— T
I

- RECEIVED FEB 1.8 2004

REPORT DOCUMENTATION PAGE

Public reporting burden for this collection of information is estimated to average 1 hour per response, inciuding the time for revies AF RL'SR‘AR‘TR-O4- ining the |
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (' 22202-
43(_)2, Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any. penalty f 0 / 5Z7L 1 cumently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. *
1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE )
January 26, 2004 Final Technical Report 05/01/1998- 05/14/2002
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
DISTRIBUTED CONTROL OF NONLINEAR AIRCRAFT STRUCTURES 8b. GRANT NUMBER
INCLUDING AERODYNAMIC AND TEMPERATURE INTERACTIONS F49620-98-1-0467
5c. PROGRAM ELEMENT NUMBER
6. AUTHOR(S) 5d. PROJECT NUMBER
H. S. Tzou. Department of Mechanical Engineering Se. TASK NUMBER
G. E. Blandford, Department of Civil Engineering 3484/BS
University of Kentucky, Lexington, KY 40506-0503 5f. WORK UNIT NUMBER
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER
University of Kentucky Research Foundation
Office of Sponsored Project Admin
Kinkead Hall
Lexington, KY 40506-0420
9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

Major Brian P. Sanders (202) 767-6963
AFOSR, 4015 Wilson Bivd., Room 713, Arlington, VA 22203-1954

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for putlie rolease,

distribution uniiuited ‘
13. SUPPLEMENTARY NOTES .

14. ABSTRACT  Imposed shape changes and surface control of flexible structures can offer many aerodynamic advantages in
flight maneuverability and precision control. Largely deformed shapes and surfaces often involve nonlinear deformations.
Studies on the control of nonlinear behavior related to the deformed surfaces and shape changes would provide detailed
information for future controlled surface design and implementation. This research is concerned with the controlling
| nonlinearly deformed structures, e.g., various shells and flexible wings, based on the smart structures technology. Distributed
| sensing/actuation, thermoelectromechanical/control equations and boundary conditions including elastic, temperature, and
piezoelectric couplings are derived and applied to distributed sensing/actuation and control of various nonlinear and linear
aerospace structures and components made of shells and plates. Analytical solutions are compared with experimental data
and/or finite element solutions. A new finite element code, consisting of nonlinear/linear piezothermoelastic shell and
hexahedral elements, is developed and applied to various nonlinear/linear aerospace structures with or without temperature
excitations. Active control of imposed shape changes, nonlinear fiexible deflections, thermal deformations, natural frequencies,
and dynamic responses using distributed piezoelectric actuators are studied, and their nonlinear effects evaluated.

15. SUBJECT TERMS

| OF ABSTRACT OF PAGES Horn-sen Tzou
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER (include area
X X X 371 code)
859-257-6336 X80643

Standard Form 298 (Rev. 8-98)

‘ 16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
|
‘ Prescribed by ANSI Std. Z39.18



TABLE OF CONTENTS

EXECUTIVE SUMMARY

CHAPTER 1 - DISTRIBUTED PRECISION CONTROL OF LINEAR AND
NONLINEAR STRUCTRONIC SHELLS ~ THEORY

CHAPTER 2 -MODAL VOLTAGES OF LINEAR AND NONLINEAR
STRUCTURES USING DISTRIBUTED ARTIFICIAL NEURONS

CHAPTER 3 -PRECISION ACTUATION OF NONLINEAR PLATES

CHAPTER 4 - ANEW X-ACTUATOR DESIGN FOR DUAL
BENDING/TWISTING CONTROL OF WINGS

CHAPTER 5 - NEURAL POTENTIALS AND MICRO-SIGNALS OF
NONLINEAR DEEP AND SHALLOW CONICAL SHELLS

CHAPTER 6 - MICRO-ACTUATION CHARACTERISTICS OF
CONICAL SHELL SECTIONS

CHAPTER 7 - MICRO-SENSOR ELECTROMECHANICS AND DISTRIBUTED
SIGNAL ANALYSIS OF PIEZO(ELECTRIC)-ELASTIC
SPHERICAL SHELLS

CHAPTER 8 - MICRO-CONTROL ACTIONS OF ACTUATOR PATCHES
LAMINATED ON HEMISPHERICAL SHELLS

CHAPTER 9 - MICRO-SENSING CHARACTERISTICS AND MODAL
VOLTAGES OF LINEAR/NONLINEAR TOROIDAL SHELLS

- CHAPTER 10 - MICRO-CONTROL ACTIONS AND LOCATION

SENSITIVITY OF PATCHE ACTUATORS ON TOROIDAL
SHELLS

CHAPTER 11 - MICRO-ELECTROMECHANICS OF SENSOR PATCHES
ON FREE PARABOLOIDAL SHELL STRUCTRONIC SYSTEMS

CHAPTER 12 - DISTRIBUTED MODAL VOLTAGES OF NONLINEAR
PARABOLOIDAL SHELLS WITH DISTRIBUTED NEURONS

CHAPTER 13 - ACTUATOR PLACEMENT AND MICRO-ACTUATION
EFFICIENCY OF ADAPTIVE PARABOLOIDAL SHELLS

iii

36

50

62

75

96

111

130

154

176

199

216

233




CHAPTER 14 - MICRO-CONTROL ACTIONS OF SEGMENTED ACTUATOR

PATCHES LAMINATED ON DEEP PARABOLOIDAL SHELLS 254

CHAPTER 15 - OPTIMAL CONTROL OF PRECISION PARABOLOIDAL

SHELL STRUCTRONIC SYSTEMS 270

CHAPTER 16 - DYNAMICS AND DISTRIBUTED CONTROL OF CONICAL

SHELLS LAMINATED WITH FULL AND DIAGONAL
ACTUATORS (Finite Element Development and Analysis) 292

CHAPTER 17 - VIBRATION CONTROL OF TOROIDAL SHELLS WITH

PARALLEL AND DIAGONAL PIEZOELECTRIC ACTUATORS
(Finite Formulation and Analysis) 310

CHAPTER 18 - CONTROL OF NONLINEAR ELECTRO/ELASTIC BEAM

AND PLATE SYSTEMS (Finite Element Formulation and Analysis) 327

CHAPTER 19 - DYNAMICS AND CONTROL OF ADAPTIVE NONLINEAR

APPENDIX

PIEZOTHERMOELASTIC STRUCTURES WITH COUPLED
ELECTRIC, THERMAL AND MECHANICAL FIELDS
(A Finite Element Approach) 347

367



EXECUTIVE SUMMARY

DISTRIBUTED CONTROL OF NONLINEAR AIRCRAFT
STRUCTURES INCLUDING AERODYNAMIC AND
TEMPERATURE INTERACTIONS
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University of Kentucky, Lexington, KY 40506-0108
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Imposed shape changes and surface control of flexible structures can offer many
aerodynamic advantages in flight maneuverability and precision control. Largely deformed
shapes and surfaces often involve nonlinear deformations. Studies on the control of nonlinear
behavior related to the deformed surfaces and shape changes would provide detailed
information for future controlled surface design and implementation. This research is
concerned with the controlling nonlinearly deformed structures, e.g., shells and flexible
wings, based on the smart structures technology. Piezoelectric materials are widely used as
sensors and actuators in sensing, actuation, and control of smart structures and structronic
(structure-electronic) systems. Investigation of the control effectiveness of nonlinear flexible
structures composed of piezoelectric laminates subjected to aerodynamic and temperature
excitations are proposed. It is assumed that the flexible aerospace structures encounter the
von Karman type geometric nonlinearity.

Distributed sensing/actuation, thermoelectromechanical equations and boundary
conditions including elastic, temperature, and piezoelectric couplings are derived and applied
to distributed sensing/actuation and control of various nonlinear and linear aerospace
structures and components made of shells and plates. Analytical solutions are compared with
experimental data and/or finite element solutions.

A new finite element code, consisting of nonlinear/linear piezothermoelastic shell and
hexahedral elements, is developed and applied to various nonlinear/linear aerospace structures
with or without temperature excitations. Active control of imposed shape changes, nonlinear
flexible deflections, thermal deformations, natural frequencies, and dynamic responses using
distributed piezoelectric actuators are studied, and their nonlinear effects evaluated.

DISTRIBUTION STATEMENTA
i Approved for Public Release
Distribution Unlimited




Significant advancements and findings on theories, finite element formulations and results are
respectively detailed in various chapters presented next.

Chapter 1 discusses generic theories of piezo(electric)thermoelastic shells and
distributed sensing and control of distributed parameter systems, such as typical shell/plate-
type acrospace structures. A number of representative case studies of distributed sensing,
micro-actuation, vibration control and optimal control, including beams, plates, conical shells,
spherical shells, toroidal shells, and paraboloidal shells, etc., are respectively presented from
Chapter 2 to Chapter 15. Chapter 16 to Chapter 19 outline new finite element formulation of
piezothermoelastic shells, validation of codes and case studies of nonlinear/linear structures
with or without temperature effects. Key publications are summarized in Appendix.
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CHAPTER 1

DISTRIBUTED PRECISION CONTROL OF LINEAR AND
NONLINEAR STRUCTRONIC SHELLS - THEORY

ABSTRACT

The complexity of multi-field photo-thermo-electromechanical/control couplings of
distributed parameter systems (DPSs) always poses many challenging research issues. This
multi-field coupling completely reflects the synergistic integration of multifunctional smart
materials, sensors, actuators, control electronics with machines or structures, enabling new
distributed structronic (structure + electronic) systems capable of self-sensing, diagnosis,
and control. = Consequently, multi-field coupling and control of distributed structronic
systems further inspires many new research, development, and system integration issues.
This article is to present a generic nonlinear piezo(electric)-thermoelectromechanical shell
theory based on a nonlinear piezoelectric double-curvature structronic shell continuum with
permissible boundary conditions. Applications of the generic theory to distributed sensing
and control of other standard linear and nonlinear structronic DPSs (e.g., shell and non-shell
continua or DPSs) based on four system parameters are also demonstrated. Fundamental
background of the distributed parameter systems is introduced, followed by definitions of
distributed sensors and actuators and their governing equations. Application examples and
design principles are presented afterwards. Detailed sensing and control electromechanical
characteristics of specific structronic continua or DPSs are presented in later articles.

INTRODUCTION

Mass, stiffness, static and dynamic characteristics of elastic continua, machines, and
structures (e.g., shells and plates) are generally "distributed" in nature, i.e., their properties or
behaviors are functions of time and spatial coordinates. Accordingly, these systems are
usually classified as distributed parameter systems (DPSs) and they are usually modeled by
partial differential equations (PDEs). In practical applications, however, due to their
complexity, discretization techniques are often employed and, for convenience, the derived
simplified lumped (or discrete) parameter systems (LPSs) are analyzed and evaluated.
Accordingly, simplified LPS only reveals partial system characteristics of the original DPS.
Similarly, sensing and control of DPSs using conventional (discrete or point) sensors and
actuators at spatially discrete locations also pose many technical deficiencies, especially they
are placed at (or near) modal nodes or lines of DPSs. Eventually, these modes are neither
observable nor controllable by these discrete transducers. To remedy the discrete
sensor/actuator deficiencies and to observe and control the elastic DPSs, spatially distributed
sensors and actuators are highly desirable.




The complexity of multi-field photo-thermo-electromechanical/control couplings of
multifunctional distributed parameter systems (DPSs) always poses many challenging
research issues over the years. Recent development of smart structures and structronic
systems emphasizing synergistic integration of controllable smart materials, e.g.,
piezoelectrics, shape memory materials, electro- and magneto-strictive materials, electro-
and magneto-rheological fluids, photostrictives, magneto-optical materials, etc., with high-
performance structures, precision structronic and mechatronic systems represents a
highlight of classical multi-field coupling and interactions. In general, these smart materials
can respond to certain stimuli, e.g., strain, force, pressure, light, etc., and also be actively
controlled via electrical field, magnetic field, currents, high-energy lights, etc. (Tzou, 1998).
Accordingly, structures and structronic systems incorporating these smart materials are
capable of responding to certain stimuli in a prescribed manner based on specified
performance or control requirements (Tzou and Bergman, 1998). Furthermore, the multi-
field photo-piezo(electric)-magneto-thermo-elastic-control coupling and interactions of
smart structures and structronic systems, Figure 1, have been becoming much more
complicated and they deserve in-depth studies to establish profound database and design
guidelines for the next-generation high-performance smart structures and structronic
systems.

Photo-electrical Effect
Electrical I Light

Photovoltaic Effect

Electrical
Displacement

Magnetic
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Piezoelectricity (Electromechanical Effect)

) Thermal Pressure
f
% Thermoelastic Effect

Fig.1 Multi-field coupling among elastic, electric, magnetic,
temperature and light fields.




Piezoelectricity is an electromechanical phenomenon coupling the elastic (dynamic
coupling) field and the electric (static coupling) field, which was first observed by the Curie
brothers (Jacques and Pierre) in 1880. Piezoelectric materials exhibit two distinct
electromechanical effects: the direct piezoelectric effect and the converse piezoelectric
effect. The former is the fundamental for sensor applications, e.g., accelerometers,
force/pressure transducers, etc; the latter is the basis for precision actuation and control
applications. However, temperature fluctuation also influences the elecromechanical
behavior and thus, the two-field coupling extends to the three-field coupling — the
piezo(electric)-thermoelastic coupling, as illustrated in Figure 2.
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Pyroelectric Effect
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Fig.2 Piezo(electric)-thermoelasticity —
a piezothermoelectromechanical coupling.

Due to its versatility in both sensor and actuator applications (Mason, 1981;
Sesseler, 1981; Dokmeci, 1983; Tzou, 1998), piezoelectric materials are also widely used in
modern smart structures and structronic systems. Over the years, sophisticated
piezoelectricity theories were proposed and refined; new piezoelectric materials were
discovered or synthesized (Mason, 1950; Cady, 1964; Mindlin, 1961&1972; Tiersten, 1969;
Sesseler, 1981; Dokmeci, 1983; Tzou, 1993a&b; Rogacheva, 1994). Novel piezoelectric
devices were invented and applied to a variety of engineering applications (Mason, 1981;
Sessler, 1981; Dokmeci, 1983; Tzou and Anderson, 1992; Tzou and Fukuda, 1992; Tzou
and Bergman, 1998; Gabbert and Tzou, 2001). Engineering application of the piezoelectric
materials started with a depth-sounding device, based on Rochelle salt, invented by
Langevin in 1917. Many other sensors (e.g., accelerometers, pressure transducer, force
transducers, microphones, etc.), actuators (precision manipulator, robot manipulator,
ultrasonic motors, driving mechanism for scanning tunneling microscopes, etc.), smart
structures and structronic systems (e.g., helicopter rotor blades, airplane wings, space
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structures, precision trusses, etc.) have been documented. New devices are being invented
and patented constantly.

In the recent development of active, adaptive (or smart) structures,
micro-electromechanical and  structronic  systems, active piezoelectric  and
elastic/piezoelectric structures (elastic or composite materials integrated with piezoelectric
transducers, control electronics, etc.) are, again, very promising in both static and dynamic
applications. Examples include aerospace/aircraft structures (Crawley and de Luis, 1987;
Hanagud and Obal, 1988), robot manipulators (Tzou, 1989), vibration controls and
isolations, high-precision devices, micro-sensors/actuators, thin-film
micro-electromechanical systems (MEMS) (Polla, 1992), micro-displacement actuation and
control (Tzou and Fukuda, 1991;1992), etc. Additional applications in smart structures and
structronic systems encompass distributed structural control (Plumb, Hubbard, and Bailey,
1987; Baz and Poh, 1988; Tzou, 1987,1993; Tzou and Zhou, 1997), rotor dynamics control
(Palazzolo, et al., 1989), self-sensing actuators (Dosch, Inman, Garcia, 1992; Anderson,
Hagood, Goodliffe, 1992; Tzou and Hollkamp, 1994), orthogonal modal sensors/actuators
(Lee and Moon, 1988; Tzou, Zhong, and Natori, 1994; Tzou, Zhong, Hollkamp, 1994),
space truss members (Fason and Gabra, 1988; Lih, et al, 2001), noise control (Banks and
Smith, 1998), control of flexible robots, active constrained damping (Baz and Ro, 1994) etc.
Recalled that commercial transducer applications were thoroughly reviewed by Mason
(1981) and Sessler (1981). Other recent practical applications include piezoelectric damped
skis, control of aeroelastic wing flutter, optical metering truss control, helicopter blade
control, noise reduction, active constrained layer damping, biomedical applications,
ultrasonic motors, etc. (Lynch, 1996; Ashley, 1995; Galletti, et al., 1988; Ueha, et al., 1993;
Sashida and Kenjo, 1993; Uchino, 1997).

As the function requirement increases, the geometry of the piezoelectric devices also
extends from the one-dimensional (1D) DPSs (i.e., rods and beams) to two-dimensional
(2D) DPSs (e.g., flat rectangular and circular plates), and 2D curved DPSs (e.g., cylindrical
shells, conical shells, spherical shells, etc.) (Tzou, 1993). Linear piezoelastic phenomena
and theories have been studied for years (Chau, 1986; Dokmeci, 1983; Drumheller and
Kalnins, 1970; Mindlin, 1972; Rogacheva, 1994; Senik and Kudriavtsev, 1980; Tzou and
Gadre, 1989). An umbrella linear piezo-thermo-elastic shell theory based on a double-
curvature generic shell was proposed and the derived governing equations can be easily
simplified to account for many standard piezoelectric continua (Tzou and Howard, 1994).
Linear thermo-electromechanical behavior and precision position control of distributed
piezoelectric sensors and actuators were also investigated (Koppe, et al., 1998; Tzou and
Ye, 1994). As the deformation goes beyond the linear elastic range, the large deformation
- geometric nonlinearity also comes into consideration. Geometrical nonlinearity of elastic
shells was investigated over the years (Librescu, 1987; Palazotto and Dennis, 1992;
Pietraszkiewicz, 1979; Chia, 1980). Pai, et al. (1993) proposed a nonlinear model for a
piezoelectric plate. However, geometrical nonlinearity of anisotropic piezothermoelastic
shells simultaneously exposed to mechanical, electric, and thermal fields have not been
fully investigated (Tzou and Bao, 1997; Tzou and Zhou, 1995). This article is to present an
advanced nonlinear piezo(electric)-thermoelastic shell theory (Tzou and Yang, 2000),
distributed sensing and control of structronic shells, and their applications to common or
standard distributed structronic structures and systems, e.g., isolators, reflectors, nozzles,
mirrors, antennas, disks, wing boxes, rocket fairings, flexible robots, active struts, etc.



PIEZO(ELECTRIC)-THERMOELASTIC CONSTITUTIVE EQUATIONS
AND NONLINEAR PIEZO-THERMOELASTIC FLEXIBLE SHELL CONTINUA

Mathematical model of the nonlinear piezo(electric)-thermoelastic shell continuum
or DPS with the large-deformation geometric nonlinearity offers an umbrella approach that
can be easily extended to nonlinear shells, (e.g., spherical, conical, cylindrical, etc.) and
plates (e.g., rectangular, circular, etc.), linear shells and plates, and many other standard
shapes (e.g., arches, rings, beams, etc.). Figure 3 illustrates three fundamental double-
curvature flexible shell continua, in which Figure 3a illustrates a generic double-curvature
flexible piezo(electric)-thermoelastic shell subjected to mechanical, electric, and
temperature excitations; Figure 3b shows a typical structronic shell with coupled
distributed sensor and actuator layers; Figure 3c illustrates a composite piezothermoelastic
shell with arbitrary sensor/actuator layers. All three shells are defined in a tri-orthogonal
curvilinear coordinate system in which o; and o, define the in-plane axes and oy defines the
transverse direction. Thus, fundamental theories, distributed control mechanisms, and
solution procedures, etc. derived for the generic nonlinear flexible shell DPSs can be easily
applied to a large number of flexible shell and non-shell structural DPSs. In this section,
fundamental  piezo(electric)-thermoelectromechanical properties of a piezoelectric
continuum are briefly reviewed. A generic theory based on a nonlinear piezo(electric)-
thermoelastic shell DPS with the von Karman geometric nonlinearity is proposed and its
governing equations are derived.

Plezoelectric
Sensor
Distributed
@, Plezoelectric
(b) 1 Actuator

Fig.3 Three generic double-curvature shells: a) a piezothermoelastic shell,
b) a structronic shell, and c) a structronic composite shell laminate.

Piezo(electric)-thermoelastic Constitutive Equations
Piezo-thermoelectromechanical constitutive relations, Figure 2, of a generic piezo-

thermoelastic shell continuum DPS are governed by three fundamental equations (Tzou and
Howard, 1994):

1) Stress equation: {T} = [c]{S} - [e]'{E} - {A}0, §))
2) Electric displacement equation: {D} = [e]{S} + [¢] {E} + {p}©, 2
3) Thermal entropy equation: I' = {A}'{S}+ {p}'{E}+ . 0 , 3)

where {T}, {S}, {E} and {D} are respectively the stress, strain, electric field and electric
displacement vectors; [c], [e], and [¢] denote the elastic stiffness coefficient, the
piezoelectric coefficient, and the dielectric permittivity matrices, respectively; I' is the
thermal entropy density; 6 is the temperature rise (0 = ® - ®,; where ® is the absolute




temperature and @, the temperature of natural state in which stresses and strains are Zero);
{A} is the stress-temperature coefficient vector; {p} is the pyroelectric coefficient vector;
and o is a material constant (o, = pc,/®y where p is the material density and ¢, is the
specific heat at a constant volume). []'and {-}' denote the matrix and vector transpose,
respectively. The electric fields E,, E, E; and the electric potential ¢ in the shell curvilinear
shell coordinate system are defined by [E;1=-f;]- {00/}, 1=1,2,3, where fi(a,00,03)
= Ai(1+o3/R;) (i= 1,2), f3(cu1,00,003) = 1; 03 is a finite distance measured from the reference
surface; A; and A, are the Lamé parameters; R; and R; are the radii of curvature of the o,
and a; axes on the neutral surface defined by o3 = 0. The Lamé parameters (A; and A ) and
two radii (R; and Ry) are the four essential parameters used in simplification and application

. of the generic shell theory to other geometries and shell/non-shell continua and DPSs (Tzou,
1993). Nonlinear piezo-thermoelastic shells are evaluated and generic thermo-
electromechanical equations are defined next.

Large-deformation Geometric Nonlinearity

Shape transformation and imposed shape control often involves large deformations — the
geometric nonlinearity. A generic nonlinear deflection U; in the i-th direction of the shell
can be expressed as a summation of an (in-plane) membrane displacement u;(a.;,0,t) and a
higher order nonlinear shear deformation effect represented by the summation of angular
rotations Bj(o;,00,t):

Ui(al,az,ayt)=ui(al,az,t)+ia§ﬁij(al,az,t), i=1,2,3. 4

X

Note that B;; and B,; represent the rotational angles in the positive sense of the o, and o,
axes, respectively; and B3 = 0. This expression includes the higher order nonlinear shear
deformation effects. However, according to the Love-Kirchhoff thin shell assumptions and
a linear displacement approximation (first order shear deformation theory), only the first
term is kept in the equation, i.e, m= 1. The displacements and rotational angles are
independent variables in thick shells. However, the rotational angles are dependent
variables in thin shells, and they can be derived from the thin shell assumptions in which the
transverse normal strain S3 is negligible and the shear strains S, and Ss are zeros. Based on
the thin shell assumptions, the rotational angles B, = B;; and B2 = B; are derived from the
transverse shear strain equations, i.e., S4 =0 and Ss = 0. Thus, the rotational angles are

defined as
ou
_.ui — 1 3 1 =
P = Ai /Ai oo, 1=l ®

In general, since o3/Ri<<1 03/R,<<I, thus, the ratios of the finite distance to the radius of
curvature are usually negligible, i.e., fj; ~ A; and f5, ~ A,.

Although it is assumed that the piezoelectric shell experiences large deformations in
three axial directions, however, in reality, the in-plane deflections are still much smaller
than the transverse deflection. Thus, the nonlinear effects due to the in-plane large
deflections are usually neglected, i.c., the von Karman-type assumptions (Palazotto and
Dennis, 1992; Chia, 1980; Tzou and Yang, 2000). The nonlinear strain-displacement




relations of a thin shell with a large transverse deflection u; include a linear effect, denoted
by a superscript ¢, and a nonlinear effect, denoted by a superscript n, induced by the large
deformation:

{83 =[5} +{87)" 1+ o {k;}, i =126, (6)

where the subscripts 1 and 2 respectively denote two normal strains and 6 is the in-plane
shear strain. Detailed membrane and bending strains (s and k, ) are expressed as functions
of displacements - u;’s, the Lamé parameters (A, and A, ), and two radii (R; and Ry).

Membrane strains:

2
S;,=_L6u1+ u, 6A1+ﬁ+l Ou, /0o, , )
A 00, AA,00, R, 2{ A
2
s;=_1_6u2+ u, 6A2+i+l du, /da., , ®
A, 00, AA,0u, R, 2{ A,
s;;:La“urLa“z_ u 0A, u, 8A2+( 1 6u36u3J_ ©
A,00, A 00, AA,00, AA,0dn (AA,da, oo,
Bending strains:
k, = -1 0 fu 10w 1 [u 1 du)04 - (10)
A, 00, \R; A 00, ) AA,\R, A,da, 8ch
k, = _ 1 0w 1ouw) 1 (u 1oy %,_ 1
A, 00,\R, A,0a,) AA,(R, A, da,)odq,
ko=t O fw 10u) 106 fu 10,
° A, 00,\R, A da ) A 8a\R, A,da, 12

e o LSS S |

R, A 0o, )oa, AA,\R, A,0da,)odq,
Note that the quadratic terms (nonlinear terms) inside the brackets are contributed by the
large deflection. The membrane force resultants Njj and the bending moments M;; of the
piezothermoelastic shell, Figure 3a, are defined by the elastic, electric, and the temperature
components.

N, Ay Ap Ay 0 0 0 S? —Nfl _N?I

Ny, A, Ay Ay 0 0 0 S5 N3, N3,

N, - Ay Ay Ag O 0 0 ss _ Nj, _ NG, (13)
My, 0 0 0 D, D, Dyllk Mj, M}, .

M,, 0 0 D, Dy, Dyjlk, M3, Mgz

(M, | L0 0 Dy Dy Dg| ke [ My, ] _Mfz_




Furthermore, membrane force resultants Nj and bending moments M; of the

piezothermoelastic laminated composite shell, Figure 3¢, can be defined as follows (Tzou
and Bao, 1997):

rNu— (Au A, Ag B, B, Bg] —5?_ (Nfl- FN?I

Ny, Ap Ap Ayx B, B, By Sg N3, Ngz

le _ A Ay Ay By By B Sg _ N _ N?z (14)
My, B, B, Bs D, D, Dy k, M, My, ’

M, B, B, By D, D, D, k, Mz, Mgz

_MIZJ [ Bis By Bg Dy Dy Dy | ks | [ M}, _Mfz_

where Aj, By and Dj are the extensional, coupling, and bending stiffness constants.
Superscripts e and 0 respectively denote the electric and temperature components. The
membrane strains and the bending strains are coupled by the coupling stiffness coefficients
Bjj in the elastic force/moment resultants. N;° and N;® are the electric and temperature
induced forces; M;° and Mije are the electric and temperature induced moments,
respectively. In actuator applications, these electric forces and moments are used to control
shell’s static and dynamic characteristics. These strain/displacement relations, membrane
force resultants, bending moment resultants, etc. are used in Hamilton’s equation to derive
thermo-electromechanical equations and boundary conditions of the nonlinear
piezothermoelastic shells. Although it is assumed that the transverse shear deflections can
be neglected, the integrated effect of the transverse shear stress resultants Qi3 and Q3 are
not neglected. Note that the effects of rotary inertias can be neglected in thin shells without
large rotational effects.

Hamilton’s Principle and Nonlinear System Equations

Hamilton’s principle is used to derive the thermo-electromechanical shell equations
and boundary conditions of the piezothermoelastic shell continuum. Hamilton’s principle
assumes that the energy variations over an arbitrary period of time are zero. Considering all
energies, one can write Hamilton’s equation as (Tzou and Bao, 1998; Tzou and Yang, 2000)

5[ {(L %pUjUj)dV-—[_[,(H(Si,Ei,®)+3®)dV—'g(tjUj -0,)dS}dt =0. (15)

where p is the mass density; H is the electric enthalpy; t; is the surface traction in the o
direction; Q; is the surface electric charge; ¢ is the electrical potential; ¥ and § are the
volume and surface of the piezothermoelastic shell continuum, respectively; and Ujand U,

are the displacement and velocity vectors. It is assumed that only the transverse electric
field E; is considered in the analysis. Substituting all energy expressions into Hamilton’s
equation and carrying out all variations, one can derive the nonlinear piezothermoelastic

shell equations and boundary conditions of the nonlinear piezothermoelastic shell
continuum.
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Note that all terms inside the braces are contributed by the nonlinear effects and the
nonlinear influence on the transverse equation u; is significant. The
thermo-electromechanical shell equations look similar to the standard shell equations.
However, the force and moment expressions defined by the mechanical, thermal, and
electric effects are much more complicated than the conventional elastic expressions,
Egs.(13) and (14). Substituting the expressions of Nij, N2, Ni2, M, Mas, My, into the
above equations yields the thermo-electromechanical equations defined in the reference
displacements uj, up, us. Recall that the transverse shear deformation and the rotatory
inertia effects are not considered. The electric terms, forces and moments, can be used in

controlling the mechanical and/or temperature induced excitations (Tzou and Ye, 1994; Ye
and Tzou, 2000).

Using Hamilton’s equation, one can also derive all admissible mechanical and
electric boundary conditions. Admissible mechanical boundary conditions on the boundary

surfaces defined by a distance a; and o, are respectively summarized in Table 1 and Table 2.

Table 1 Boundary conditions (o axis).

Force/Moment Displacement
N, = NII U =u
M, =M, B =B

’ N, +M%z2 =Vi =t




4 o (M =u
Q”+5_OL:( le;) U; = U,

1/ .ou
+ N”(Al %al) _Vc
A ]
N 4, M)

Table 2 Boundary conditions (o, axis).

Force/Moment Displacement
N, =Nj, u, =u,
2 M,, = M;2 B, = B;
M . u, =u;
N + V = V 1 1
21 l{1 21

4 9 (M u, =u,
Qza"‘aT“l( %1) 3 3

1/ .0u
NZZ(AZ / aaz) .
+ \"/

X
1/ .ou
N Yo%)

The superscript * denotes the boundary forces, moments, displacements, and slopes.
Usually, only either the force/moment boundary conditions or the displacement/slope
boundary conditions are selected for a given physical boundary condition (Tzou, 1993;
Soedel, 1993). In addition, additional transverse shear force terms Qi3 are nonlinear

components induced by large deformations. These force terms do not appear in the linear
case. The shear stress resultants are defined as

Vi, =N}, +(M12 R1) , (19)
V, =N, +(M%{l), (20)
Ve =Qy +6%2(Mn Az)" @1
V,, =Qy +5§—‘:(M21 Al)’ 22)

where V3 and V3 are the Kirchhoff effective shear stress resultants of the first kind; Vi, and
V2 are the Kirchhoff effective shear stress resultants of the second kind (Soedel, 1993).
Note that all elastic, electric, and thermal related terms are included in the force and
moment expressions. These electric terms can be used, in conjunction with control
algorithms, as control forces/moments counteracting mechanical and temperature induced
vibrations in distributed structural control of shells (Tzou, Johnson, and Liu, 1999).
Applications and simplifications of the nonlinear piezothermoelastic shell equations can be
demonstrated in two ways: 1) material simplifications and 2) geometry simplifications
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(Tzou, 1993; Tzou and Bao, 1996). In the next section, detailed distributed sensing and
control mechanisms of distributed shell sensor/actuator layers are investigated. Generic
sensing and actuation theories based on the double-curvature shells are defined next, follow
by applications to other geometries using four system parameters, two Lamé parameters (A,
and A;) and two radii of curvature (R; and Ry).

DISTRIBUTED SENSING OF NONLINEAR STRUCTRONIC SHELLS

Distributed piezoelectric layers laminated on the generic nonlinear structronic shell
respond to shell strain variations and consequently generate electric signals based on the
direct piezoelectric effect, Figure 4 — an enlarged version of Figure 3b. Assume the
distributed sensor layer is made of hexagonal piezoelectric materials.

V4
Neutral
Surface Distributed
Piezoelectric

Sensor
Distributed

/ & Piezoelectric
: Actuator

Rl Shell

Fig.4 An elastic shell laminated with distributed
piezoelectric sensor and actuator — a structronic shell DPS.

Based on the Gauss theory V{D,}=0, the Maxwell equation {E j}= -V{}, and the

direct piezoelectric effect, one can defined an open-circuit voltage ¢° in the transverse

direction. The open-circuit signal ¢* is a function of induced local strains S and the
piezoelectric constants h;;.

#=0/S) [ [ S} +hS3, +hyS1e A A, doyda, @3)

where h’® is the sensor thickness; S° is the effective sensor electrode area; hs; is the
piezoelectric (displacement) constant indicating a signal generation in the transverse direction

due to the strain in the i™ direction; Sfj is the strain on the i surface in the jth direction; and A,

and A; are the Lamé parameters. The surface integration denotes the total charge generated
over the effective electrode area defined by the a; and o, axes. Note that since the sensor is
spatially distributed, the signal is averaged over the total effective electrode area (Tzou,
Zhong, Natori, 1993). The strain can be divided into the membrane strain and the bending
strain. Thus, the sensor signal resulting from a nonlinear shell DPS can be further expressed
as (Tzou and Yang, 2000)




2
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1 6u,  10u, uw 0A u, aAz{ 1 6u36u3}

A, 00, Ajdo, AA, 00, AA,dn |AA,da do,

+rs[él_i W10, +éi_a_ PN LR PN (24)
A, 00, |\R, Ajba,) '| A dx|\R, A,da,) ° ’

S L 10,008, L fuy 10 10Asy 4 4o e
oo, AA,\R, A, 0da, )dq,

where u;’s are the (neutral-surface) displacements; R; is the radius of curvature of the ith
axis; and r° is the sensor location away from the shell neutral surface. The terms following r®
represent the bending strain component; others are the membrane strain component. The
membrane strain component is related to in-plane oscillations and the bending component is
related to bending oscillation of the generic shell. Note that the large deformation effect is
included with the membrane strains, the quadratic terms, based on the von Karman

geometric nonlinearity theory. To demonstrate the distributed sensing concept, distributed
sensing behavior of various shells is investigated later.

DISTRIBUTED CONTROL OF STRUCTRONIC SHELLS

Distributed control of linear/nonlinear structronic shell continua or DPSs requires
different approaches, as compared with that of the discrete parameter systems. Distributed
control effectiveness of shells suggests that the overall control effect can be divided into two
major control actions: 1) the membrane control action and 2) the bending control action.
Usually, the membrane control action dominates the lower-mode control of deep shells, e.g.,
cylindrical shell, and the bending control action dominates the control of higher deep-shell
modes and all modes of zero-curvature continua, e.g., plates and beams (Tzou, Bao, and
Venkayya, 1998). (These detailed electromechancial or piezothermoelastic coupling
phenomena will be demonstrated in Case Studies presented later.)

Distributed actuation and control of elastic DPSs using distributed piezoelectric layer
is based on the converse piezoelectric effect. Strains induced by a control potential ¢* (the
converse piezoelectric effect) leads to stresses (i.e., strain multiplied by Young’s modulus Yo),
and then the membrane control forces Ni, Figure 5.
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Fig.5 Distributed control induced by the distributed actuator layer.

Since the distributed actuator is surface laminated, thus, the control forces also induce
counteracting control moments (M2) to the structronic shell continuum. (See enlarged
microscopic actions in Figure 5.)

M; = riaditi¢a , (26)

where 1 is the moment arm measured from the shell neutral surface to the mid-plane of the
distributed actuator. If both sensor/actuator layers and the elastic shell are uniform thickness,
the moment arms are equal in both directions, ie., 1’ =r} =r*. Accordingly, distributed
actuation and control can be achieved. Previous studies have revealed that the membrane
control force is important to control of curved structures (e.g., shells and rings) and the control
moment is effective to control of zero-curvature structures (e.g., plates and beams) Tzou,
1993). Furthermore, control deficiencies can also occur on anti-symmetrical modes of
symmetrical structures, due to cancellation of input control potential on the distributed
actuator layer. Utilizing the segmentation and shaping (thickness or surface) techniques can
alleviate the signal cancellation problem and maximize sensing/control effectiveness. (These
two design approaches will be discussed next.)

Following Hamilton’s principle and integrating all control forces/moments into thin
shell equations yields the (open or closed-loop) structronic shell system equations in three
axial directions:




_ONLAY) 0A; ONyA)  0A, 1 [6(M:1A2)
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where, again, u; is the displacement in the o direction; p is the mass density; F; is the
external input; A; and A, are the Lamé parameters; and R, and R; are the radii of curvature.
Note that the force and moment components consist of the original elastic component and

the control component, ie., N;=N,+N2 and M; =M, +Mj, governed by control

algorithms, either open-loop or closed-loop. This set generic control shell equations can be
simplified to account for other geometries or DPSs such that distributed sensing and control
of other standard geometries and DPSs can be investigated. (Note that this set of control
equations is similar to that of the piezothermoelastic shell equations. However, their
physical significances are totally different. The former represents inherent internal effects,
although the electrical component can still be used to manipulate the physical properties of
the nonlinear piezothermoelastic shells. The latter denotes the open- or closed-loop control

equations of linear/nonlinear structronic shells or DPSs. Furthermore, N; or M; can also
accommodate the temperature induced effect Nj or MY, ie., Nj=N,+N2+N° or

M; =M; +M: + M. There is only temperature induced membrane force and no moment
when the temperature is uniformly distributed.

Modal Separation and Independent Modal Control

Assume the control components N: in the flexible shell equation can be generally
represented by a control function: N§ =Li(¢.4,.4,) =Li(4.),i=1,2,3 where ¢, is the
control signal. Define a distributed feedback function: L (¢i)={Ai(al,a2,t)},i=1,2,3

where A; can be displacement, velocity, acceleration or combination of several reference
factors (Tzou, 1993). Expanding the distributed feedback function in the modal domain:

L3(4) =Y G (o;,0,) m;(t),i =1,2,3, one can express the distributed control force as
k=1
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Gy (o,,0,)is a spatial gain function; and n, is a modal coordinate of the k-th mode.

Assuming the distributed control force is velocity dependent and the gain factor G, is a
constant, one can derive the modal domain control equation as

G/ | .
k[ [ Uk AA dogda, Ty +0n, =0 . 31)
k 1 2

.. +—l-[c—
T oh N

Accordingly, modal responses of nonlinear flexible shell continua can be independently
controlled. Spatial shapes of required actuators can also be represented by the spatial gain
function such that single mode or combination of natural modes can be optimally controlled
with limited distributed actuators (Tzou, Zhong, and Natori, 1993; Tzou, Zhong, and
Hollkamp, 1994).

DESIGN PRINCIPLES OF DISTRIBUTED SENSORS/ACTUATORS

Figure 3 illustrates a typical structronic shell system — an elastic shell coupled with
distributed sensor and actuator layers. However, in reality, the distributed layers often only
cover critical regions or areas of the DPSs in order to address the control efficiency and cost
issues, i.e., to control the maximal or critical mode(s) with the minimal area(s) or number of
distributed sensors and actuators. Accordingly, placements and shapes of these
sensor/actuator layers become critical design issues. There are, in general, two design
principles: 1) the segmentation technique and 2) the shaping technique in the distributed
transducer design. These two design principles are discussed in this section.

The Segmentation Technique

Figure 6 illustrates the segmentation technique, in which a distributed sensor/actuator
layer is segmented into a number of regular-shape patches that can be equal or unequal sizes
(Tzou, Bao, Venkayya, 1996; Tzou and Fu, 1994). Each segmented patch or a group of
patches can be individually monitored or controlled. When the size of parches approaches to
infinitesimal, these elements become distributed newrons or “muscle” elements, either
monitoring microscopic behaviors or leading to microscopic control actions. Figure 6b
shows four-segmented patches on a cylindrical shell panel (Tzou, Bao, Venkayya, 1996);
Figure 6¢ shows four-segmented patches on a zero-curvature shell — a plate (Tzou and Fu,
1994). ’




Fig.6 The segmentation technique of distributed sensor/actuator.

The Shaping Technique

On the other hand, the shaping technique involves either the planner shape
variation, Figure 7a, or the thickness variation, Figure 7b. These shapes usually are
modal sensitive and they are designed based on specific mode shape functions or modal
strain functions (Tzou, Hollkamp, and Venkayya, 1998; Tzou, Zhong, and Natori, 1993;
Tzou and Hollkamp, 1994). Accordingly, these shaped sensors/actuators are only effective
to selected modal oscillations of the DPS. For example, Figure 7¢ illustrates designs of the
first and second orthogonal modal sensors/actuators for a cantilever beam (Tzou, Hollkamp,
and Venkayya, 1998); Figure 7d illustrates those of the second to fourth modes of a free-
floating ring (Tzou, Zhong, and Natori, 1993).
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Fig.7 The shaping technique of distributed sensor/actuator.

Applications of the generic structronic shell equations and sensor/actuator equations to other
standard DPSs or standard shapes (i.e., common geometries) are demonstrated next.

APPLICATIONS

As discussed previously, the thermoelectromechanical/control governing PDEs and
distributed sensor/actuator equations were respectively derived based on generic double-
curvature piezo(electric)thermoelastic and structronic shell DPSs, Figure 3, and these
equations can be directly simplified to account for many shell and non-shell standard DPSs
widely used in many aerospace, mechanical and structural systems. Examples of various
simplified geometries and their relations are shown in Figure 8. Simplification procedures
and demonstration cases are presented in this section.
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Fig.8 Applications of the shell theories.

Procedures

There are four geometric parameters, i.e., two Lamé parameters (A; and A) and two
radii (R, and Ry) of curvature, required to carry out the simplification and reduction of generic
piezothermoelastic/control equations and shell sensing/control governing equations.
Simplification procedures are briefly discussed below.

1)  Select a Coordinate System
The original generic shell continuum or DPS was defined in a tri-orthogonal
curvilinear coordinate system (o1, iz, 03). Depending on the given geometry (the
host elastic structure) and/or sensor/actuator shapes, these coordinates can be
redefined to best represent the DPS, e.g., oa;=x and o=y for a rectangular plate;
a;=x and o= for a cylindrical shell and thin cylindrical tube shell; o, =¢ and

o., =y for a spherical shell, etc.

2)  Determine the Radii of Curvature
The radii of curvatures R, and R; of the two in-plane coordinate axes o; and o, can be
easily observed from the coordinate system defined in Step 1. For example, the radii
of x and y axes in a rectangular plate are R, = and R;=. In a cylindrical shell,
R;=w and R;=R. In a spherical shell, radii are R, =R,=R.
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3)  Derive a Fundamental Form
A fundamental form represents an infinitesimal distance ds on the neutral surface of
the shell continuum; the distance is the hypotenuse of a (or an approximate)
right-angle triangle defined by the projected infinitesimal distances (dct; and doy) of
the two in-plane coordinates, see Figure 8. From the fundamental form, two Lamé
parameters A; and A, and the two selected coordinates o) and o, can be defined, ie.,

(ds)? = (ApX(dou) + (Ag)X(da)? . (32)

For example, the fundamental form for a rectangular plate (defined in a Cartesian
coordinate system x and y) is (ds)* = ( DX(dx)* + (1)%(dy)?, thus, the Lamé parameters
are Aj=1 and A,=1. For a cylindrical shell defined by the x and B axes, the
fundamental form is (ds)’ = (1)*(dx)* + (R)(dB)>, thus, A;=1 and A,=R (radius of
the cylinder). The fundamental form defining the spherical shell is (ds)® =
(R)z(d¢)2+(Rsind))2(dw)2 where R is the radius of the spherical shell. Thus, the Lamé
parameters are A; =R and A= R sin¢. Other geometries can be defined accordingly.

4)  Simplify the Shell Sensor/Actuator Equations
By substituting the four parameters A;, A, R;, and R, into the generic shell
sensor/actuator and/or piezotehrmoelastic/control system equations, one can easily
derive the governing equations for that DPS or sensor/actuator, e.g., shell (cylindrical
shells, conical shells, spherical shells, shells of revolution, etc.) or non-shell DPSs
(rings, arches, beams, rods, etc.), Figure 8.

Detailed sensing/actuation and shell equations of a number of DPS cases are presented next.
Studies and evaluations of microscopic sensing and control characteristics are presented in
later chapters.

Case 1: Control of Spherical Shell

There are three equations of motion describing the electromechanical and control
behaviors of spherical shells of revolution respectively defined in the o = ¢, a2 =y, and o3
directions, Figure 9, and they can be directly derived by simplifying the electromechanical
equations of motion of a generic double-curvature shell using two Lamé parameters (A; and
Az) and two radii of curvature (R, and Ry) defined for the spherical shell coordinate system
where a; = ¢ and oy = y. The fundamental form defining the Lamé parameters is derived
based on an infinitesimal distance (ds) on the neutral surface of a thin spherical shell.

(ds)” = (R)*(d¢)*+Rsind)X(dy)” . (33)

Thus, the Lamé parameters A; = R and A, = R sing; the radii of curvature of a spherical
shellare R =R, =R.
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Fig.9 A spherical shell laminated with a distributed piezoelectric layer.

Substituting Lamé parameters and radii of curvatures of spherical shells into the shell
equations and simplifying yields three equations of motion respectively defined in the o,
a2, and o directions (Tzou, and Smithmaitrie, 2001).

aZ
¢ (N sin¢)+— a\U (Nw) N,, cos¢+Q,sin¢+Rq, sinp = Rsinph atu (34
62
6¢ (Nw sin ¢)+ 5\11 N, )+ N, cos¢+Q,,sind+Rq, sin = Rsinq)ph—ilzl , (3%
62
2% (Q¢3 sin ¢) + (Qw) (N + N,,)sin¢+Rq,sin$ =Rsinpph at (36)
The transverse shear effects Q;3 are defined by moments:
1
Qy = Rsmd)[a(b (M, sm¢)+ (Mw)'Mw cosq)] , 37N
1 0 . 6 :
Q= Rsin 6—¢(MW sm¢)+5w—(MW)+Mw cos | . (38)

N;j; are the membrane forces; M;j are the bending moments; q; is the external excitation; pis
the mass density; h is the shell thickness, and u; is the displacement. Membrane forces Nj;

and bending moments M;; are functions of membrane strains slJ and bending strains kij .

vy

R R _K(-p) .
Ny, =K(sj +1s,), N, =KG,, +ps), N, =N,, (2“)sw; (39-41)

M,, = D(k,, +pk

\V\l’) > by 2 (42-44)

_Da-p
My, =Dik,, +hky), M,, =M,, ==—Fk
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- where K =(Yh)/(1-p*) is the membrane stiffness; D = (Yh®)/[12(1-p?)] is the bending

stiffness; Y is the modulus of elasticity (Young’s modulus); and p is Poisson’s ratio. The
strain-displacement relations of thin spherical shells are

s;¢=i(3<u¢)+u3), Sy == (a (u,)+u, cosd+u, sm¢], (45,46)

ol Rsin¢| 0
s;‘l‘,——l—(—%(u )-u cot¢+—11;¢%(u¢)J @7
Ky, = ( ¢<B¢)) K, = 1[ MW(B )+B, cot¢] (48,49)
k,, =E(%(Bw)‘8w 00t¢+m5w—(l3¢)J ; | : (50)

and the rotation angles are B, = —llz[u N Zl; ) and B, R( v —%%&j, respectively .
s

Case 2: Distributed Sensing of Conical Shells

In this case, distributed sensing characteristic of conical shell DPS is presented. The
Lamé parameters, radii of curvature, and principle directions of conical shells are
respectively defined by A; = 1, A, = xsinpB*, R, =R, =, R, =R, =xtanf*, oy = x,
and ap = y. Figure 10 illustrates a conical shell, the coordinate system, and its parameters.

Fig.10 A conical shell of revolution.

Assume there is a distributed piezoelectric sensor layer laminated on the conical
shell and the sensor layer is insensitive to the in-plane twisting S,. The signal-strain
relation of the distributed conical shell sensor layer becomes (Tzou and Cha1 2001)




¢ = (}Sl_:) J.J‘(hslsix + hnSfW)' xsinB dxdy , G1)
Xy

: s _ L0 ] I s .
where the strain terms are S, =s% +r’k, and Sy =84, T1,K,, - The membrane strain-
displacement relations of the linear conical shell are

Ou
Se. = ax" and s, =—xg—L4x___3 _ (52,53)

According to the Donnel-Mushtari-Vlasov theory, the in-plane displacements uy and uy
are usually neglected in the bending strains. Thus, the bending strains of the conical shell
with the Donnel-Mushtari-Vlasov assumptions are

62 2
Ko -2 and Ky, = TU 1085 (54,55)
ox x“sin“B oy* x ox

Substituting all strain-displacement relations into the sensing signal equation gives the
signal-displacement expression of the generic distributed conical shell sensor.

s 2 au
¢ = X .[ L hsl{aux —r:a uz3 +hy, _‘_];_‘__‘U__}_u_x___ s v
S¢ O0x 0x xsinfB Oy x xtanf

2
+r\:{ I Ou, 1 au3}}oxsinﬁ*dxd\u

, (56)

x*sin’B’ g’ x Ox

Note that this signal-displacement equation is only valid for linear conical shell sensors,
since it does not involve any large deformation effect (Tzou and Chai, 2001). Detailed
modal contributions to the signal outputs of the distributed conical shell sensor are
discussed later.

Case 3: Sensing and Control of Adaptive Cylindrical Shells

One of the important applications of distributed sensors and actuators is to evaluate
detailed electromechanical behaviors of distributed adaptive structronic systems. Adaptive
structures and structronic systems usually involve shape transformation changing from one
geometry to the other, in order to achieve specific functional advantages in practical
applications. A zero-curvature plate can transform to a shallow shell, a deep shell, and to a
closed cylindrical shell (i.e., tube shell) when its curvature continuously changes from 0° to
360°, Figure 11. Usually, the bending effect dominates the plate or shallow shell dynamics;
however, the membrane effect dominates the deep shell dynamics, especially for lower
natural modes. (Recall that plates are defined as zero-curvature shells, i.e., radii R, and R, are
infinity and Lamé parameters A; and A, are 1’s.) This cylindrical shell case is to demonstrate
the utilities of distributed sensors and actuators and to reveal detailed electromechanics and
functionalities of these devices as applied to various shell structures with different curvatures
(Tzou, 1993; Tzou and Zhong, 1996; Tzou, Bao, Venkayya, 1996; Tzou and Yang, 2001).
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Fig.11 Shell transformation, from a shallow shell to a cylindrical.

A composite cylindrical shell structronic system consists of elastic shell layers and
distributed piezoelectric layers serving as distributed sensors and/or actuators, Figure 12. It is
assumed perfect bonding between the layers. Recall that the cylindrical shell is defined by the
x and B axes, the fundamental form is (ds)®= (1)*(dx)?> + (R))dB)’ . Thus, the Lamé
parameters are Aj=1 and A,=R (radius of the cylinder). (Note that the segmented
sensor/actuator patches laminated on the cylindrical shell can be defined by their
corresponding x and P coordinates generically. When x=L and B=B*, it becomes a fully
distributed sensor/actuator case.

(P™ Patch Defined by
x and 8 Coordinates)

1,5: Piezoelectric Layers
~ 2-4: Composite Layers

Fig.12 A cylindrical shell laminated with distributed piezoelectric layers.

Following the procedures described previously and substituting the four parameters into the
generic shell system equations yields the governing equations of cylindrical shells.
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and forces and moments are defined by N;/M; =NJ'/M™+N2/M? and Ni=Nj. As

discussed previously, injecting high voltages into the distributed piezoelectric actuators
induces two major control actions. One is the in-plane membrane control force(s) and the
other is the out-of-plane control (bending) moment(s). In general, the control moments are
essential in planar structures, e.g., plates and beams; the membrane control forces are
effective to deep shells.

Case 4: Control of Plates

A rectangular plate is usually defined in a Cartesian coordinate system, in which x
and y define the two in-plane directions and z defines the transverse direction, Figure 13.
The structronic plate system consists of an elastic plate (with thickness h and Young’s
modulus Y, mass density p) sandwiched between two piezoelectric layers (with negligible
mass and stiffness). Following the procedures described previously, one can define the
Lamé parameters (A;and A), radii of curvature (R;and R,), and then system equations
sensing/control equations, as well as related strain -displacement equations, force/moment -
displacement equations, etc. (Tzou and Fu, 1994; Shih and Tzou, 2000).

Fig.13 Distributed structronic plate/sensor/actuator system.

Substituting the four parameters into the generic shell thermo-electromechanical equations
yields the nonlinear plate equations.

_d(N,) , 0Ny
ox oy

+F, =phii_, (60)
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o(N,,) O(N,)
PMy) ,0"My) M)

+F, =phii, , (61)

[—=
ax 2
ox N 6y62 oy . ’ 62)
+IN,, axu; N axg; +N,, 8;12‘]+Fz = phii,
and forces and moments are defined by
Ny /M = N7 /M +N; /M5 +NJ /MS (63)

Circular plates are common models for computer disks, optical mirrors, etc.

Precision control of circular plates can be evaluated using the same procedures, Figure 14,
(Tzou and Zhou, 1995, 1997).

Fig.14 Distributed structronic circular plate/sensor/actuator system.

Case 5: Control of Structronic Rings

Rings laminated with distributed sensors and actuators establish structronic ring
systems and their sensing/control characteristics can be evaluated accordingly (Tzou,
Zhong, and Natori, 1993; Tzou, Zhong, and Hollkamp, 1994; Tzou, 1993). One can also
design orthogonal sensors and actuators based on its modal characteristics, such that modal
dynamic sensitivities and controllabilities can be investigated. Figure 15 illustrates a ring

and Figure 16 illustrates a ring system subjected to impacts. Control of impact-induced
vibration can also be studied.

a3

Fig.15 Distributed structronic ring system.




Fig.16 Distributed structronic ring system subjected to impacts.
Case 6: Control of Beams

An elastic Euler-Bernoulli beam is among the simplest distributed systems typically
modeled by a fourth-order PDE:

4

YI%)—:% +pAii, = bF, , (60)

where Y is Young’s modulus; I =bh?/12 is the area moment of inertia; b is the beam width;
h is the beam thickness; u; denotes the transverse displacement; p is the mass density; A =
bh is the cross-section area; and F; is the transverse excitation. Consider a generic cantilever
Euler-Bernoulli beam sandwiched between two thin piezoelectric layers serving as
distributed sensor and actuator, respectively, Figure 17, i.e., a distributed structronic
cantilever beam system. Sensing signal acquired from the distributed sensor is amplified
and fed back to the distributed actuator counteracting the beam oscillation. System equation
of a structronic beam system can be derived accordingly (Tzou, Johnson, and Liu, 1999).

. 8
R
Piezoelectric <y,
Layer ]}

Fig.17 Distributed structronic beam/sensor/actuator system.
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As discussed previously, there are two design principles applied to the distributed
sensor/actuator design in practice. Figure 18 illustrates an orthogonal self-sensing actuation
design based on the shaping technique (Tzou and Hollkamp, 1994); Figure 19 illustrates the
segmented sensors and actuators laminated on a beam based on the segmentation technique.
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Fig.18 Distributed orthogonal self-sensing actuation system (Tzou and Hollkamp, 1994).

Chi
ch2
h2chs,
Y 9 hans oy,

Multi-Channel

Data Acquisition
System
Shaker
Shaker
Amplifier (Not to scale)
Signal
Generator

Fig.19 Distributed segmented sensor and actuator system.

Distributed sensors and actuates can be surface or thickness shaped using orthogonal
functions, e.g., modal strain functions. In this case, the shaped sensor or actuator is sensitive
only to the designated natural mode (i.e., the orthogonal modal sensor or actuator) and

insensitive to other natural modes, based on the modal orthogonality of natural modes (Tzou
and Hollkamp, 1994).

REMARKS




The synergistic integration of smart materials, sensors, actuators, control electronics
with machines or structures enabling new distributed structronic (structure + electronic)
systems capable of self-sensing, diagnosis, and control reveals the classic complexity of
multi-field opto-thermo-electromechanical/control couplings of distributed parameter
systems (DPSs). Consequently, multi-field coupling and control of distributed structronic
systems further raises many new research, development, and system integration issues in
recent years. This paper presented a generic nonlinear piezo(electric)-
thermoelectromechanical shell theory and a distributed sensor/actuator theory based on
piezoelectric double-curvature structronic shell DPSs with permissible mechanical,
electrical, and temperature boundary conditions. Fundamental background of the distributed
parameter systems was introduced, followed by definitions of distributed sensors and
actuators and their governing equations. Application examples and design principles were
presented afterwards. Applications of the generic theory to distributed sensing and control
and other structronic 1D, 2D (flat and shell) DPSs (e.g., a spherical shell, a conical shell, an
adaptive cylindrical shell DPSs) based on four system parameters were also demonstrated.
Other DPSs (e.g., rectangular and circular plates, rings, beams, etc.) were also discussed.

Detailed micro-thermo-electromechanics and sensing/control effectiveness of
various 1D (Figure 20), 2D plate DPSs (Figure 21), and advanced shell DPSs (Figure 22)
are presented later. Again, note that the purpose to study shell and plate DPSs is to
investigate multi-field piezothermoelastic/control characteristics and sensing/control of
practical systems represented by standard geometries as illustrated in Figures 20-22.

Fig.20 Examples of 1D DPSs.
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Fig.22 Examples of 2D shell DPSs.
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CHAPTER 2

MODAL VOLTAGES OF LINEAR AND NONLINEAR
STRUCTURES
USING DISTRIBUTED ARTIFICIAL NEURONS

ABSTRACT

Laminated or embedded distributed neurons on structural components serve as in-situ sensors
monitoring structure’s dynamic state and health status. Thin film piezoelectric patches are
perfect candidates for this purpose. A generic piezoelectric neuron concept is introduced first,
followed by definitions of neural signals generated by an arbitrary neuron laminated on a
generic nonlinear double-curvature elastic shell. This generic neuron theory can be applied to a
large class of linear and nonlinear common geometries, €.g., spheres, cylindrical shells, plates,
. etc. To demonstrate the neuron concept, an Euler-Bernoulli beam laminated with segmented
neurons is studied. Neural signals and modal voltages are presented. Theoretical results are
compared with experimental data favorably.

INTRODUCTION

Structural health monitoring, diagnosis, and failure prevention are essential to structural
integrity, reliability, performance, safety, etc. of high-performance structures and machines.
Conventional sensing technologies usually utilize strain gages, eddy current proximeters, linear
variable differential transformers (LVDT), accelerometers, potentiometers, etc. These sensing
systems are, of course, capable of carrying out the sensing functions and fulfilling design and
control requirements. However, these transducers are all add-on devices, i.e., devices are
installed on the structures using off-the-shelf sensors. These add-on transducers can add
additional weights to the structures, which often is not desirable in many applications.

In the recent development of smart structures and structronic systems (Plubm, et al.,
1987; Crawley and de Luis, 1987; Baz and Poh, 1988; Hanagud and Obal, 1988; Tzou, 1987),
distributed piezoelectric layers laminated on flexible structures can serve as in-situ neurons
monitoring local strain variations of structures, Figure 1. Since the distributed piezoelectric
layers are spatially distributed, the induced sensing signal is surface averaged over the effective
sensor area. Accordingly, the sensitivity of piezoelectric neurons depends on not only the
piezoelectric material properties, but also structural dynamic characteristics, such as natural
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frequencies, mode shapes, locations, etc. (Tzou, 1992). Significant sensing deficiency can
occur when the segmented sensors are symmetrically laminated on symmetrical structures with
symmetrical boundary conditions (Tzou, 1993). In this paper, detailed electromechanical
characteristics (sensor electromechanics) of spatially distributed piezoelectric neurons are
discussed and the governing equations are derived. Demonstration examples are presented.
Experimental results are compared with theoretical solutions.

Fig.1 Distributed structural neurons.
DISTRIBUTED STRUCTURAL NEURONS

It is assumed that distributed piezoelectric layers serving as distributed neurons are
arbitrarily located on a generic nonlinear elastic shell continuum defined in a tri-orthogonal
curvilinear coordinate system, Figure 2. A generic distributed neuron theory of segmented
sensors is derived based on the direct piezoelectric effect and the generic double-curvature shell
theory. Application of the generic neuron theory to other geometries (e.g., spheres, cylinders,
plates, etc.) depends on four geometric parameters: two Lamé parameters and two radii of
curvature (Tzou, 1993). A generic piezoelectric neuron theory is derived in this section. A case
study based on an Euler-Bernoulli elastic beam is presented in the next section.

- Fig.2 A generic nonlinear shell laminated with distributed neurons.




Distributed piezoelectric neurons laminated on the generic nonlinear shell respond to
shell strain variations and consequently generate electric signals based on the direct

piezoelectric effect. The open-circuit neural signal ¢* from an arbitrary neuron is a function of
induced local linear or nonlinear strains Sj; and the piezoelectric constants dj;.

@ = (hs/se)L L [ds;S], +d5,S, +dsesf2]°A1A2d°"1daz > (1)

where b’ is the sensor thickness; S° is the effective electrode area; A; and A, are Lamé
parameters. The surface integration denotes the total charge generated over the effective

electrode area defined by the o and o, axes. Note that since the neuron is spatially distributed,
the signal is averaged over the total effective electrode area (Tzou, Zhong, Natori, 1993).

Since the strain, in general, can be divided into the membrane strain and the bending
strain. The signal equation can be further expressed as

2
& =(hs/Se).[ L [d31{i Ou, LU 0A, LI 1 du, /0o,
. 1 A oo, AA, da, R, [2 A,
+1s _l_i _u_l__l_.g_ui. + 1 u_z__l_% _a_ﬁ }
A Oa\R, A 00, ) AA,\R, A,da, ) o,

2
+d32{_1_8u2 L 0, L8 (1 0u, /oo,
A da, AA, o, R, |2\ A,

g 20 L ouy ) 1 fu 10y 0A, ),
A, d0,\R, A,0da,) AA,\R, A, o, do,

Low 1w, uw 0A _u 8A2+{ 1 8u36u3J

+dy{— ‘
36{A2 B, A o, AA,0a, AA, do, |AA, da, o,

prp 0w Lou ), 1 A 0 ifu, 1w /A,
A, 0o, |\ R, A, oo, A oo, |\R, A, da

2

L 1 Ou oA 1 [y 18U 108 0 o da,
R, A 0 oo, AA,\R, A, o, oo,

2

where ur’s are the displacements; R; is the radius of curvature of the ith axis; and 1’ is the
neuron location away from the shell neutral surface. The terms following r* represent the
bending strain component; others are the membrane strain component. The membrane strain
component is related to in-plane oscillations and the bending component is related to bending
oscillation of the generic shell. Note that the large deformation effect is included with the
membrane strains, the quadratic terms, based on the von Karman geometric nonlinearity theory
(Tzou, Bao, and Zhou, 1997). Accordingly, each piezoelectric neuron responds to local strain
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variations induced by all possible oscillations of the elastic shell continuum. This implies that
the neuron can actively monitor the structural condition and provides the linear or nonlinear
state information for further diagnosis and/or control applications. To demonstrate the concept
and technology, an elastic beam laminated with piezoelectric neuron patches is investigated
analytically and experimentally in the following sections. However, for simplicity and better
comparison, only the linear theory is considered in the case study.

CASE STUDY:‘EULER-BERNOULLI BEAM

An Euler-Bernoulli beam is the simplest elastic continuum that can be used to
demonstrate the distributed neuron concept. A cantilever Euler-Bernoulli beam laminated with
a number of distributed piezoelectric neurons is investigated theoretically and experimentally in
this study. It is assumed that the piezoelectric neurons are much thinner than that of the elastic
beam and they are perfectly bonded on the beam. The effects of bonding material and the
piezoelectric layers are not considered in the electromechanical analysis. In this section,
theoretical derivation of the laminated beam model is presented.

For an elastic beam, Lamé parameters are A; =1 and A, =1, radii of curvature are R; =
o0 and R;=c0_Also, the transverse oscillation dominates the structural dynamics and the in-plane
oscillations, i.e., x and y, are usually neglected within the linear theory. Figure 3 illustrates the
Euler-Bernoulli beam laminated with six thin piezoelectric neurons.

5

NL
Wi
PVDF Layer
Steel Beam
(Not to scale)

Fig.3 Euler-Bernoulli beam laminated with thin piezoelectric neurons.
Theoretical Modeling and Analysis

The equation of motion of the Euler-Bernoulli beam model is




'™ y
- axz"" +phii, =0 3)
2
where M. =-YI o, €]
XX axz

where p is the mass density; H is the beam thickness; Y is Young’s modulus and; I = h%2 is

the area moment of per unit width. Substituting Eq.(4) into Eq.(3) yields the classic beam
equation

4
0'u,

4

YIZ—=2 + phii, =0 (5)

For harmonical free vibration u,(x,t) = U,(x)e’ at natural frequencies, Eq.(5) becomes

o'U
‘&'41 - )\,4U3 = O ) (6)

where Us(x) is the mode shape function; o is the frequency; and A is the eigenvalue, i.e.,

2 1

)"4=(Dp
YI

9

where p’ is a mass density per unit length. The solution (mode shape function Us;(x)) of Eq.(6)
is :

U, (x) = U;(0)A(Ax) + %E%xﬂ B(Ax) + {;% COx) + % dsg;fo) D(Ax), (8)
where
A(AX) = %(cosh AX + cos Ax) (9a)
B(Ax) =—;-(sinh AX + sin Ax) (9b)
C(Ax) = é—(cosh AxX — cos Ax) (9¢)
D(hx) =%(sinh Ax — sin Ax) (9d)

The derivatives of mode shape function Us(x) are given as follows.
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a'U, =2 (x) = AU, (0) C(Ax) + A [2(0) D(Ax) + d}; :(0) A(AX) + d?g(o) B(Ax)  (10b)
X X
3 3
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X X

These derivatives are used to define the exact mode shape function, frequency of beams with
specific boundary conditions., In this case, the boundary conditions at the clamped end (atx =
0) are

u(x=0,0)=0 or Usx=0,t)=0 11)
9% (x=0,)=0 or 2Ys (x=0,t)=0 (12)
ox 0x

and at the free end (x =L)
Max=L,)=0 and Qu(x=L,t)=0 (13,14)

Using the moment and shear force definitions, one can derive

2 2

Zz(x L,t)=0 or aaU23(x=L,t)=0 (15)
3

a“3(x L t)= Oor6U3(x L,t)=0 (16)

Also, using the boundary conditions, one can calculate the natural frequencies.

_(,L) [E

T e .

The natural modes (mode shapes) Us(x) are

U ()_ 1 d* d°U,,(0) COM x) - AQR,L)

U (T BMLL)
cosh(A,L)+cos(A, L)
sinh(A,L) +sin(A L)

=2, )]

n

= P{cosh(knx) —cos(A,X) — -(sinh(A., x) - sin(xnx))}. (18)

where P is an amplitude constant and




1 d*U. (0
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Distributed Neuron Signal

Neural signal of the distributed piezoelectric neurons can be directly simplified from the
generic neural signal equation using four geometric parameters: two Lamé parameters (i.e., A
=1 and A, =1) and two radii of curvature (i.e., R; = o and R;=0) On the other hand, the neural
signal can be directly derived based on induced strains and the converse piezoelectric effect.
The charge equation of electrostatics is

0(eyS,, +&5,E;) -
oo,

o 20)

Eq.(20) implies that the electric displacement D; = e3,S,, + €33E3 which is independent of
o;and it is a function of location x and time t.

€315« + €5, E3 = f(x,t) 21

Substituting strain-displacement relations yields the electric field E;

1 1 o*u .
E, =———(f(x,t)—e3lex)=———(f(x,t)+oc3e31 _6XT3J 22

33 €33

where function f(x,t) can be calculated based on the electric boundary conditions which are
determined by external voltages. For free vibration, the external voltage is equal to zero so that
the function f(x,t) is equal to zero and Eq.(22) can be rewritten as :

2
_8y Oy,

E,

oy (23)

2
€, OX

The signal output ¢3; of the i’ th piezoelectric neuron is

e, b Fo%u, , MY e, h'(h+h') % 6%u
@, =3 J'———f—dx Ion3 do, =1 ( I 6x23 dx
€335 7, OX hi2 end 2 7 (24)
- S MO )-22x,,)
€A 2 ox ox

where A is the neuron segment length shown in Figure 3. Substituting mode shape function
Eq.(18) into Eq.(24) yields the generic modal neural signal equation
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e, h'(h+h)

&, = 5 PA, {[sinh(A x;)—sinh(A X, ) +sin(A, X;) —sin(A X, )
833
: . (25)
_ smh(,L) ~sin(h,L) [cosh(A,x;) —cosh(A,X;_ ) —cos(A,x; )+ cos(A, x;_ )]}
cosh(A L) +cos(A L) _

Plotting the neural signals of the distributed neurons yields the modal voltages of the ith natural
mode.

PHYSICAL MODEL AND LABORATORY SETUP

In order to demonstrate the distributed neuron concept and the neural sensing
phenomena of segmented piezoelectric neurons, an Euler-Bernoulli beam (90x12x0.7mm)
laminated with segmented piezoelectric neurons (15x12x0.04mm) is fabricated, Figure 3. The
cantilever steel beam bonded with segmented polyvinylidene fluoride (PVDF) film (40um) is
fully tested in the Dynamics and Structronics Laboratory. Experimental data are compared with
analytical solutions.

To test its frequency response and the modal sensitivities of the distributed neurons,
sinusoidal waves generated from a signal generator (Wavetek) is input to a shaker amplifier and
then to an electromagnetic shaker where the beam is mounted on. Figure 4 illustrates the
experimental setup and apparatus. Signal voltages from the six PVDF neurons are
simultaneously inputted to a Multi-Channel Signal Sampling/Analysis System. The six-channel
data are recorded to identify the location of nodes and also for further analysis and comparison
of beam’s dynamic characteristics.

Multi-Channel Signa
Sampling/Analysis System

cht
oo
Bhens o

Shaker

—

Shaker
Amplifier

- {Not to scale)
Signal
Generator

Fig.4 Laboratory setup and apparatus.




RESULTS AND DISCUSSION

Neural signals of the six piezoelectric neurons laminated on the cantilever beam are acquired.
Modal information and modal voltages are then investigated. Experimental data are also

compared with analytical solutions in this section.

Neural Signals .

Time responses of individual piezoelectric neurons at five natural modes are presented in
Figures 5-9. All neural signals have the same sign indicating that all these neurons experiencing
either compression or tension simultaneously and these is no nodes along the beam in Figure 5.

This implies

that the mode shape is indeed the first bending mode.

) 20.0 10.0 t0.0 88.0 i{mSec)

Fig.5 Neural signals of the first mode.

—

) 5.0 10.0 15.8 20.0 (uSec)

Fig.6 Neural signals of the second mode.
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Fig.8 Neural signals of the fourth mode.
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Fig.9 Neural signals of the fifth mode.

In Figure 6, however, the first channel time history has the opposite sign as compared with the
other five neural signals. This indicates that there is a node between the 1* and second neurons.
Accordingly, the beam oscillates at the second natural mode. Furthermore, sign changes can be
observed in other neural signals obtained from various piezoelectric neurons laminated on the
beam. (Note that certain engineering judgement was employed to verify the natural modes,
since there could be even nodes existing between two neurons when the signals exhibit the

same signs.) Also, because there are only 6 neuron segments laminated along the beam, higher
modes can not be identified by these neuron segments.

Modal Voltages and Modal Identification

Recall that the piezoelectric neurons respond to local strains and generate voltage signal

accordingly. As discussed previously, the mode shape functions and neural sensing signals are
respectively represented by

cosh(A, L)+cos(A L)
sinh(A,L)+sin(A L)

U, )= P{cosh(?» 2X)—cos(A x)- . (sinh(?L 2X)—sin(h x))}

g, =L M) by [sinh(h, x,) — sinh(hx, )+ sin(h,x,) —sin(h, x,..)
€54 2
sinh(%._L)—sin(A. L)
—_ n n . h)\. Ny h}, . _ x Y+ )\‘ .
cosh(A L) +cos(A,L) [cosh(2, x;) —cosh(h, x;.,) - cos(h, x;) + cos(h, ;. )]}

where P is constant and A is the neuron segment length. The sensor equation indicates that the
highest signal occurs at the highest strain location. Positive strains yield positive signals;
negative strains yield negative signals. Plotting magnitudes of neural signals yields the modal
voltage pattern or modal voltage. Thus, modal voltages are distinct to natural modes of the
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structure. Accordingly, one can reconstruct natural mode shapes based on the modal voltages
measured at various piezoelectric neurons along the beam. Experimental results are compared
