would offer a substantial execution time improvement. Similarly, the execution
efficiency is a strong function of knowledge representation facilities employed in the
expert system shell. For instance, an approach based on multiple hierarchical
representations of a physical system and using forward chaining would have a linear
execution time complexity as compared to a rule based system with forward chaining
having exponential time complexity. 3
For ease of integration into conventional high level programs, programming language of
the expert system shell is an important choice. For instance, the choice of aI
programming language commonly used for embedded application such as Ada or C
would be advantageous from an integration viewpoint. Moreover, such an expert system
would be easily portable to microprocessors commonly used for embedded applications
(e.g., 1750A, 80386, 68020). Moreover, the language constructs for handling real-time
issues (tasking, interrupt servicing, exception handling) would be available to such an
expert system development tool.

There are two formal definitions for real-time expert systems: the expert system is said to
exhibit real-time performance if a) it is predictably fast enough for the process being I
served, or b) if it can provide a response within a given time limit.

For real-time fault diagnosis applications, even if an expert system satisfies both of these 1
premises, it would still not be sufficient for inclusion in an embedded application since
the quality of the response would determine its inclusion in an onboard time-critical
system. We believe that the following is an appropriate criterion for real-time expert I
systems for embedded applications: an expert system is said to exhibit real-time
performance if the execution speed of a stand alone compiled version of the expert
system for a fixed application is comparable to the speed of a real-time conventional U
program written to solve the specific application at hand.

The integration of expert systems technology into time-critical applications presents new
challenges due to the unique attributes of these applications. For instance, most expert
systems have usually been implemented as stand alone computer programs that I
presuppose a high degree of human interaction will be available during the problem
solving process. While this approach is quite satisfactory for many naturally interactive
applications, immediate human interaction is neither available nor desirable in time- I
critical smart structure applications. Similarly, the powerful explanation feature of the
inference mechanism in expert systems is also neither required nor desirable during on-
line execution in these applications.
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IX NEURAL NETWORKS FOR SMART STRUCTURES

Neural networks represent a non-algorithmic class of information processing which
employ massively parallel distributed processing architectures. Stimulated by the efforts
directed at understanding the interconnection of neurons in the human brain. These
neural networks allow the storage, retrieval, and processing of complex data. Research
during the last 25 years in artificial neural systems has produced solutions to complex
problems in visual pattern recognition, combinatorial search, and adaptive signal
processing.

The most common artificial neural net structure is a network of processing elements
(neurons) connected with each other through interconnects (information links). Each
processing element can have multiple inputs and only one output. The input/output
relationship is described by a first-order differential equation. Specifically, a weighted
sum of the nonlinear transformations of the multiple inputs along with a nonlinear
transformation of the current neuron's state are the driving functions of this first-order
differential equation. The weighing coefficients also satisfy a first-order differential
equation driven by a nonlinear transformation of multiple inputs and the weighing
coefficients associated with the input links. These two first-order differential equations
(also called the update and learning rules) and a specific network topology provide a
complete neural network specification.

Artificial neural networks produce a nearest-neighbor classifier. Since the weighing
coefficients change in an unpredictable manner, the global stability of the neural network
description is an important consideration. The strongest theoretical result to date shows
that the neural net converges to one of the finite set of equilibrium points corresponding
to local minima of the energy function under certain restrictive conditions (e.g.,
symmetric, positive weighing coefficients). Another advantage of neural nets is that the
convergence to the answer is independent of the number of local minima in the energy
function, thus comparing favorably to other general search techniques. Although the
global stability and convergence results have not been extended to the case for
nonsymmetric weighing coefficients have been reported.

Conceptually, artificial neural networks are applicable to smart structures for learning
spatio-temporal stress patterns associated with an undamaged structure for use in
detecting structural damage. The relationship between artificial neural network
approach to spatio-temporal pattern recognition and conventional signal processing
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structures (i.e., finite impulse filters, correlation detectors, etc.) has been discussed by I
some researchers. Used in this context for smart structures, neural networks would be
the nonalgorithmic counterpart of spatio-temporal filters. It is also conceptually possible g
to train a neural network representation of a structure with a multitude of damaged
structure scenarios isolating a specific damage using the neural net as a classifier. The
relative advantages and disadvantages of this approach are discussed on the next section. 3
The recent interest in artificial neural networks is due to the availability of fast, relatively
inexpensive computers made possible by advances in VLSI design for realizing neural
network structures. Given that the neurons in the human brain process information in
milliseconds while outperforming current serial supercomputers with a processing rate in
nanoseconds, there is considerable interest in the new generation neurocomputers and
computing environments.
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X VIBRATION CHARACTERISTICS OF SMART STRUCTURES

Smart structures typically exploit the dynamically-tunable characteristics of
electrorheological fluids and piezoelectric materials by embedding these functional
materials into host structural materials which are fabricated in either conventional
materials or advanced composite materials.

In order to determine the feasibility of exploiting this class of smart structures for U.S.
Army applications the following technical issues were addressed

1. Analytical and experimental investigation of the vibration characteristics of
smart beams.

2. Development of a mathematical capability to predict the vibration
characteristics of smart structures featuring embedded electrorheological
fluids and piezoelectric materials.

The objective of the early experimental programs in the field of smart structural
materials featuring ER fluids, was to investigate both the static and the transient
response characteristics of various cantilevered beam specimens, fabricated in smart
ultra-advanced composite materials in a variety of different operating conditions, in
order to provide a basis for evaluating the controllability of these structures in real-time.
The transient responses were characterized by the fundamental transverse natural
frequencies and the damping ratios. Different classes of beams were fabricated featuring
different electrode materials, different fluid volume fractions and different geometrical
dimensions. In the first set of tests, specimens were fabricated using graphite prepreg
tape AS4/3501-6 manufactured by Hercules, Inc. as the face or electrode material, and
each electrode comprised three plies with the lay-ups [90/0/90] for specimen
classifications A, B, and C, and [0/90/0] for specimen classification D. The face plates
were appropriately configured to provide beams with symmetrical lay-ups and geometry.
An RTV silicone rubber adhesive was selected as an insulator in order to provide both
excellent bonding between the electrodes and furnish a high dielectric constant.

A schematic diagram of the experimental apparatus employed for evaluating the static
and transient responses of cantilevered beams is presented in Figure X.1. Figure X.2
presents the static load-deflection characteristics for "he four classes of specimens tested.
These nominally linear characteristics clearly demonstrate that the type of ER fluid and
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I

the lay-up of the AS4/3501-6 electrodes have a profound influence upon the response I
behavior. Moreover, upon carefully scrutinizing the characteristics in the two reference
states, it is evident that when a voltage field of 2 kV/mm is generated, all of the
specimens become stiffer relative to their reference state of 0 kV/mm. For specimen
classification A, the increase in stiffness is negligible, but for specimen classifications B,
C, and D the beam stiffness increases by 7%, 10%, and 6%, respectively. Class B and C
specimens contain the same ER fluid, and the same electrode lay-up, but class C n
specimens have an ER fluid volume fraction of 39.4% rather than 36.1%.

The transient vibrational response characteristics of the beam specimens were obtained I
by imposing an initial tip displacement prior to removing this constraint and subsequently
monitoring the resulting transient response. Figure X.3 presents photographs of
oscilloscope traces of the transient elastodynamic responses of Class B specimens at I
room temperature. It is evident from these results that the frequency of the response
and also the damping ratio of the signal are strongly dependent upon the voltage applied
to the beams. Figure X.4 presents a comparison of the relative frequency and damping I
ratio increments between Class A and B specimens as a function of the applied voltage.
The relative increment in the frequency and damping ratio of each ultra-advanced
composite beam specimen in the presence of an electric field, is defined with respect to I
the corresponding magnitudes in the absence of an electric field, which are employed as
datums. Class A and B specimens are identical except for the type of ER fluid filling the
beam cavity. Thus, Figure X.4 clearly indicates that the elastodynamic response of I
specimens featuring ER fluid IMSL-B-88 are much more sensitive to the applied voltage
than specimens containing ER fluid IMSL-A-88. 3
Figure X.5 presents a comparison of the relative frequency and damping ratio increments
for Class B specimens with a [90/0/90] lay-up and Class D specimens which feature a
[0/90/0] lay-up. In the absence of an electrical field, Class D specimens have a higher
natural frequency and a lower damping ratio than Class B specimens. This is to be
anticipated because of the different lay-ups of the electrodes which results in different
stiffnesses and energy-dissipation characteristics of the electrodes.

Figure X.6 presents the oscilloscope traces of the controlled transient elastodynamic
responses of a Class B specimen. The transient response of the specimen for zero
applied voltage is presented in the upper photograph, and the transient response of the
identical specimen subjected to the same initial conditions for a different electrical field I
is presented in the lower photograph. This transient response profile was obtained by
developing an electrical field corresponding to 0 kV/mm for the first 0.37 seconds of the
response profile, prior to simultaneously imposing a voltage corresponding to a field I
intensity of 2.5 kV/mm. These two piecewise-constant discrete voltage inputs are active-
control inputs based on a bang-bang control strategy. A cursory review of the response
profiles presented in Figure X.6 clearly demonstrates that the amplitude of the
vibrational response in the two profiles is identical for the first 0.37 seconds.
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I
I Subsequently, the amplitude of vibration presented in the lower photograph is

substantially attenuated upon generating the electrical field strength of 2.5 kV/mm.

A second set of experiments, focused upon evaluating the transient behavior of smart
beams featuring aluminum electrodes and various ER fluids, has been reported in the
literature. Figure X.7 presents frequency increment and damping data as a function of
the electrical field strengths defined with respect to the corresponding magnitudes in the
absence of an electrical field. The two classes of beam specimens employed in this studyi differ only in their respective fluid-solid interface conditions. One set of specimens
featured a fluid-solid surface that was subjected to abrasion from carbon sandpaper
number A235 manufactured by Norton Corporation. The other set of specimens
featured a relatively smooth rolled finish. The smart beams featuring the roughened
surface yielded larger in frequency and damping-ratio increments than the unabraded
surfaces at the same voltage.

Figure X.8 presents schematically the electrode geometries at the fluid-structural
interfaces for class D and class E specimens. These specimens only differed in this
feature which involves the bonding of circular and rectangular pieces of polyvinyl sheet
of the same total surface area. The results of the transient response studies are
presented in Figure X.9 and they indicate that the specimens with the electrodes
featuring the rectangular pieces of polyvinyl sheet provided superior response profiles for
both frequency and damping than the electrodes featuring the circular polyvinyl disks.
Experimental results presented in Figure X.10 demonstrate that both the frequency
increment and also the damping-ratio increment increase when the electrode area in
contact with the ER fluid domain increases.

The previous discussions have focused upon evaluating the static and transient dynamic
response of smart cantilever beams with embedded ER fluid actuators. Subsequently
work has been undertaken on evaluating the dynamic response of these systems
subjected to forced excitations. Figure X.11 presents a schematic diagram of the
apparatus and instrumentation employed in these studies. The smart beam is fixtured to
the head of an electrodynamic shaker in a cantilever configuration which enables the
beam to be dynamically excited in a controlled manner in order to excite flexural
vibrations. The response of the beam at a prescribed sinusoidal excitation can be
actively controlled by changing the voltage field imposed upon the ER fluid domain in
the beam.

Figure X.12 presents frequency-response results which were obtained by simultaneously
exciting the beam with a random noise signal, while the beam was sequentially subjected
to two discrete potential differences of 0 kV and 3.42 kV across the upper and lower
faces of the beam. In the uncharged state, the first three natural frequencies of the
beam in flexure are 20.5 Hz, 79.5 Hz, and 176.0 Hz, while in the charged state of 3.42kV
the first three natural frequencies are 35.0 Hz, 135.5 Hz and a value higher than 176.0

Hz which is not observed on the response curve because the upper cut-off frequency was
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215 Hz. It is, therefore, obvious from the experimental results presented in Figure X.12
that, by controlling the voltage difference between the electrodes of the smart beam, the
magnitudes of the individual natural frequencies can be changed or tailored to assume
prescribed values.

Thus, for example, the fundamental natural frequency can be changed from 20.5 Hz to
35.0 Hz by changing the intensity of the electrical field imposed on the ER fluid domain,
by changing the potential difference across the beam electrodes from 0 kV to 3.42 kV.
This ability to increase the fundamental frequency by 15 Hz, or 70% of the original value
has broad ramifications. For example, consider the situation in which this beam, which
has a fundamental natural frequency of 20.5 Hz is subjected to a forcing frequency of
20.5 Hz in the flexural mode of vibration. The condition of resonance, with the
attendant large and potentially dangerous dynamic stress levels, can be avoided by
imposing a voltage on the beam to change the magnitude of this fundamental natural
frequency to, say, 26 Hz, thereby avoiding resonance. This capability is readily
implemented and observable in the laboratory.

Indeed control algorithms have been developed whereby, for the results prescribed in
Figure X.12, the voltage imposed on the beam can be tailored to ensure that the
magnitude of the maximum beam deflections, is minimized by ensuring that the response
is below the lower envelope of the continuous and dotted curves presented in Figure
X.12, thereby avoiding the large deflections in the neighborhood of the natural
frequencies. Thus for example, if the beam is excited at 79.5 Hz, which is the second
fundamental frequency of the uncharged smart beam, then a voltage of 3.42 kV could be
imposed on the beam to reduce the response to the magnitude of the chain-dotted line
in Figure X.12; whereas if the be-7n were subjected to a harmonic excitation of 135.5 Hz
and the beam was also being subjected to a potential difference of 3.42 kV, then a 0 kV
state would be imposed on the beam in order to drastically reduce the amplitude of the
response.

The experimental results presented in Figure X.12 indicate that the second natural
frequency of the smart beam is much more sensitive to the electrical field imposed on
the ER fluid domain than the fundamental frequency. Thus the second natural
frequency is increased from 79.5 Hz at 0 kV to 135.5 Hz at 3.42 kV, while the
fundamental natural frequency is increased from 20.5 Hz to 35.0 Hz, a change of 70%,
when subjected to the same electrical field intensity. A second controllable vibrational
characteristic which may be deduced from Figure X.12 is the dependence of damping
upon the magnitude of the external voltage fi10 imposed upon the ER fluid actuator in
the smart beam. This deduction is based on the shape of the curves in the neighborhood
of each natural frequency. Thus, the degree of sharpness of response at 20.5 Hz and 0
kV is much more severe, and hence is characterized by smaller inherent damping, than
the response of the fundamental frequency at 35 Hz and 3.42 kV. Similarly, the second
natural frequency at 79.5 Hz and 0 kV is much sharper and is characterized by less
damping than the response at 135.5 Hz and 3.42 kV.
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A more comprehensive set of experimental results is presented in Figure X.13 for a
similar smart beam with an embedded ER fluid actuator subjected to a number of
discrete voltage states with field intensities varying from 0 kV/mm of fluid thickness to
2.09 kV/mm. This data emphasizes and illustrates the ability to tailor the dynamic
behavior of this class of smart structural materials by controlling the natural frequencies
and the energy-dissipation characteristics. Furthermore, the results indicate that the
magnitudes of the natural frequencies will increase from the 0 kV/mm datum as the
field intensity increases. This ability to increase the magnitude of the natural frequencies
may indeed be advantageous in many industrial applications, where the design engineer
is required to synthesize a smart structure in which the natural frequencies must be
tailored to yield both higher and also lower natural frequencies. This goal may be
accomplished by designing a smart structure with a reference state which is characterized
by a non-zero electrical potential. Thus, for example, referring to Figure X.13, an
appropriate reference state may be defined as 300 V/mm which enables the magnitudes
of the natural frequencies to be either increased or decreased, relative to this value by
selecting either larger or smaller electrical field intensities as desired.

Figure X.14 presents a waterfall plot from an experimental study focused upon
controlling the chaotic behavior of a smart beam featuring an embedded ER fluid
actuator. The experimental apparatus and relevant instrumentation are documented in
Figure X.15, from which it is evident 'hat a test fixture, containing an electrically-
insulated doubly-encastrb beam, was mounted on the head of an electrodynamic shaker.
The construction of the 465 mm long beam, which is shown in Figure X.16, comprised
two aluminum electrodes each of thickness 0.8 mm which were separated by a silicone
rubber insulator of thickness 2 mm. The resulting void contained an inexpensive ER
fluid with simple constituents featuring 60% corn starch and 40% silicone oil marketed
by Dow Corning as 704 Diffusion Pump Fluid. The beam was sinusoidally excited in a
direction perpendicular to the face of the aluminum plate at different frequencies and
accelerations, while imposing different discrete electrical field intensities on the ER fluid
domain within the beam. The resulting spectra and time responses curve were studied in
order to investigate the ability to control the chaotic responses of the smart beam.

Figure X.14 presents a time-frequency amplitude plot of the beam demonstrating how a
chaotic response regime ensues when the initial voltage state of 1 kV imposed upon the
beam is subsequently reduced to 0 kV. It is evident from the experimental data that
upon removing the electrical potential from the ER fluid domain, the somewhat
deterministic response is overwhelmed by a chaotic regime with no distinct repetition
characteristics. This somewhat preliminary study clearly suggests that the chaotic
behavior of certain classes of structures deployed in engineering practice, could
conceivably be alleviated by fabricating these structures in smart materials featuring ER
fluid actuators. Typical experimental results for the vibration characteristics of a smart
plate are presented in Figure X.17.
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The research results distilled from these investigations are summarized succinctly below:

1. Smart beams and plates can change their natural frequencies by several hundred
percent when an appropriate external electrical field is employed.

2. Smart beams and plates can change their mode shapes substantially when an
appropriate external electrical field is employed.

3. Smart beams and plates can change their damping characteristics significantly
when an appropriate external electric field is employed.

4. Typical response times for this class of smart beams and plates is of the order of
milliseconds, which is crucial for the control of structural vibrations in real-time.

5. The high voltages mandated by the constitutive characteristics of
electrorheological fluids and piezoelectric materials typically mandate the
deployment of non-electric sensors, particularly fiber-optic sensors in this class of
smart materials because they do not utilize electrical phenomena in the strain
detection domain.

6. The research findings indicate that there is an infinite variety of response
characteristics for this class of smart beams and plates featuring electrorheological
fluid domains and piezoelectric materials because the electrical field imposed
upon these domains controls the response of the structure.

10.1 DEVELOPMENT OF A MATHEMATICAL CAPABILITY TO PREDICT AND
CONTROL THE VIBRATION CHARACTERISTCS OF SMART
STRUCTURES FEATURING EMBEDDED ElectrorheoLOGICAL FLUIDS
AND PIEZOELECI'RIC MATERIALS

The finite element formulation developed in the previous section is quite

general for a broad class of three-dimensional boundary-value problems. In

this section, a one-dimensional problem is considered in order to examine the

behavior of a beam, and the design of the linear optimal controller will be

based on the finite element formulation and modal analysis. Figure 2 presents

the proposed one-dLmensional smart beam element which comprises piezoelectric

films which are bonded to the top and bottom of the original beam. The

piezoelectric film on the upper-face plays a role of actuator, while the

piezoelectric film on the lower-face has the role of the sensor. Hence, this
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configuration can be regarded as a smart beam element with colocated actuator I
and sensor.

The bending moment produced from the actuator can be obtained by

considering force equilibrium in the axial direction. The produced moment

Ifor the proposed sy mme tric beam with respect to neutral axis is obtained by

ii - b~d3 IE2 fh~h 9(h(x-x,) -h(x-x,)] (10)

Where b., h2, E2 are the width, thickness, Young's modulus of the

piezoelectric film, respectively, d31 is the piezoelectric strain constant, h, 5
is the thickness of the original beam. V is the applied voltage, x, and x. are 3
the end positions of piezoelectric element, and h(-) is the Heaviside step

function. U

On the other hand, the output voltage produced from the sensor is 3
obtained by integrating the electric charge developed at a point on the

piezoelectric film along the entire length of the film surface [4]. The 3
produced output voltage V for the proposed structure is given by

" [o  a x ax "J()

____ I
where C is the capacitance of the distributed film sensor, aw(x1,t) is the0 ax

slope at the end location xi, and Q is given by

I
2

- -- + h2 ) (12)
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In equation (12), k31 is the electromechanical coupling factor and g3 is the

piezoelectric stress constant.

Now, by introducing modal coordinates (q) and the modal matrix [0)

associated with the eigenvalues

(U) - ((1 (13)

and by incorporating equations (10) and (11), the equation (8) can be

decoupled and expressed in the state-space representation as follows,

x -~ + Ku +

y-Cx (14)

where

f(15)
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In equation (15), [I] is the identity matrix, [01 (- diag (wi)) is the modal

frequency matrix with the undamped natural frequency wi of ith mode, [ZI (- I

diag (2 riwi)) is the modal damping matrix with the damping ratio ri of ith

mode, (f} is the decoupled external force vector, V is the input voltage to

Ai

the ith piezoelectric element actuator, V i is the output voltage produced from

ith piezoelectric element sensor, and input matrix B and output matrix C is 3
given by I

d~j I d#1 2 do, m do, m

d x (  x z  d- (xM)  x

(16)d#1 I do 1 dn n 1

-(x1) - -(x 2 ) . .... dx (x1) dx (x2)

C- a2  d d
d Xl m " )l.m. " d m " (x M

- 
- x x ) dx (x2) dx x)

where d (xi) is the modal slope coefficient at the ith end position of the I
Jth element of piezoelectric actuator and sensor, and the constants a1 , a2  3
given by bhd+h 2

a1l b2d31E2  2

Qo (17)

a 2  C

0
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The dynamical behavior described by equation (14) comprises many modes in

general, and it is generally impractical to control all of the associated

modes. Therefore, the dynamical behavior represented by equation (14) can be

decomposed into two sub-dynamics from the practical point of view by

considering the first few critical modes as the primary modes and the

remaining modes as the residual modes. Hence, the sub-dynamics are

p pp p p (18)

y p C p xp

r rr r r (19)

r r r

where subscripts (p) and (r) represent primary and residual modes,

respectively.

In this study, the linear quadratic gaussian (LQG) controller with a

full-order state estimator is formulated by employing the dynamics (18), and

the designed control input is applied to the dynamics (19) in order to

investigate the control spillover effects of the system which is characterized

by the magnitude of excitation from the residual-modal dynamics.

The design of the LQG controller for a linear time-invariant system can

be accomplished independently In two steps; the design of a full-state

feedback regulator and the design of a full-order state estimator by employing

so called separation property (221. Figure 3 represents schematically the

block diagram of the closed-loop system which features a constant state

feedback with full-order estimator and also the unmodelled dynamics. Thus,
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the feedback system with full-order state estimator can be described by the

following algebraically equivalent dynamics, I

P -p -1PRP)T p (20)

- p peI

and g
ep - (Ap-LCp) ep (21)

yp p p p (x p +yp-Cp(p+ep) 1

where e is the estimation error between the actual state x and the estimatedp p

state xp, L is the observer feedback gain and yp is the estimator output.

The constant state feedback regulator is designed so as to minimize the 3
following quadratic performance index

I
_T -TX qX

aI f (XT + uTR ui) dt (22)

where Q is the state weighting matrix and R is the control weighting matrix. I
The result of minimization of the equation (22) gives the state feedback 3
control laws

I'
-(t) -- , R - V"1 T p (23)

p p p pI

where P is the solution of the steady-state algebraic Riccati equation 3
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+ +T pR %T 1 + - 0 (24)
P P P P

The observer feedback gain L is obtained using pole assignment

technique. This technique is one of the most convenient tools for the

practical design of an estimator, and the estimator poles which characterize

the performance of the overall closed-loop system can be assigned easily after

designing feedback gains K which will serve as a basis for determining L "

In order to demonstrate the viability of the aforementioned control

methodology for smart materials featuring piezoelectric actuators and sensors

the following two examples will be considered.

S1:Cantilevered-beam

Consider the transverse vibration of the cantilevered-beam shown in

Figure 4. The geometrical and material properties of the original beam and

the piezoelectric film employed in this simulation are given in Table 1. This

piezoelectric film is type PXT7A manufactured by Vernitron Piezoelectric

Division. For the determination of the system model parameters such as

natural frequencies and modal slope coefficients, a two-node element was

employed with two-degrees-of-freedom at each side, and the number of elements

was six. Both sides of the first and second elements were bonded with

piezoelectric film to provide a pair of colocated actuators and sensors. The

damping ratio of each mode is assumed to be - 0.003.
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In this simulation, the first and second modes are considered as the 3
primary modes and it is also assumed that the states xp - Xp In fact, this

assumption does not cause significant error so long as the state estimator for

is designed in a fashion that the desired observer poles are chosen to be U
much faster than the closed-loop poles resulting from state feedback gains in 3
order to reduce the transient effect of the state error between actual and

estimated states. With arbitrary chosen state weighting matrix Q and control m

weighting matrix R, the feedback gains K p - 1328640 1482740 13712 137531 3
are obtained and employed for the simulation.

Figure 5 presents a comparison of the transient response of the tip 3
deflection with and without the application of a control voltage. It is

remarkable that the transient vibration decays to zero within 0.5 seconds upon 5
applying the control voltage which is presented in Figure 6. Furthermore, it

is noted that since there exists a practical limit to the voltage that can be 3
applied to the piezoelectric film (usually ± 200 V - ± 300 V), the arbitrary

high feedback gains cannot be used. I

Exw le-2: Slider-crank mechanism I
Consider the planar motion of the slider-crank mechanism featuring a 3

smart connecting-rod incorporating piezoelectric materials as shown in Figure

7. The slider-crank mechanism consists of a crank length of 5.08 cm and a 3
connecting-rod which has the same geometrical and material properties as used

in the Example 1. The crank is assumed rigid and rotating in a constant

speed. The connecting-rod is also divided into six elements, and two pairs of

piezoelectric films are bonded on the second and fifth element. With 3
arbitrarily chosen state and control weighting matrices, the following

feedback gains R are obtained and employed for the simulation U
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Table 2 presents the open-loop poles and the closed-loop poles of the control

system with the above feedback gains. The data presented in this table

permits the damping ratios of first and second modes of the closed-loop system

to be distilled. These are 0.255 and 0.425, respectively.

Figure 8 presents a comparison of the midspan transverse deflections of

the connecting-rod with and without the imposition of a feedback control

voltage at the mechanism operating speed of 250 rpm. The most important and

obvious observation from this figure is that the magnitude of the midspan

deflection in the absence of control voltage was reduced by 35 percent by

invoking the proposed feedback control strategy. Furthermore, it is

interesting to observe that the deflection caused by the first and second

flexural modes was almost completely eliminated by the imposed feedback

control voltage, while the deflection caused by the inertia force of the

connecting-rod during high-speed operation was not controlled.

Figure 9 presents the control voltage applied to the second and fifth

element actuators. Figure 10 shows the residual midspan transverse deflection

of the connecting-rod which is obtained by applying the control voltage given

by Figure 5 to the dynamics (18) with third and fourth flexible modes which

are defined as residual modes. It is observed that the control spillover

effects (excitation magnitude of the residual modes) depend on the crank angle

and the magnitude of the vibration is relatively small compared to that of the

controlled system in Figure 8. Hence, it may be expected that the

instabilities of the closed-loop system with the proposed feedback control law

will not occur from the unmodeled modes.
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Finally, it should be noted that the control performance can 
be

considerably enhanced by considering the optimal location of actuators 
or by

choosing the appropriate state and control weighting matrices. Furthermore,

it is also noted that the stiffer and the thicker piezoelectric film 
produces 1

the larger control forces with limited applicable voltages.
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Table 1. Geometrical and Material Properties of !
Original Connecting-rod and Piezoelectric
Film. 3

counecting-od Piesolectric film
(aluminum) (Ceramic) 3

length 29.16 c piezoelectric 60xKO
-1 2 0 /

stain constant

width 20 CA vidth 20 n 3
thickness 1.0 m thickness 0.381 m

density 2740 kg/u
3  density 7700 ki/

3  I

Tung' modulus 66.95 Cpa Toung's modulus 93.0 Gpa 3

I
I

Table 2. Open-loop and Closed-loop Poles of the
System. 3

Open-loop Poles Closed-loop Poles

real Imaginary real imaginary

-0.466375 154.56 -39.786 149.38 i
-0.-46375 -154.58 -39.784 -149.38

-1.9845 661.55 -282.38 598.25

-1.9645 -661.55 -282.38 -598.25

I
i
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XI CONTROL STRATEGIES FOR SMART STRUCTURES

The active control of structures for defense systems, aerospace systems, and large flexible
space structures in particular, will require the implementation of decentralized control
strategies in order for these systems to function effectively when the structure has
sustained structural damage. The decentralization constraint enters into the synthesis of
large-scale systems because it may be impractical or even impossible to communicate
signals from one controller to another for instance, due to data-bandwidth constraints.
Moreover, decentralization may be required by the control designer to achieve reliability
and survivability with graceful degradation under failures, by imposing a control structure
in which control authority is relegated to separate levels. An equally important aspect in
synthesizing these systems is the possibility of relief from extreme computational
constraints encountered in the design of a centralized controller for the system. Since
each control agent is responsible for producing only a subset of the inputs while using
restricted information, the overall dynamic system essentially distills to a collection of
smaller subsystems for which controllers can be generated with more computational ease
than for a single larger-order system.

Early results in optimal decentralized control theory were of a negative nature. The
separation of estimation and control is not optimal for linear decentralized control
systems with quadratic cost and Gaussian disturbances. In fact the optimal control is not
necessarily a linear feedback law; in general, the existence of an optimal law is not
guaranteed for decentralized systems, and the optimal linear law can be of infinite
dimensions, and hence not realizable in practice. The inevitable probing relevant
questions as to the importance of "signalling", "second guessing" and the extent of "cross
communication" among decentralized controllers, which of course, do not arise in
centralized systems, remain to be answered.

Recently more successful results have been obtained by extending the standard LQG
control and estimation algorithms to decentralized systems with fixed information
exchange patterns. For instance, the solution to the decentralization LQG control
problem without a central supervisor has been obtained by hypothesizing that a network
structure consisting of interconnected nodes, where the local filter's estimate at a given
node is fused with incoming data from other nodes, in order to compute the globally
optimum estimate. The principal benefits of this structure are parallel processing and a
minimal required bandwidth for data transmission. Another class of decentralized
estimators results from the application of perturbation techniques such as a structure
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consisting of a set of locally optimal estimators for the individual subsystems driven by i
compensatory signals of a global estimator on a higher level to account for the
interconnection effects.

In summary, decentralized control using fixed information patterns appear to be the most
feasible approach for smart defense structures. The fact that this formation does not
address the question of what structure should be assumed may be considered a drawback I
in general decentralization system applications. However, this aspect would not be a
problem in many structural applications because of the large body of knowledge
associated with the subsystems.

Since large structures are infinite dimensional distributed parameter systems, their finite
order linear system approximations are employed for controller designs. These active
shape and vibration control methods, based on modal truncation of the structural modes,
naturally suffer due to control and observation spill over effects. Spill over is the
coupling between the controller and the unmodeled dynamics within the bandwidth of
the controller. The destabilizing effects of spill over are more pronounced at higher
modes where the modelling uncertainty is higher for structures with no closed-form
solution for the eigenvalue problem. In the last decade, a significant amount of research
effort has been expended to address these unique problems associated with the control
of large structures and these activities include decentralized control, adaptive control 3
based on identification techniques, and robust reduced order controllers.

In contrast, collocated local direct velocity feedback, has been shown to be
unconditionally stable under some assumptions for the actuator dynamics. Recently,
positive position feedback has been suggested as an alternative to local velocity feedback. i
This method is also not sensitive to spillover and it is stable under minimally restrictive
conditions. Hence, local velocity and position feedback control algorithms would be
ideal for smart structures applications. Again, current methods which may be adequate
for low dimensional systems with fairly known parameters, such as a conventional rigid- l
body aircraft will prove unsuitable for a large structure due to large false alarms caused
by parameter modelling errors. 3
The finite element equation governing the motion of a general arbitrarily-shaped
structure fabricated in a smart material and subjected to dynamical loads has the
functional form

where the global mast, damping and stiffness matrices are denoted by [M], [C(V)] and 3
[K(V)] respectively. Clearly the stiffness and damping matrices are functions of the
time-dependent external voltage fields V applied to the ER fluid domains within the
structure. The deformation field of the smart flexible structure is represented by the 3
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column vector {U} and the forcing function imposed on the structure is denoted by the
column vector {f(t)).

In order to demonstrate how the dynamic response of smart structures featuring
embedded ER-fluid domains can be controlled by changing the electrical field intensities
imposed on the fluid domains, consider the task of actively controlling the transient
response of beam-shaped structures.

For this class of initial-value problems, the equations of motion may be reformulated as

follows:

[M(O)+([C]+[AtC(')])( +([K+ (AK(OI])(U}-(0} X[.2

where [K] and [C] are the global stiffness and damping matrices associated with a zero
electric field strength being imposed on the ER-fluid domains, and [AK(V)] and [AC(V)]
are the incremental global stiffness and damping matrices associated with a change in
voltage from zero volts to a general none-zero value of V volts. Consider the modal
analysis of a beam fabricated in a smart material featuring an ER-fluid domain, and
assume that the ER fluid domains within the beam are not subjected to an external
voltage. The governing equation is, from equation (XI.2),

[M]{I+[C]{U} +[K]{V}-{0} X.3

Thus, by introducing modal coordinates and the modal matrix [0] associated with the
eigenvalues

U-[1]0 XI.4

equation (XI.3) can be decoupled as follows

1{ij}+ [ZA(ij}+ [Q{I'1 }-O} XJ.5

where [I] is the identity matrix, [n] (= diag ((2i)) is the modal frequency matrix with the
undamped natural frequency (I of each mode, and [Z] (= diag (2,Cica 1)) is the modal
damping matrix with the damping ratio Ci of each mode.

Equation (XI.5) is valid only if the system is subjected to light damping. Under these
conditions, modal decoupling is admissible since the off-diagonal terms in the system
matrices are very much smaller that the diagonal terms. In order to investigate the
viability of this approach when modeling beams fabricated in smart materials, the
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transient response for the coupled and uncoupled formulations are presented in Figure I
XI.1 utilizing data obtained from a complementary program.

Thus Figure XI.1 presents the transient response for the decoupled case which, was I
obtained by solving the first-mode equation, AI + 2C Ia + ( 1 _ 0, and also the
transient response for the coupled case which was obtained directly by solving the
equation X.3 using the Newmark method of numerical integration. It is evident form
Figure X.1 that the equation VI.5 may be employed in this study of beams fabricated
with smart materials without causing serious error, and generally, the first mode is
adequate for develoing viable control strategies. Furthermore, the off-diagonal terms of I
the matrix {C} = (0 ][C][o] is in the order of Arlo, which is very small compared with
the values of the diagonal terms which are typically of the magnitude 101 - 11.
Therefore, the modified equations of motion for the system due to the applied electrical
field intensity can be expressed in the form

where

[M ]-[I XI.7 I

and

XI.9 I

I
Since the ER fluid layer acts like an infinite number of actuators in the presence of an
electric field, each mode is influenced by the applied field. The magnitude of the
influence of each mode is relative to the original mode in the absence of the electric I
field. Thus, the coupling terms of the increased damping and stiffness matrices, [C] and
[K] respectively associated the with modal matrix [1 ]are negligible compared with the
diagonal terms, and

XI.10
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where [Z(V)] (= diag (2C1 (V) (V)) is the increased modal damping matrix due to the
electric field and [n(V)] (= diag (ca, 2(V)) is the matrix containing the increased
undamped natural frequencies. Equation VI.6 can therefore be rewritten as

[J](i} ([ZJ + [Z( V)])(i ([Q] +[Q(])}-O} XI. 12

or [/]j j)+[P]{ +[Q(Tjq}-}O 
X1. 13 3

Experimental observations indicate that both the damping ratio and natural frequency
associated with each mode increases as the electric field strength increases.
Furthermore, a non-zero dissipation energy function is associated with each of the
flexible modes. Since the matrices [P) and [Q] in equation (XI.12) are symmetric and
positive definite, the system described by equation (XI.12) is asymptotically stable I
provided that there is no zero frequency in the original plant described by equation XI.3. I
11.1 CONTROLLER DESIGN

The controller design philosophy is motivated by the complimentary experimental
program which is focused on studying the free vibration of cantilever beams with an
initial prescribed transverse tip deflection. Consequently, the first mode of vibration is
assumed to be the dominant mode. Equation XI.12 can, therefore, be reformulated as

I

where subscript 1 refers to the fundamental mode. Clearly equation XI.14 admits the 3
traditional proportional-derivative (PD) state feedback control strategy, which suggests
that the proposed smart beam structure can be controlled by applying an imposed
external electrical field.

In this preliminary proof-of-concept investigation, it is assumed that the information
between the stiffness and energy dissipation increments and the applied voltages is U
available to the designer. In fact, this assumption can be modified once a viable
microstructural-level model of the system is developed. This microstructural-level model
would include the interface conditions between the solid and the fluid layers, the
conductivity of the face material (electrode), and the dielectric properties of the
insulation between the electrodes. The integration of all this information will provide
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the basis for establishing a viable model for the actuator dynamics, as a function of the
electric field intensity imposed on the ER-fluid domain.

Experimental observations of the response of smart beam-like structures suggest that the

characteristics of these structures are governed by relationships of the form

C{ M O 1() { ( X1. 16

-M2 XI.17
)1

where a, and a2 are known constants. Equation XI.14 may be reformulated to

incorporate equations XI.16 and XI.17. Thus

1+2Cl6)lTIl+ (a i ,-V(k, l~ +k2T1) XI.18

where
ikI-2aj1j1 j Xl19

Ik2-a 2w, XI20

Equation XI.18 can be reformulated as in typical state PD control form, namely,

1+2(1(jl 1+ (a ln "--K( I + P-n 1) XI21

where

Kik I - 1  XI.22

and 
P -k XI.23
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I
The ultimate goal for the design of the controller is to achieve the desired time history
for the flexural vibrational response by employing a viable control strategy. The control
strategy involves the frequency wdI (ri) and damping ratio Cdl (Ti) of the first mode of the
beam. Such a control strategy can be easily implemented in practice since the response
time of the ER fluid is typically in the order of milliseconds, and a direct current (DC)
pulse signal input voltage can be readily imposed on the ER fluid domains of the smart
beam. The governing equation for the desired response is given by

where r i is a certain period in which the corresponding desired response is maintained.
Equation XI.24 serves as the basis for determining the time history of the corresponding
feedback gain K(r1). Figure XI.2 presents the relationship between the feedback gain, I
which is governed by the applied voltages, and time. To validate this relationship herein,
an on-off open-loop control strategy was implemented by simply switching on and off the
power supply at prescribed times.

I

g I
I

Fig. XI.2 I

I
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XII PROOF-OF-CONCEPT INVESTIGATIONS OF SMART ARTICULATING
MECHANICAL SYSTEMS

Results of investigations focused on evaluating the vibration response characteristics of
beam and plate-like structures have been presented in section XI. This section presents
preliminary results of proof-of-concept investigations of articulating mechanical systems:
slider-crank mechanisms and single-link robots.

Research focused on controlling the dynamic response of articulating machine systems
has employed articulating members fabricated in smart structural materials with
embedded ER fluid actuators. Figure XII.1 presents the mid-span transverse deflections
of the connecting-rod of the planar slider-crank linkage mechanism presented in Figure
XII.2 when operating at 95 rpm. The connecting rod was configured to principally
deform in flexure in the plane of articulation of the mechanism. It comprised two
aluminum electrodes of 0.5 mm thickness and length 265 mm which were separated by a
thin layer of silicone rubber adhesive of thickness 1.5 mm in order to insulate the two
electrodes and create a uniform void which accommodated the ER fluid. The flexible
smart connecting rod was also insulated from the two sets of metallic multi-element
bearings at the crank-pin and the gudgeon-pin. It is evident from the two sets of
experimental results that the amplitude and frequency of the elastodynamic response of
this articulating member, which is being subjected to both parametric and forced
excitations, can be controlled by adjusting the external voltage imposed upon the ER
fluid domain within the smart structural member.

Figure XII.3 presents a photograph of an experimental robot with a smart arm featuring
an embedded ER fluid that is driven by an electrical motor at the hub. Figure XII.4
presents the measured step responses to a commanded step angular position of 7.2
degrees with the compensator zero Z = -2. Feedback gains of K = 0.5 and K, = 0.25
were employed. The external input voltage of 2.0 kV/mm and 0 kV/mm were
continuously imposed on the ER fluid domain throughout the two manoeuvres. It is
clear from the figure that the responses of the robot arm with and without the voltage
imposed on the ER fluid domain are dependent upon the magnitude of this voltage.
The amplitude of .e tip deflection of the robot arm in the absence of the electric field
was reduced by approximately 35% when the input voltage of 2.0 kV/mm was imposed
on the ER fluid actuator. It is also observed from this response that the settling-time is
approximately 1.3 seconds when a voltage is imposed on the fluid domain, while it is
approximately 1.6 seconds when an external voltage is not imposed on the ER fluid in
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the robot arm. Thus the elastodynamic performance of the robotic system can be greatly
enhanced by carefully orchestrating the input signal to the electrical motor and also the
electrical signal to the electrorheological fluid actuator embedded within the robot arm.

The research results distilled from these investigations are succinctly summarized below:

1) Smart slider-crank mechanisms can significantly change their characteristics such U
as amplitudes and frequencies in real-time

2) Smart single-link robots can significantly change their characteristics such as I
amplitudes and frequencies in real-time

3) These research findings clearly indicate that the smart materials concepts I
discussed in this report can have a tremendous impact on the evolution of a new
generation of smart articulating mechanical systems for the U.S. Army

2.0-I .. 0 kV/mm
- 2 kV/mm

1.0I

'10.0-

I.O-

-1.0 -\ \

-2.0 I I
0 120 240 360

Crank angle (degrees) I

1.1 Midspan transverse deflections of a dynamically tunable
connecting rod at an operating speed of 95 rpm.
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Fig. XIII Photograph of an experimental slider-crank mechanism
with a smart connecting-rod featuring an embedded
electro-rheological fluid domain.
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XIII AEROELASTIC TAILORING OF AIRFOILS I

Powered high-lift systems such as rotorcraft and other VTOL (vertical take-off and I
landing) aircraft cannot generate sufficient wing circulation to facilitate take-off,
consequently they rely on high ratios of engine thrust to aircraft weight to augment the
basic wing lift. In addition to high engine power, however, significant lift augmentation
must be obtained by specialized wing design; and this is usually implemented either
through the use of boundary-layer control or by the action of a trailing-edge flap.
Several derivative designs have evolved from the basic jet flap illustrated in Figure
XIII.(B). Figure XIII.l(A) presents a plot of the variations of coefficient of lift, C, for
the basic jet flap design, for different values of the angle of attack, a, and the angle of
the trailing-edge flap, -. The deflected flowstream along the flap was found through
flow visualization techniques in order to induce an extensive separation bubble on the
top surface of the wing, thereby enhancing circulation. The flow visualization produced £
by the jet flap is depicted in Figure XIII.2. It is sufficient to note here that in level flight
the flap would of course be realigned to merge with the leading edge of the wing. The
contradictory requirements of high lift and low drag which arise during different stages of I
flight can be resolved by adjusting the effective camber of the wing. Accomplishing this
task will require the development of unique and innovative airfoil designs featuring the
appropriate smart materials.

A more subtle adjustment of camber is possible in a lower Reynolds number regime
(- 10t) that is more characteristic of ultra-light aircraft. A comparison of this lower I
Reynolds number regime for ultra-light aircraft is illustrated in the Reynolds number
spectrum of flight presented in Figure XIII.3. An example of an airfoil which was
designed for an ultra-light sailplane of weight 120 kg and 11.5m span is shown in Figure
XIII.4. Sufficient lift could be obtained with this airfoil section only by prescribing an
under camber of the lower surface of the airfoil, but this shape would induce flow
separation near the leading edge during high-speed level flight. Thus the full flight-range
requirements could not be met by the highly cambered shape needed for high lift. Low
drag could be achieved only by dropping the lower surface to increase the wing thickness
and thereby prevent flow separation. This airfoil is intended to change the configuration
during flight, activated by command much as by a flap. Clearly, considerable fine-tuning -

and substantial improvement in the aerodynamic performance of cambered airfoils is
possible if smart materials are employed to effect this change in shape and hence, the
change in boundary-layer characteristics.
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Fig. XIIu.1 (A) The variations of the coefficient of lift for different
values of the angle of attack and the angle of the

trailing-edge.

(B) Basic design of jetf lap, showing lift augmentation

obtained by depressing trailing-edge flap.
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During prototypical operation, airfoils either encounter or generate unsteady flow at 3
least part of the time. One aim of the aerodynamicist, therefore, is to reduce the
undesirable consequences associated with these situations such as flutter, vibration,
buffeting, gust response and dynamic stall. Smart materials could play a crucial role in
these situations by actively changing the geometrical characteristic of the airfoil in
addition to the stiffness and energy dissipation properties. For low Mach-number
applications, incompressibility simplifies matters considerably; then thin-airfoil linear
theory, suitably modified by superposition of individual corrections for camber, angle of
attack and large-amplitude deflections, is often employed to evaluate the effect of
oscillating surfaces on lift and drag. Second-order perturbation analyses have been
employed to investigate the interaction between thick-cambered airfoils and gust fields.
Certain rages of flow conditions, however, cause flow separation leading to effects such
as buffeting, flutter and dynamic stall, and all of which exhibit large-scale hysteresis
loops. When separation is significant, not even the qualitative behavior of the coefficient
of lift, CL, or the coefficient of drag, CD, at high angle of attack can be reproduced by
neglecting the unsteady motion of the airfoil. This regime of flow-induced vibrations
therefore remains largely within the purview of experimentalists.

Autorotation comprises a second category of non-steady flow phenomena pertinent to
airfoil design. This phenomenon is exemplified by the Lanchester propeller, illustrated
in Figures XIII.5(A),(B), and (C) in simplified form. Any slow rotation produces an
opposing force, F, that tends to reduce the motion of the propeller, as shown in Figure
XIII.5(B). If, however, the initial rotation, V, is sufficiently high, the net force may
reinforce this motion as shown in Figure XIII.5(C).

Under these conditions, the propeller begins to autorotate, and continues to accelerate
until a stable equilibrium point is reached, thus, further acceleration reduces the external I
torque on the blade. This phenomena is depicted in the "Riabouchinsky Curve' shown in
Figure XIII.6. The effect of the Reynolds number on the lift to drag ratios, CQ/C, for
different surface characteristics of airfoils is illustrated in Figure XIII.7. The authors are I
convinced that significant leads in the aerodynamic performance of rotorcraft and
aircraft systems will be accomplished by judiciously employing smart materials.

This phase of the proposed study during Phase II will be focused on the aerodynamic
tailoring of smart airfoil sections and also to provide aerodynamic design information
pertinent to the construction and operation of the proof-of-concept rotorcraft
demonstrator system discussed in section XVI. Therefore the objectives of this
investigation are threefold:

1. To conduct subsonic wind-tunnel measurements of lift and drag coefficients on
thick-cambered air-foils, to verify the feasibility of transforming high-lift into low- I
drag configurations simply by altering the material and surface characteristics of
the airfoil. Preliminary model selection will be accomplished computationally,
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using a vortex-panel method. Supplemental three-dimensional velocimetry I
measurements may be required to evaluate the stability and robustness of flow
structures essential to performance, such as the separation bubble on the top 3
surface of the airfoil.

2. To determine experimentally the extent to which autorotation can be suppressed 5
on a thick-cambered blade by altering its configuration.

3. To provide preliminary information regarding airfoil performance during flow
transients such as gust fields and/or episodes of flow-induced vibrations.

The procedures used to accomplish these objectives are described below. I

13.1 Steady-State Airfoil Performance I

Lift and drag coefficients of promising airfoil shapes can be measured in a sub-sonic I
wind-tunnel facility. It seems preferable, however, to make a prior evaluation of lift
computationally, using vortex-panel methods adapted to non-symmetric two-dimensional
shapes. Once defined, promising airfoil shapes can then be fabricated.

Simply obtaining lift and drag coefficients of scale models in a specified Reynolds-
number range is likely to be insufficient due to a transition in airfoil performance which
occurs at Re - 10. Figure XIII.7 shows that the lift-to-drag ratio increases by two orders
of magnitude at this point; but conversely, any momentary stall might seriously degrade
rotorcraft performance. Several investigators in the literature have emphasized that
airfoils which rely on laminar bubbles are especially prone to this instability, so that it
seems desirable to explore in some detail the robustness of any particular airfoil design.
Three-dimensional velocimetry and/or flow visualization conducted on scale models
affords the opportunity for a more fundamental and wider understanding of the
mechanisms responsible for measured force coefficients, and therefore is recommended
as an integral portion of this study.

13.2 Suppression of Autorotation

I
A scale-model Lanchester propeller will be mounted on a shaft connected through an
automated clutch to a rotary motor, balanced, and driven at critical speed. After spin-up
is achieved the clutch will be disengaged to allow coastdown. The subsequent motion I
will then be monitored by means of a frequency counter which records pulses generated
by a piezoelectric/magnetic pickup (the pickup responds to the motion of a permanent
magnet imbedded in the shaft, analogous to the operation of a turbine flowmeter).
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Substituting blades of different camber will permit an assessment of shape on Pccai° and
pu defined in Figure XII.6. To ensure safe operation the rotor assembly will, of
course, be enclosed entirely within a sturdy containment structure.

13.3 Transient Effec

In the absence of significant flow separation, linear theory provides an appropriate
framework to motivate a variety of experimental observations of flow-induced vibrations.
Some preliminary estimates of the consequences of large-scale separation to nominal
operating values of lift and drag can be made by modifying and extending the planned
steady wind-tunnel tests. Altering the angle-of-attack of the scaled rotor blades will
produce significant separation, and its consequences on time-dependent lift and drag,
including hysteresis, can be monitored using appropriate force transducers at least in a
very-low frequency range.
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XIV SMART STRUCTURES APPLICATIONS FOR THE U.S. ARMY I
I

14.1 AI I
Aircraft continually operate in unstructured environments because of uncertainties in the
weather conditions, turbulence, temperatures, payloads, and the duration of the flights.
Several smart structures programs have been initiated for both commercial aircraft and I
also military airplanes. The focus of these "smart skins' programs, so named because of
the monocoque design of these structural systems, are dependent upon the specific
applications. The commercial aircraft programs focus primarily upon monitoring the
health and flight worthiness of aircraft. Arrays of sensors throughout the wings, control
surfaces and the fuselage will monitor the structural properties in the context of fatigue I
cracks and incipient failures. Other types of sensors will monitor the ice build up on
wings and control surfaces which can adversely affect aerodynamic performance at take-
off and also the controllability of the machine.

While the above programs are largely sensor-based, other efforts are focused on the
synthesis of smart structures featuring both sensors and actuators. Some of these I
programs are directed towards the design of aircraft with non-articulating control
surfaces, where the appropriate regions at the edges of the relevant airfoil sections would
deform in order to provide the aerodynamic control required. Another program is 1
focused on the development of smart wings whose dynamical response can be
automatically adjusted in order to provide smooth flight by tailoring the stiffness and
damping properties in discrete sections of the wings.

This philosophy, featuring finite element control segments incorporates sensors, actuators
and microprocessing capabilities. Thus as the mass of the wing is reduced by the I
consumption of aviation fuel from the fuel tanks in the wings, the natural frequencies of
the wing structure will also change. An application of this approach is schematically
presented in Figure XIV.1. The sensors will monitor the relevant characteristics of the I
smart structure, and the signals from the sensors will be fed to the appropriate
microprocessors which will evaluate the characteristics of the signals, prior to
determining an appropriate control strategy in order to synthesize the desired response
characteristics. This will typically be accomplished by controlling the materialcharacteristics of the actuators in the specific finite element segments. The material 1
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changes in a typical finite element control segment will in turn alter the global stiffness, i
and damping characteristics of the smart structure in order to achieve the desired
response. 5
14.2 HELICOPTERS I
The dynamic behavior and performance of state-of-the-art helicopter rotors fabricated in
advanced polymeric fibrous composite materials are dependent upon the speed of I
rotation, the speed of the machine, aerodynamic loads and also the ambient
environmental conditions of temperature and relative humidity. The rotor is typically
designed for a worst-case scenario, which results in a state of over-design for all other
operating conditions because the rotor is a passive system. A consequence of this design
philosophy is inferior performance at other operating conditions, because of the
attendant design-cascading effects associated with the heavier design.

A rotor designed and fabricated in a smart material would be able to detect changes in 3
temperature and moisture associated with operating in the cold dry Arctic regions, or
alternatively in the hot, humid equational climates, in addition to detecting dynamic
strains associated with wind gusts for example. These data could be monitored and I
processed by a microprocessor system in a smart rotor, prior to dictating the appropriate
corrective actions to be implemented by a network of embedded actuator systems in the
structure, in order to ensure optimal performance under all service conditions.

Consider a smart rotorcraft system which capitalizes on the knowledge-base in the area
of smart materials and exploits the unique capability of smart materials to interface with I
solid-state electronics, by the successful incorporation of intelligent sensor technologies
and modem control strategies. This innovative rotorcraft system could have the capacity
to truly integrate sensing, processing, and actuator functions in order to respond 1
autonomously to flutter, buffeting, gust fields, and dynamic stall, all of which exhibit
large scale hysteresis loops, Furthermore, this system could exploit hybrid optimal
control strategies in order to tailor the aerodynamic and elastodynamic performance
characteristics of the rotorcraft system, which typically is subjected to variable service
conditions while operating in unstructured environments in service. 3
In such a smart rotorcraft system, the fiber-optic sensing system will instantaneously
sense the resulting vibrations and changes in temperature, for example, which will permit
the microprocessors to optimally actuate the electrorheological fluid, magnetostrictive,
SMA and piezo-electric domains in the rotor blades as shown in Figure XIV.2, thereby
tailoring the aero-elasto-dynamic performance of the rotor with a pre-defined
performance criterion. The rotorcraft system would typically feature SMA actuators for
generating large changes in camber, piezo-electric actuators to provide a capability for
changing the surface geometrical characteristics, in order to substantially improve the
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Fig. XIV.2 Conceptual rotor blade featuring smart materials.
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I

aerodynamic performance of cambered airfoil section, ER fluids and magnetostrictive I
materials to control the vibrational response of the structure, for example. Furthermore,
SMAs will allow large changes in the geometry of a structure to be readily accomplished. I
The hybridization of these distinct classes of actuator systems will permit a dramatic
alteration in the microstructural characteristics of the smart actuators, which will permit
the global geometrical configuration, and surface geometrical characteristics to be
changed, and also the global mass, stiffness, dissipative, and aerodynamic characteristics
of the ultra-advanced composite rotor structure to be changed. These accomplishments
will be achieved by changing the electric field imposed upon the ER fluid and
piezoelectric domains, the magnetic field imposed upon the magnetostrictive domains
and the thermal field imposed upon the SMA domains.

Military programs for both helicopters and aircraft are not only focused upon the above
objectives but also a number of other aspects too. For example, if the aircraft is
damaged by enemy action, then what are the consequences, and how does this event
affect the original scope of the mission? Smart structures will be developed which will
quickly assess the state of the airframe prior to advising the pilot of limitations in the
flight envelope and also the degree of severity of the maneuvers that the plane can safely 3
withstand without catastrophic failure, or else automatically adjusting the controls to
ensure stable operation of the aircraft. Stealth technologies are also being incorporated
in the smart skins of these shell-like aerospace vehicles. The goal is to be able to j
actively change or reduce the radar signature of the vehicle by controlling the
absorbtivity of the skin or else changing the local geometry of the skin. The U.S. Air
Force claim that the radar image of the 172-foot wide, 370 000 pound, $815 million B-2 I
stealth bomber is in the insect category when viewed by enemy ground or airborne radar.
The generic research associated with these programs which focuses on coupled field
phenomena is also relevant to submarines, and their interactions with sonar waves, and I
also the acoustical noise radiated from military, commercial and domestic products.

The "smart-materials tool-kit' of diverse classes of actuators, sensors, microprocessors, I
and data-links available to design engineers can be readily employed to synthesize a new
generation of superior products for the sporting goods industries. Typically, the superior
performance would be achieved by exploiting the superior dynamic response
characteristics of smart materials which would be achieved by actively changing the mass,
stiffness, and energy-dissipation characteristics of the smart structure. This technology
could revolutionize the sporting goods industry as dramatically as the current generation
of equipment fabricated in polymeric advanced composite materials, which have been a
major factor in the establishment of numerous records in many different sporting events. 5

14.3 DEFENSE INDUSTRY j

Hydraulic valves, actuators and pumps 1
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* Switches

* Variable radar and acoustical signature

" Smart skins (life through death health monitoring capabilities: manufacturing,
service, battlefield damage)

" Ammunition supply systems

" Materials handling equipment

" Smart armor

" SDI (space structures supporting weapons and antenna for retargetting maneuvers
without detrimental jitter and thermo-flutter)

• Stealth technologies (to evade enemy emitter and platform identifications to make
more specific threat determinations

" Field-repairable airframe structures (Innovative high-lift rotors for helicopter
super-maneuverability)

• Acoustically-damped propellers and fans

" Smart skins containing phased-arrays (to permit aircraft to sense and
communicate in various frequency bands and in any direction)

" Smart wings (improve manufacturing quality and productivity, improve
aerodynamics and system performance in service, detect damage and impending
failure)

* Smart control surfaces

" Smart rotor-craft systems (minimize vibrations, improve system performance
under variable service conditions)

" Vibration suppression systems

" Instrument panels (improved design for strategic and tactical systems)

* Undercarriage, shock absorbers, landing gear

• Hydraulic pumps, actuators and valves
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" Missile actuator systems I
* Large space structures (improve performance in unstructured environments) 5
" Space robots

" Self-deploying space structures I

14.4 MILITARY VEHICLE APPLICATIONS I

" Engine mounts (minimize vibration and noise) I
" Active suspensions (improve ride and handling) 3
" Steering systems (improve system performance)

• Shock absorbers i
" Smart windshields I
* Smart bumpers (improve crashworthiness)

" Pumps, valves and actuators (improve system performance)

• Clutches and transmission systems (smooth start-up and improved performance) I
" Anti-lock braking systems £
* New generation of engines

" Automotive springs 9
14.5 BIOMEDICAL DEVICES I

" Prostheses: artificial limbs, hands and joints I
" Orthodontic braces

* Sclerosis

1
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* Wheelchairs

* Treatment of supporting injuries (fractures)

" Implants

14.6 ADVANCED MACHINERY APPLICATIONS

" Active balancing

" Dynamically-tunable robot arms

" Vibration control of machine-tool structures (improve quality and productivity)

* Hydraulic actuators, valves and pumps

* Joint actuators for articulating robotic systems

* Robotic end-effectors

" Smart flexible fixtures and grippers (to handle workpieces of various shapes and
sizes)

" Material handling

" Oil drilling and mining equipment (improved performance in unstructured
environments)

14.7 HIGHWAYS. BUILDINGS AND BRIDGES

" Smart foundations

* Smart skins

* Dynamically tunable optical and thermal characteristics for doors and windows
(energy efficiency and comfort)

" Smart structures, bridges, buildings (minimize vulnerability to damage)

" Building elevators
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14.8 IMPACT ON OTHER CONSUMER PRODUCTS AND SPORTING GOODS I

" Skis I

" Tennis rackets 3
" Golf clubs

* Fishing poles

• Baseball bats 5
" Snowmobiles

" Bicycle industry

" Switches I
" Washing machines I
" Household dryers

" Vacuum cleaners I
" Lawn mowers I
" Snow blowers

14.9 HIGH PRECISION INSTRUMENTS. ELECTRONIC PCB'S AND
PACKAGING

" Advanced vibration isolation concepts 3
" Dynamically-tunable optical characteristics

" Dynamically-tunable thermal characteristics

I
I
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XV RESEARCH FINDINGS AND RECOMMENDATIONS

15.1 RESEARCH FINDINGS

15.1.1 Electrorheological Fluids

The research results distilled from undertaking combined experimental and analytical
investigations on electrorheological fluids are succinctly summarized below:

1. Electrorheological fluids are characterized by non-Newtonian constitutive behavior.

2. Electrorheological fluids sometimes exhibit shear thinning.

3. There is a large change in the non-Newtonian viscosity in the presence of an electric
field for a prescribed shear rate.

4. As the concentration of the particulate phase of an electrorheological fluid decreases,
the electrorheological effect also decreases.

5. The yield stress of electrorheological fluids increases monotonically with the
magnitude of the electrical field intensity.

6. A first-order model for electrorheological fluids has been proposed.

15.1.2 Piezoelectric Materials

The research results distilled from undertaking experimental and analytical investigations
on piezoelectric materials are summarized succinctly below:

1. The constitutive characteristics of commercially available piezoelectric ceramics and
polymers are adequately modeled by linear constitutive relations.
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2. Distinct classes of piezoelectric ceramic (PZTs) materials are more appropriate for i
actuators while piezoelectric polymeric materials (PVDF) are more appropriate for
sensors in smart material applications. I

3. Piezoelectric actuators have capabilities superior to the electrorheological fluids for
imposing higher magnitude bending moments and other classes of loading
characteristics on smart structures. However, their dissipative characteristics are I
substantially inferior to these exhibited to these exhibited by electrorheological fluids.

4. The response characteristics of piezoelectric actuators are infinitely variable through I
the selection of appropriate excitation voltages which permit amplitudes and
frequencies of smart structures to be controlled in real-time. Non-harmonic and
harmonic excitation voltages can also be employed to tailor the response
characteristics of this class of smart structures. I

15.1.3 Fiber-Optic Sensing Systems I
A variety of fiber-optic materials and sensing strategies for several applications were
comprehensively evaluated. The research results are highlighted below. 5

1. Fiber-optic sensing systems are able to monitor the state of cure during the
manufacture of a composite structural component and this information can I
provide the basis for on-line closed loop control during manufacture in an
autoclave process, for example.

2. Fiber-optic sensing systems possess the ability to rapidly transfer high volumes of
data, and in addition photonic phenomena permit a diverse group of parameters
to be measured such as pressure, force, strain, magnetic fields, damage, and I
temperature, for example.

3. Typical fiber-optic systems are Mach-Zehnder interferometers, Michelson 4
interferometers and several polarimetric devices.

4. Fiber-optic strain sensors have been developed for measuring strain at a point andI
they have also been employed for damage detection associated with impact and
delamination phenomena. 3

5. The embedding of optical fibers in polymeric laminates does not significantly
adversely affect the interlaminar toughness of the structure, or the strength of the
structure provided empirical guidelines are complied with.
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6. Damage detection in polymeric composites can be accomplished by the utilization
of an array of optical wave guides that are severed by cracks propagating through
the structure, thereby severing the optical path and reducing the intensity of light
at the photodetector.

15.1.4 Smart Structures and Articulating Mechanical Systems

The research results distilled from investigations on smart structures and articulating
mechanical systems are succinctly summarized below:

1. Smart beams and plates can change their natural frequencies by several
hundred percent when an appropriate external electrical field is employed.

2. Smart beams and plates can change their mode shapes substantially when an
appropriate external electrical field is employed.

3. Smart beams and plates can change their damping characteristics significantly
when an appropriate external electric field is employed.

4. Typical response times for this class of smart beams and plates is of the order
of milliseconds, which is crucial for the control of structural vibrations in real-
time.

5. The high voltages mandated by the constitutive characteristics of
electrorheological fluids and piezoelectric materials typically mandate the
deployment of non-electric sensors, particularly fiber-optic sensors in this class
of smart materials because they do not utilize electrical phenomena in the
strain detection domain.

6. The research findings indicate that there is an infinite variety of response
characteristics for this class of smart beams and plates featuring
electrorheological fluid domains and piezoelectric materials because the
electrical field imposed upon these domains controls the response of the
structure.

7. Design tools for smart materials and structures applications will typically
involve the integration of concepts from continuum mechanics, such as field
equations and boundary conditions, and computational techniques such as
finite element methods. In order to develop these computational tools, two
variational theorems were established for smart structures featuring firstly an
elastic body with embedded electrorheological fluid domains. Subsequently,
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finite element formulations were systematically developed for these two
classes of smart structural systems. u

8. Appropriate control strategies for smart structures have also been developed
and presented. !

9. Innovative concepts on smart structures utilizing hybrid actuator materials
have been presented and preliminary results of experimental investigations
focused on hybrid smart structures have clearly demonstrated the feasibility of I
exploiting hybrid actuator systems in practice.

10. Proof-of-concept investigations focused on slider-crank mechanisms and 3
single-link robots have clearly demonstrated the feasibility of deploying smart
material concepts for both structural and mechanical system applications.

11. Innovative concepts on the development of smart airfoils which can tailor
their aeroelastic characteristics in real-time have also been presented. 3

12. A comprehensive library of smart structures applications has been developed
in addition to a library of applications of articulating mechanical systems
featuring smart materials.

15.2 RECOMMENDATIONS I

Preliminary proof-of-concept investigations have been undertaken, and also the I
appropriate mathematical and computational tools for the development and deployment
of a smart demonstrator system have been successfully established in Phase I. A
comprehensive library of smart structures and articulating mechanical system applications
has been developed and documented.

The principal research findings distilled from these comprehensive set of investigations I
clearly indicate that it is possible to significantly tailor the vibrational and aeroelastic
characteristics of structural and mechanical systems for US Army applications. It is, I
therefore, recommended that Phase II be focused on the development of a US Army
smart rotorcraft demonstrator system which will have the ability to autonomously tailor
its vibrational and aeroelastic characteristics in response to variable service conditions I
while operating in unstructured environments. The rotorcraft system will also feature
capabilities to detect and appropriately respond to routine service damage and/or
battlefield damage by employing state-of-the-art optronic systems. Preliminary concepts I
for the design, development, fabrication, and testing of a smart US Army rotorcraft
demonstrator have also been presented. 1
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XVI PHASE II: PRELIMINARY CONCEPTS FOR THE DESIGN, DEVELOPMENT,
FABRICATION, AND TESTING OF A SMART U.S. ARMY ROTORCRAFT

DEMONSTRATOR

A multi-disciplinary inter-institutional research program is proposed herein which focuses
on the development of innovative self-adapting smart materials, whose unique
capabilities can be exploited in the development of a new generation of U.S. Army
systems mandating active continuum vibration control and aerodynamic tailoring
capabilities. These smart systems will feature embedded hybrid multi-functional
actuation systems which capitalize on the diverse strengths of electro-rheological (ER)
fluids, magnetostrictive materials, shape-memory alloys (SMAs) and piezoelectric
materials, and which operate in conjunction with fiber-optic sensing systems. This class
of smart structures will accelerate the development of a new generation of advanced
helicopter and rotorcraft systems, battlefield ammunition-supply systems, and materiel
handling systems, for example. Typical national defense programs which will also
significantly benefit from the research proposed herein include the Strategic Defense
Initiative, the National Aerospace Plane, and self-adaptive stealth submarine skins. The
market for these applications which are crucial to the national defense mission, has been
estimated to be $65 billion a year by 2010.

This proposal builds upon the seven years experience of the Quantum Team in the area
of smart materials which has culminated in the award of three DoD contracts in 1988-
1991. The Quantum Team has already successfully undertaken pioneering
proof-of-concept studies, and also combined experimental and analytical investigations
which clearly demonstrate, the ability to dramatically change the vibrational
characteristics of mechanical systems fabricated in smart composites featuring ER fluids,
piezoelectric materials, SMAs and magnetostrictive materials by controlling the external
stimuli imposed upon them. This work has provided first-order analytical tools for the
design of a variety of prototype laboratory platforms including robotic systems, linkage
mechanisms and a first generation rotorcraft system.

The proposed research program, led by a multi-disciplinary team of research physicists,
chemists and engineers at Quantum Consultants, Inc., will permit viable analytical tools to
be established for deploying smart rotorcraft system with optimally adaptive mass,
stiffness, dissipative, and also aero-elastic characteristics. The capabilities developed
through this program will permit engineers to actively-tune natural frequencies and
geometric configurations, amplitudes of vibration, damping properties, sub-harmonic
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resonances, and lift/drag ratios of cambered airfoils, for example, in a wide variety of 1
engineering systems subjected to diverse forced, transient and parametric excitations.

The knowledge-base developed through this research program will be crucial in exploiting the
unique capabilities of smart materials for developing an innovative rotorcraft demonstrator
system which will be the first of its kind to truly integrate sensing, processing, and actuation
functions in order to autonomously respond to simulated flutter, buffeting, gust fields and I
dynamic stall It is anticipated that this demonstrator will catalyze the evolution of a new
generation of high-performance military systems 3
By judicious selection, the smart-materials designer can synthesize numerous classes of
hybrid actuation systems from these principal classes of actuators to satisfy a broad range
of performance specifications than can not be satisfied by employing a single class of
actuator systems alone. The proposed research program is focussed on tailoring the
geometric configurations and the elastodynamic and aerodynamic characteristics of US Army
rotorcraft systems, therefore, the hybridization of ER fluids, magnetostrictive materials, shape
memory alloys and piezoelectric actuator systems is proposed herein. This hybridization
philosophy will enable geometrical configuration tailoring, and continuum vibration and 1
aerodynamic tailoring capabilities to be accomplished with a high level of reliability. The
commercial and economic significance of these smart-materials technologies will be
evident once these materials are adequately modeled so that design engineers can I
capitalize on their unique, adaptive capabilities.

16.1 INTRODUCTION I
The insatiable demand in the international marketplace for high-performance structural
and mechanical systems for the aerospace, defense, and advanced manufacturing
industries has triggered the evolution of advanced composite materials. These diverse U
high-performance applications have mandated that designers tailor both the materials
and the material microstructural characteristics in order to ensure optimal performance
of mechanical and structural systems under variable service conditions and unstructured I
environments. Designers have responded to these challenges by developing optimal
design methodologies for a broad class of composite materials. Typically, these
methodologies have been employed to optimally select the individual constituents, their U
micromechanical characteristics, and the spatial distribution of these constituents in
order to synthesize a viable structure or subsystem with the desired mass, stiffness, and
damping properties, for example.

However, these optimization strategies for traditional advanced composite materials yield 3
an optimal design which is .pnsiv in nature. This situation can be readily illustrated by
considering the response of an optimally-designed helicopter rotor fabricated in a
conventional advanced composite material, which cannot respond to unstructured
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environments, and changes in the rotational speed, aerodynamic loading, payload, and
the ambient hygrothermal environment, for example. Therefore, even an
optimally-tailored rotor designed in a traditional advanced composite material is clearly
sub-oRtimil for all service conditions except the one for which the rotor was "optimally
designed". In sharp contrast to this undesirable scenario, if the rotor were fabricated in one
of the smart ultra-advanced composite materials proposed herein, then the performance of
the rotor could be dynamically-tuned in real-time to ensure optimal performance under all
service conditions and in all unstructured environments. Therefore, the technology on smart
materials and structures proposed in this document represents a revolutionary quantum jump
in the technology-base relative to the current generation of advanced composite materials in
the marketplace at this time.

A multi-disciplinary research program focused on the development of a new generation
of self-adapting mechanical and structural systems featuring embedded hybrid multiple
multifunctional actuation systems which capitalize on the diverse strengths of
electrorheological fluids, magnetostrictive materials, shape-memory alloys and
piezoelectric materials, and operate in conjunction with hybrid fiber-optic sensing systems
is proposed herein for active continuum vibration and aerodynamic tailoring applications.
These ultra-advanced, smart composite structures feature hybrid fiber-optic sensing
systems and dynamically-tunable embedded ER fluids, magnetostrictive materials, shape-
memory alloys and piezoelectric materials, which are interfaced with the advanced
composite structures.

The almost instantaneous response-time of the magnetostrictive materials, ER fluids, and
piezoelectric materials, and the inherent ability of these materials to interface with
solid-state electronics and modem control systems provides designers, for the first time,
with a unique capability to synthesize ultra-advanced smart composite structures whose
continuum elastodynamic response characteristics can be actively controlled in real-time.
Small and moderate changes in the surface geometrical characteristics can be
accomplished in real-time by employing piezoelectric ceramic materials in order to
substantially improve the aerodynamic performance of thick cambered airfoils, for
example. Furthermore, shape-memory alloys will allow large changes in the geometry of
a structure to be readily accomplished. The hybridization of these distinct classes of
actuator systems proposed in this document will permit a dramatic alteration in the
microstructural characteristics of the smart actuators, and hence the global geometrical
configuration, and surface geometrical characteristics, and also global mass, stiffness,
dissipative, and aerodynamic characteristics of the smart ultra-advanced composite
structure by changing the electric field imposed upon the ER fluid and piezoelectric
domains, the magnetic field imposed upon the magnetostrictive domains and the thermal
field imposed upon the SMA domains. An application of this hybridization philosophy
to control the vibrational and aerodynamic response characteristics of an aircraft wing is
schematically presented in Figure XVI.1.
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This class of innovative materials derive their intelligence from the merger of sensors, I
built into the finite element control segments of the ultra-advanced composite material
continuum, microprocessors, and dynamically-tunable electro-rheological fluids,
magnetostrictive materials, shape-memory alloys and piezoelectric materials as shown in
Figure XVI.3. The sensors monitor the elastodynamic behavior of the ultra-advanced
composite structure, and the signals from the sensors are fed to the appropriate
microprocessor which evaluates the signals prior to determining appropriate control
strategies in order to synthesize the desired elastodynamic and aerodynamic response
characteristics, for example. This is typically accomplished by controlling the geometrical
constitutive characteristics of the smart actuators embedded in the finite element
segment associated with the particular sensor. This change in the microstructural
characteristics of the smart material in a typical finite element control segment in turn 3
alters the global geometrical configuration and surface geometrical characteristics, and
also the global mass, stiffness, and dissipative characteristics of the ultra-advanced
composite structure in order to achieve the desired aerodynamic and vibrationaloI
response.

The knowledge-base developed through this research program will be crucial in exploiting the
unique capability of smart materials to interface with solid-state electronics by the successful
incorporation of intelligent sensor technologies and modem control strategies in order to
develop a smart rotorcraft demonstrator system. This innovative rotorcraft system will be the 1
first of its kind to truly integrate sensing, processing, and actuator functions in order to
autonomously respond to simulated flutter, buffeting, gust fields and dynamic stall, all of
which exhibit large scale hysteresis loops. Furthermore, this demonstrator will exploit hybrid I
optimal control strategies in order to tailor the aerodynamic and elastodynamic performance
characteristics of the rotorcraft system by integrating the diverse fundamental research studies
undertaken in the previous phases of the research program.

A schematic diagram of the rotorcraft demonstrator system is presented in Figure XVI.2.
The rotorcraft system will be dynamically excited by two or more computationally I
orchestrated electro-dynamic shaker systems in order to replicate the excitations
experienced by military rotorcraft systems subjected to variable service conditions whileoperating in unstructured environments in practice. These dynamic excitations will I
typically simulate wind gusts, dynamic stall, speed variations, and flutter, for example.

The rotorcraft system will be tested at various speeds of operation, with different blade
geometries and orientations. The fiber-optic sensing system will interactively sense the
resulting vibrations and changes in temperature, for example, which will permit the j
microprocessors to instantaneously optimally actuate the ER fluid, magnetostrictive,
shape-memory alloy and piezoelectric domains in the rotor blades as shown in Figure
XVI.3, thereby tailoring the aero-elasto-dynamic performance of the rotor with a pre- 3
defined performance criterion.
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IIFig. XVI.1 A strategy for controlling the dynamic response of an

aircraft wing fabricated in smart materials
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Rotor Blade Featuring Smart Materials
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Fig. XVL-2 Schematic of Smart Rotorcraft System Demonstrator
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Fig. XVI.3 Conceptual rotor blade featuring smart materials.
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The Quantum Team wishes to emphasize the fact that the schematic diagrams presented in 3
Figures XVI.2 and XVI.3 are strictly conceptual in nature. This phase of the proposed
program will be undertaken during the Phase IlI research program will capitalize on the
significant analytical and computational predictive capabilities developed during Phase I
for the selection and location of appropriate sensors, actuators, microprocessors, and
optimal control strategies. It is anticipated that the final configuration of the rotorcraft
system will feature shape-memory alloy actuators for generating large changes in camber,
piezoelectric actuators to provide a capability for changing the surface geometries,
electrorheological fluids and magnetostrictive materials to control the vibrational
response of the structure, for example. Furthermore, wind tunnel experiments will also
be undertaken to demonstrate aerodynamic tailoring capabilities.

1
I
I
1

I

I
I
I
I
I
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