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ABSTRACT: An investigation was made into the field of planar structural actuation with aniso-
tropic active materials. The mechanisms for creating anisolropie actuators were discussed, and the
impact of anisotropy was shown at the individual lamina level and at the laminated structure level.
Medels for laminated structures were developed using an augmented Classical Laminated Plate
Theory incorporating induced stress terms to accommodate anisotropic actuator materials. A twist-
extension coupled laminate was used o exemplify how twist can be directly induced into isotropic
host structures using anisotropic actuation. Four anisotropic actuators with different material anisot-
ropies were compared using this example. Finally, a laminate incorporating piczoclectric fiber com-
posite actuators was manufactured and tested. Excellent agreement was found between the predicted

and experimental response.

INTRODUCTION

HE field of structural control using active materials has

received much attention in recent years. A multitude of
models have been developed for the actuation and sensing
of beam [1], plate [2], and shell [3] structures employing a
variety of active elements. Experimental results in the
closed loop control of structural vibration [4], acroelastic
response [5], and acoustic transmission [6] have verified
these models and demonstrated the feasibility of active
structural control using active materials. As the field has
matured, attention has turned toward increasing the per-
formance of these systems. However, the basic active
materials have not changed in the past twenty years, Ave-
nues for increasing performance will rely on using current
materials in unique ways, or combining materials to create
new technologies.

One means of improving the level of structural control
performance is the use of tailorable anisotropic actuator
materials, Tailoring gives the designer added freedom to
specify varying degrees of structural coupling. However,
current methods of actuation and sensing that urilize piezo-
ceramics must use monolithic ceramics that exhibit in-plane
isotropy. Thus, it is impossible to distinguish and actuate
any single component of in-plane strain with these ceram-
ics. Present methods to induce anisotropy require a compos-
ite host structure [2], or special piezoelectric attachment
techniques [7] to produce the desired degree of coupling.

Piezoelectric fiber composites, however, have a large
potential for independently controlling structural deflections
in different directions. This arises from the ability to choose
parameters at the material, lamina, and laminate levels of
manufacture. Matrix and ceramic combinations, volume
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fractions, and ply angles all contribute to the tailorability of
the actuator. As a result, the designer can minimize or max-
imize various coupling parameters that influence the struc-
tural behavior. Various torsional, bending, and extensional
modes can now be separated, allowing for more efficient
control of independent deflection shapes and the enhance-
ment of control performance.

In some cases, material coupling may be quite beneficial.
For example, standard graphite/epoxy materials have been
used to modify aeroelastic characteristics of wings. In par-
ticular, careful orientation of the fiber direction couples
wing-bending and torsional deflections, delaying divergence
and increasing lift. Namrally, this technique could be ex-
tended to wings incorporating active elements. Ehlers and
Weishaar [8] have demonstrated the role of elastic coupling
in various aeroelastic structures such as forward and aft
swept wings. They report that small amounts of coupling
will reduce the actuator strength necessary to increase lift,
while enhancing performance by using energy already pres-
ent in the airstream.

The long term objective of this research is to enable large
scale structural control applications by controlling the shape
and vibration of composite structures using piezoelectric
fiber composite laminae. The modeling and manufacturing
of these laminae are the subject of ongoing research with
emphasis on developing methods of integration which will
result in built-up active structures. The current work quan-
tifies some of the possibilities for anisotropic actuation that
are afforded by piezoelectric fiber composites. Thus, this
study acts largely as a motivation for development of such
composites, and, in addition, seeks to compare various
means of anisotropic actuation.

Piezoceramic composites have received a lot of attention
in the past fifteen years, particularly in the area of ultrasonic
transducers for hydrophones [9] and medical imaging equip-
ment [10]. These transducers have focused primarily on par-
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ticulate composites (-3 connectivity), and rod composites

" connectivity) with the rods oriented through the thick-
‘mess of the material. Modeling techniques employed for
these composites were an extension of the “Mechanics of
Materials” approach to include electrical-mechanical cou-
pling. Piezoelectric Fiber Composites (PFC) differ from the
above applications in that they must couple with in-plane
structural stresses and strains. As such, the stiff piero-
ceramic fibers must be oriented in the plane of the structure.
The models and manufacturing methods utilized for ultra-
sonic transducers do not easily carry over to the present
form. However, the first paper on PFCs [11] addresses these
issues. Techniques borrowed from standard graphite/epoxy
composite manufacturing were applied to PZT fiber com-
posites, and a generalized “Uniform Fields”™ model was
developed to provide predictions for effective material prop-
erties. The tools are now available to examine various ap-
plications of piezoelectric fiber composites.

This paper begins by examining the mechanics involved in
modeling anisotropic actuators. The impact of anisotropy at

the individual ply level is shown, and the contribution of

this anisotropy to the overall laminated structure is modeled
using Classical Laminated Plate Theory (CLPT). Four
types of anisotropic actuators are introduced and discussed
with reference to the different origins of their anisotropy. A
special twist-extension coupled laminate example is used to
~~-nduct an actuator comparison based on the maximum

sible twist for each actuator type. Important concepts
re]atmg to induced stress actuators are exemplified through
this comparison. Finally, a laminate incorporating PFC ac-
tuators is manufactured, tested, and compared to model pre-
dictions.

MECHANICS OF AN ANISOTROPIC ACTUATOR

In order to model the active structure and understand the
effects of anisotropy, it is first important to properly repre-
sent the lamina and laminate properties. Future sections will
discuss the properties of particular anisotropic actuators.
However, the present discussion will focus on a generic an-
isotropic actuator. Correct use of the actuator properties
will involve manipulations specific to the current problem of
planar structural actuation.

Plane Stress Assumptions

Typical applications will include plate and shell structures
with and without various substrate materials (aluminum,
glass, graphite/epoxy, etc.). In these applications, an impor-
tant assumption is made about the state of stréss in the
—aterial. Namely, the normal stress through the thickness

i its corresponding shear stresses are zero:

T3.=T4=T5.=ﬂ {1}

This is the common Kirchoff assumption in simple plate and
shell theory. To apply this condition, the constitutive equa-
tions must be in the compliance form (i.e., with stress as the
independent field variable).

The constitutive equations for piezoelectric materials are
found in Reference [12], with the standard axis definitions
{ poling direction coincident with the 3-axis). After reduc-

tion, these constitutive equations are
E,
T
r 2
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where §; are the material strains, [, the electrical displace-
ments, T; the materials stresses, and E; the electric fields.
Constants 5% and €7 relate the respective elastic and electric
fields, while coupling between fields is described by the d
constants. Note that all d; are zero for nonactive materials.
Compliances and dielectrics for nonactive materials can be
distinguished from those of the active ceramic by their lack
of superscripts which otherwise indicate the mechanical and
electrical boundary conditions. It is important to note that
the material constants shown above are the same as those for
the three-dimensional case. The remaining strains §;, S,
and 8, are not necessarily zero, but may be calculated after
the primary system is solved. Note that the above form ap-
plies to the more general case of anisotropy, both piezoelec-
trically (dy; # ey,) and mechanically (5% # 5%,) than that
for monolithic PZT,

In some cases it may be more convenient to represent the
piezoelectric properties in a form other than that used to en-
force the plane stress assumptions. A common alternate

form is
0, a3 o E;
T — € n cTa 8
T ~ Pa: cf |z e 85 3
T 0 Chy e

where e;; are the piezoelectric induced stress constants, This
form provides the mechanical stress terms as the dependent
variable. Such an expression is useful when modeling the
response of a structure to a load applied by an actuator, and
will be used in the subsequent sections. A comparison of the
two above forms shows:

oo Qo

am

£oF = (s5%)7  e* = d¥ct* — d¥*ef*d?

(4)

5% = (T#

Since the relations are based on the plane stress assump-
tions, the above constants (designated with a “*" o show
plane stress) will not have a one-to-one correspondence to
those constants derived from a fully three-dimensional anal-
ysis. The relationship between the full three-dimensional
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constants to those above are given in the Appendix. From
this point on, the inverted properties will be assumed to
describe a plane stress situation, and the asterisk symbol
will be omitted.

Property Rotations

One possibility for tailoring at the laminate level includes
placing the principal actuator axes in directions other than
the global structural axes. Since the problem is solved in the
global coordinates, it is necessary to rotate the material
properties to align with these directions. Consider the in-
plane rotation about the 3-axis of a [+#] angle laminate
from the material axes ( 1-2) into the global axes (1-2). The
relationship between the field variables is:

D=R.D E=RE S=RS T=(R;)'T
(5)

where subscript ¢ refers to matrix transpose. Rotations of the
material properties about the 3-direction can be achieved
using first and second order transformation matrices:

cost @ sin® f cos 0 sin 8
R; = sin® @ cos® f —cos f sin #
| —2cosf@sinf 2cosfsinf cos’f — sin'f
(6)
[ cos® sinf 0
R:.=|—sinf@ cos@ 0O
{0 0 |

Simple matrix algebra brings about the rotated material
matrix:

Ej e i Rcrll':-sRE Rzléks ':.T}
—e, |~ | -RséR: R; R,

Anisotropy at the Lamina Level

The investigation of anisotropy at the lamina level con-
siders the effects of parameter variations on the single-ply
actuator. Anisotropy at this level may be present in the actu-
ator material in two ways:

1. Mechanical anisotropy: shown in the stiffness constants
(€22 # Cui)

2. Piezoelectric anisotropy: shown in the free-strain con-
stants (dy; # dy)

The piezoelectric induced stress constant, €, is an ef-
fective measure of anisotropy at the lamina level because it
embodies both origins of anisotropy in a single constant:

’I.;ldh.'lt + Eftd-.'ﬂ

o5

E.'II =

(8)

i
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A large amount of induced stress anisotropy will exist
when &, and €;; are very different. Another measure of
anisotropy becomes apparent if this lamina is rotated so that
the principal axes are not coincident with the structural
axes. In this case, an additional nonzero piezoelectric term
is created:

-

e = RE.ER_;

= &4, c05° 0 + &y 5in* 0
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€11 = €3 5i0° 0 + £;; cos® B

ey = cos 0 sin B(e;, — &)

The extra term, &4, is the piezoelectric induced shear
stress term created through a rotation of the lamina. Iis ex-
istence depends on the presence of anisotropy and the ply
angle. This single term can be used to represent all the ef-
fects at the ply level that contribute to anisotropic behavior.
Thus, maximizing its magnitude maximizes the anisotropy
of the lamina. The maximum values are reached at ply
angles of +£45°, This is easily understood since the ply
rotation is completely analogous to a Mohr's circle transfor-
mation of stresses, where the maximum shear stress is al-
ways realized at this angle. Note that £,, and &,, may have
opposite signs. Recent work by Hagood et al. [13] on Inter-
digitated Electrode piezoceramics (IDE) has shown that this
type of free-strain anistropy is possible.

Anisotropy at the Laminate Level

The ultimate objective for piezoelectric fiber composites
is their introduction into a laminated, built-up active struc-
ture for control. Thus, it will be important for design pur-
poses to predict overall siructural properties and response to
various loading conditions. Classical Laminated Plate
Theory lends itself well to design studies of laminated struc-
tures, and has already proven its value when augmented
with actuator-induced forces and moments to extend the
analysis to active structures [2,3]. A caveat of the theory is
its limitation to a local description of the plate behavior.
That is, it does not capture variations in loading or struc-
tural geometry within the plane of the structure. Nonethe-
less, it is able to provide accurate predictions of macro-
scopic deformations for several important cases, and allows
for the examination of important laminated structure param-
eters.

A typical laminated plate section is shown in Figure 1.
Axes coincident with those described in the previous section
are maintained. Possible loading conditions include edge
moments M;, M;, and M, and in-plane forces N,, N;, and
Ns. The underlying assumption of this theory is the manner
in which the deformations of the typical section are charac-
terized. The remaining Kirchoff assumptions for plate struc-
tures, which closely parallel the Bernoulli-Euler derivation
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Figure 1. Classical laminated plate theory definitions.

for beams [14] are the following: strains are continuous be-
tween plies, and plane sections remain perpendicular to the
midplane after deformation. The latter assumption is equiv-
alent to requiring that the out-of-plane shear strains (s, 5s)
be zero, i.e., there is no shear deformation and hence only
pure bending or extension. The result of such assumptions
is to allow the laminate to be treated as a single material,
whose properties are based on some collection of the indi-
vidual ply properties. Thus, the problem is actually the for-
r  ‘ion of the laminate constitutive equations, where kine-
T quantities are related to force quantities, given certain
assumptions about the strain deformation fields. Given the
above assumptions, the assumed strain field may be repre-
sented by midplane extensional strains and a curvature
sirain:

S =8+ nx (=126 (10}
where the superscript o denotes displacements of the mid-
plane.

Formulation of the laminate constitutive relations is ap-
proached by taking a summation of through the thickness
stresss to form global force and moment resultants (from
Reference [14]),

2

(Tixs)dxs (i = 1,2,6)

hi2
N, :! (T)dxs M, = 5
—hi2
(11)

=hi2

where h refers to the laminate thickness. :
Substituting for stresses using the constitutive relations
{3), replacing the material strains by the assumed strain
fields, Equation (10), and performing the integration in a

*wise manner yields the governing equations:

N

—N* 4+ [A]S® + [Blx
(12)

M

Il

—M* + [B]S® + [D]x

where N+ and M+ represent the actuator induced forces and
moments. The stiffness terms are

[A] = E(c‘}.{{x_:,h = (Xa)s-1)
k=1
] L
B] = 5 L e — (k) (13)
pan

D] = é‘ E{cshﬂxﬂi = (X3)i-1)
k=1

and the actuator induced forces and moments are

NA = V(e B (o — (decs)

k]

(14)

Y e E(xs)t — (a)ic)

k=1

M4 =

b |

The number of total laminates is 7, and the number of ac-
tive laminates is n.. Use of Equations (12) requires knowl-
edge of two of the three possible loading cases (either
mechanical forces, total strains, or actuator forces). The
loading conditions easiest to implement from a practical
standpoint are those of a free* expansion where the resultant
mechanical loads are zero, and the field voltage applied to
the actuators is known. In such a case, Equations (12) can be
inverted to solve for the resulting strains and curvatures,
which are easily measured through conventional methods.

8 A B[N
RO
Solution for the midplane strains and curvature strains
will provide information on the global laminate deforma-
tions. Such information can be used to examine the twist,

extension, and bending that can be obtained for an applied
electric field and particular structural parameters.

TWIST-EXTENSION COUPLED
LAMINATE EXAMPLE

A simple laminate case has been chosen for the purpose
of comparing the various actuators. Absolute conclusions
on the actuator types cannot be drawn from any one case,

"Free” in the sense of no net applied mechanical loading. Actsator is not undergoing
free strain.
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Figure 2. Laminated structure example.

because the performance is application-dependent. How-
ever, the analysis of this case does provide excellent insight
into the fundamentals of anisotropic actuation, allowing
easier application to other laminates and loading cases.

The laminate chosen for this study is [45,/0;/—45,], an
antisymmetric angle-ply laminate, shown in Figure 2. For
positive actuation on both active laminae (i.e., applied elec-
tric field coincident with poling direction), the result will be
a coupled extension and twist deformation. A +45" angle
was chosen to maximize the piezoelectric stress constant
£3s. An extension-twist coupled laminate is also amenable to
experimental verification. Since no bending takes place, the
effect of clamping at one end will have little effect on the ac-
tuation, and the CLPT model can be used to predict the
twist while neglecting end effects.

Analysis

Calculation of the 4, B, and D matrices shows a form typ-
ical of antisymmetric angle-ply laminates:

Nt A A 0 0 0 B R
N¢ Ay An 0 0 0 B ]
Ml Lo o0 de Baile: o |l ®
Mil ]l O 0O B, D, D, 0 x,
.I.'ff'? 0 0 Bm Du Du 0 Xy
M2 B By 0 0 0 Dy, Mg

(16)

This matrix identifies the coupling present between various
deformation modes and represents the passive properties of
the laminate. Thus, these parameters are independent of
mechanical or actuator imposed loads. The above matrix
shows that coupling does indeed exist between extension
loads {N,.N,} and twist curvature {x,], due to the B terms.
These terms also couple shear loads [N} and bending cur-
vatures |x,,.x;}.

The mechanical loads may be applied completely inde-
pendently of the material properties of the laminate chosen,
implying that any loading combination [NV, M;] is valid.
However, actuator induced loads (N7, M | are dependent
on the material configuration chosen for the laminate, for it
is the very lay-up used that determines the possible induced
moments and forces. For this particular case with positive
actuation on each actuator,

N =M =M: =0 (1n

These induced loads are zero because the antisymmetric
nature of this laminate balances the induced shear forces
and applied bending moments. The remaining loads and
deformations may be shown as the reduced system:

o Nf Al 1 Aﬂ BM 57
N‘f = | Az i‘lu Bu 53 “ E]
' M? Bu BH DH e

Since the antisymmetric ply angle chosen is £45°, several
additional geometrical symmetries exist. Positive actuation
on both actuators also results in symmetry of actuator in-
duced forces:

Ay = Az By = B NY = N? “g)

Inverting the above relations (18) and solving for the twist
curvature yields:

_zﬂgﬁ.N‘: + {Au + Ail}”?
=2B%s + DAy + Aia)

Xg = (20)

where the following geometric and actuator terms are given
with the plane stress material constants expressed in the
local (ply) coordinates:

Au + Au = (L(Ew + ) + ta(eh + 265 + ¢5)
1 =5 =g 3
B, = E(fn — calitats + 13)

| - -
Dy = _({ffl — 2th + ffﬂ(

totd 28
+ ity + —
2 E 3

(21)

4
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It is easy to see the important terms that contribute to the
twist curvature, x,. The twist moment, M, directly induces
twist and is dependent on the existence of piezoelectric
stress anisotropy (€;, # €3:), as discussed in the section
on anisotropy at the lamina level. If stiffness isotropy ex-
isted (cf, = %), the term B,, would be zero, and the
twist would simply be a function of M{ and Dg.. Instead,
twist can also be generated by the actuator induced exten-
sional force N{ because it is coupled through the B, term.
This term does not depend on piezoelectric induced-stress
anisotropy, but requires stiffness amisotropy in order to
exist,




Anisetropic Actuation with Piezoelectric Fiber Composites 343

It is important to note that these constants cannot be inde-
pendently specified and that ¢f; and ¢, are interrelated. For
this reason, it is difficult to draw conclusions about the con-
tributions of the individual terms when both effects are pres-
ent. Thus, actuation will be compared on the basis of stiff-
ness, cf, and piezoelectric free-strain constants, d,,. These
constants are also easier to measure, and the free-strain
d-comstants are a better understood quantity. However, the
concept of induced stress remains essential in the discussion
of actuators, and will be dealt with further.

Replacing the e, constants with those from Equation (8),
and nondimensionalizing with respect to actuator quantities
yields an expression for nondimensional twist curvature:

Xola Nacr

e F - X [T + 1M4R(1 — R, M1 — R,vis,)

+ 2T + paiCy — (1 — ”l!,](] + R0

® [—{T + DYl — R + ACe + T + »ia))

T a = s
X(CR(I+T+3)+T% 5 ]]

= 22
where the nondimensionalized ratios are defined as
b o Ba o ER o dn s
— [‘ ’ 1|£r = E‘fl R,; — Eh Rd - ..n .l".'n = d.‘ll:E.'t
(23)

Ce=2Rwvy, + R+ 1 Coa= —2Rvwy, + R +1
The terms R. and R, are the ratios of transverse to longitu-
dinal properties in the actuator, for stiffness and piezo-
electric free strain, respectively. T is the ratio of substrate
thickness (fs) to actuator thickness (r,), while § provides
information on the relative stiffness of the actuator and
substrate materials. Quantities Cy and Cg are the nondimen-
sional stiffness terms derived from the bending (D) and
extensional (4., + A.2) groups in the original Equation
(20). It is important to note the significance of the A terms,
A is the commonly used free-strain actuation term (dy, E;),
where Apon refers to the actuation capability of a monolithic
piezoceramic. The term A, takes into account the possi-
bility that a particular actuator may have a different free-
strain actuation capability than a monolithic pigce of the
same material (PZT type). One such case is the interdigi-
'd electrode piezoceramics where the poling direction is
__ually along the geometric l-axis used here.
Investigating the effects of anisotropy on the twist can be
done by varying one parameter, while the others are held
constant. In particular, the effect of the stiffness and piezo-
electric anisotropy ratios on the twist curvature will be

shown as a function of thickness ratio (T). The laminae
stiffness ratio (), will be assumed to have the value of one.
Stiffer substrate materials will only slightly increase the cur-
vature twist. For the most part, the larger induced actuator
stresses will be offset by the larger geometric terms (B,
D, etc.).

Figure 3 examines the effect of free-strain anisotropy on
the nondimensionalized twist curvature. In general, larger
free-strain anisotropy enhances the twist. The exception is
the case of ideal stiffness anisotropy (R, = 0), This curve
shows that if the transverse stiffness is zero, it is impossible
to induce any transverse actuator stress loads (&, = 0),
and thus, the twist is independent of d,; and R,. Therefore,
a fundamental limit on actuation potential exists for actua-
tors with high levels of stiffness anisotropy. Furthermore,
without a substrate material, the twist caused by the exten-
sional induced loads (2B,,N?) exactly cancels the twist
caused by the twist moment term ({4,, + Ax)M2) in the
numerator of Equation (207,

The four graphs in Figure 3(a-d) show the progression of
twist for decreasing levels of stifiness anisotropy, The last
graph is the special case of stiffness isotropy R, = 1. For
this special case:

f A
Hela L KT + 1}l = R)1 — »3)]
Apon Asron

3

x [{1 = p.;_}(T‘ £2T + E) + M}l

(24)

Interdigitated piezoceramics (IDE) are an example of this
special case. Note that the substrate with optimal thickness
is actually no substrate at all. The stiffness of the system in-
creases in a cubic manner with substrate thickness, while
actuation authority increases only linearly with thickness
(increasing the moment arm). Since the actuators in this
special case have adequate transverse stiffness (R, = 1),
they need not rely on the substrate to provide stiffness for in-
ducing stress. Instead, each actuator pushes against the
transverse stiffness of the opposing actuator.

Figure 4 examines the effect of stiffness anisotropy on the
curvature twist at various levels of piezoelectric free-strain
anisotropy. As expected, for a particular free-strain anisot-
ropy, increasing levels of stiffness anisotropy enhance the
twist. For very high levels of free-strain anisotropy (R; =
—(1.5), this enhancement is small, and is similar to the dis-
cussion above, for the case when K, = 0.

The four graphs in Figure 4(a-d) show the progression of
twist for decreasing levels of free-strain anisotropy. The last
graph is the special case of Equation (22) for R, = | (free-
strain isotropy):

Xela _ Aser o oTuT 4+ 10+ va)l = R)

"!"'M'GI\' -"'-"Mf.'m'
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Figure 4. Nondimensionalized shear curvature for an actuator with
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X ["(T + DMl = R + 2Ce + TPl + d2))

2 O
X(CE(T+T+§]+T¢ 6 ]]

(25)

Directionally Attached Piezoceramics [7] are an example
of actuators employing stiffness anisotropy with isotropic
piezoelectric free strain. An interesting aspect of this spe-
cial case is again the reliance of twist on the presence of a
substrate material. For the special case of no substrate
(ts = 0) and stiffness anisotropy only (R; = 1), the two nu-
merator terms in Equation (20) again exactly cancel one
another. This effect is echoed in Equation (25) for T = 0.
Thus, there is an optimal substrate thickness for an aniso-
tropically stiff laminate having isotropic free-strain actua-
tion.

ANISOTROPIC ACTUATORS

Up to this point, discussion has been limited to the ex-
ation of generic actuators, and the effect of stiffness and
trec-strain anisotropy on laminated structure actuation. Sev-
eral different types of anisotropic actuators based on piezo-
ceramic material exist, and have already been referred to
throughout the paper. This next section details the attributes
of each of these actuators. The purpose is to facilitate a com-
parison of the fundamental differences in the types of avail-
able actuators. The understanding from such a comparison
can then be extended to other cases of actuation and lami-
nates,

Piezoelectric Fiber Composites

Piezoelectric fiber composites as a means for anisotropic
structural actuation were first introduced by Hagood and
Bent [11] in a form that reduces many of the problems in-
herent in monolithic piezoceramic actuators. The general
approach to the proposed concept of built-up active struc-
tures is shown in Figure 5. The objective is to produce

host compaosite

interlaminar
electrode »
SRR T

piezoelectric

Figure 5. General approach to built-up active composite structures,

Figure 6. SEM photograph of piezoelectric fiber composite.

PFC laminae which can be incorporated between regular
graphite/epoxy plies. An electric field would be delivered to
the active composite using interlaminar electrodes, which
also serve as insulators from the conductive graphite
material. The current approach uses conventional elec-
trodes so that the poling direction is through the thickness of
the active subply.

The above paper details methods for the modeling and
manufacturing of PZT fiber composites. A Uniform Fields
approach to micro electromechanical modeling produced
effective material constants for the two-phase composite.
Manufacturing followed technigues borrowed from well-
developed graphite/epoxy cure methods. An SEM photo-
graph (Figure 6) shows some of the more recent techniques
in PFC manufacturing. A 120 micron piezoelectric fiber? is
shown embedded in a soft, epoxy® matrix ‘o which PZT
particulate has been added to reduce the dielectric
mismatch between the two materials. The addition of 75
weight percent of PZT powder (28 volume percent) in-
creases the effective matrix dielectric by a factor of 4.5
(from 6 to ~27). A chemical dispersant® further improved
the dielectric and reduced the brittleness that would other-
wise accompany particulate loading.

Three types of interlaminar electrodes have also been in-
vestigated. One type, shown in the photograph, is 0.0005
inch Kapton with a 2500 A layer of sputtered copper which
is bonded onto the active subply at the time of cure. This
material is easily etched and has the potential for use as a
patterned electrode. The second type involves manufactur-
ing the PFCs without electrodes, lightly sanding to increase
surface roughness, and depositing a 3000 A aluminum
layer on each surface through a thermal-vapor deposition
process. The third type is similar, except that air-dried
silver paint is applied by hand. The present study employs
this method of electroding,

*CeraMova Corporation, 14 Menfi Way, Hopedale, MA 10747,

'Epo-Tek 300 epony, Epoxy Technologies, 14 Fortune Dr.. Billerica, MA 01821,
‘PZT 5H-128B, Morgan-Matroc Inc., 232 Forbes Road, Bedford, OH 44146,
*Hypermer KD-2, ICT Americas Inc,, Wilmingion, DE 19857,




Table 1. Plane stress material properties.
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For the present comparison, the properties used are those
of the current material systems and manufacturing capabili-
ties. Bulk piezoelectric properties for SH-type PZT are used
for the fibers, and the measured properties are used for the
particulate-loaded epoxy. These are given jn Table 1. The
closed form Uniform Fields model presented in Reference
[11] is used to generate predictions for the actuator parame-
ters. The maximum through-thickness line fraction (X,) that
has been experimentally achieved is 0.98. The width line
fraction (X;) is a free parameter that may be chosen to tailor
the composite properties. Figure 7 shows the model predic-
tions for R, and R, for a range of X, based on the properties
given, Nondimensional twist curvature is also shown for a
constant thickness ratio of 0.5. This serves only to illustrate
the general trend with X;. An X, of 0.5 (equal spacing of
fibers and matrix across the width) provides high anisotropy
and stiffness, and is chosen for the comparison. In this case,
the composite piezoclectric free-strain and stiffness anisot-
ropies are (.52 and 0.18, respectively. Actuation capability
of the PFC actuators is taken to be that of monolithic piezo-
ceramics, as the maximum free strain level in the fiber
direction is not changed® (Aicr = Awow).

i L
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Figure 7. PFC design curves of anisofropy ratio and nondimen-
sionalized curvature (for T = 0.5).

*dlys is not the same as that for monolithic ceramic, but the same level of Free strain
may be reached by applying higher fizld levels. Thus A is the same as that for mono-
lithic ceramic

Other Anisotropic Actuators

An Interdigitated Electrode (IDE) piezoceramic directed
toward structural actuation was introduced by Hagood et al.
[13]. As shown in Figure 8, this novel electrode pattern is
composed of electrode fingers with alternating polarities, on
both sides of the piezoceramic. As a result, the majority of
electric field components are actually in the plane of the ac-
tuator, so that poling is in-plane, rather than through the
thickness. This creates a high level of free-strain anisotropy
because the two free-strain piezoelectric constants are of op-
posite sign. The model predicts a free-strain anisotropy
ratio of R, = —0.5, although experimentally, much higher
values were seen due to material nonlinearities and electric
field geometric effects. Not only is high anisotropy caused
by this electrode pattern, but the in-plane polarization also
increases the actuation capability to 1.8 times that of the
monolithic  piezoceramic (Augr = 1.8Amon). However,
these actuators have nearly isotropic stiffness (R, = 1).

The introduction of Directionally Attached Piezoceramics
(DAP) is attributed to Barrett [7]. The concept, shown in
Figure 8, incorporates monolithic piezoceramic actuators
bonded in special attachment patterns. The bond pattern is
typically along a thin line, creating high longitudinal stiff-
ness, but very low transverse stiffness. Barrett reports large
levels of stiffness anisotropy (as large as 1/50 to 1/80), but
has been limited by practical constraints to values of R, be-
tween I/7 and 1/20. A value of 1/20 is assumed for the com-
parison. Since the free-strain piezoelectric constants remain
the same in the two directions, the DAP elements are actua-
tors that can be thought of as demonstrating stiffness anisot-
ropy only. The actuation capability of the DAP element is
that of the monolithic piezoceramic (A Apon ).

To complete the comparison of actuators, a hypothetical
Unidirectional Actuator (UDA) is proposed. This actuator

g
FZT fibers

FFC

% elecirmdes
IDE

= manodithic piezocermic %| layer émnm material
DAP UDA

Figure 8. Anisotropic actuators compared in this analysis.
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Figure 8. Comparison of nondimensionalized curvature vs. thick-
ness ratio for four actuators,

is comprised of a monolithic piezoceramic bonded to an
ideal, anisotropically stiff reinforcement material. As an ex-
ample, this reinforcement material could be composed of
extremely stiff fibers embedded in a very soft matrix. The
limiting case would be an actuator with an infinite trans-

: stiffness, giving a stiffness ratio (R.) of infinity. In ad-
difion to creating high stiffness anisotropy, the actuation in
the transverse direction would be zero, making the free-
strain ratio (R,) zero. The transverse clamping effect also
serves to enhance the longitudinal free-strain piezoelectric
constant (E_;,} by a Poisson's term, so that the actuation
capability of the UDA is approximately 1.3 times that of a
monolithic piezoceramic (A er = 1.3Awon).

Comparison

It is now possible to compare the various actuator types
for this antisymmetric laminate case. Comparison is made
on the basis of similar substrate materials (Y = 1 in each
case), but each with its individual actuation capability, The
comparison is shown in Figure 9, in the same format as the
previous graphs with nondimensional twist curvature versus
thickness ratio. Values of the actuator parameters are sum-
marized in the figure.

The figure exemplifies the rather different characteristics
of each actuator. For thin substrates (T — 0), the IDE and
UDA actuators provide very high levels of twist, while the
PFC and DAP elements are unable to produce much twist
due to their dependence on the substrate to induce trans-
verse stress loads. Slightly thicker substrate matertals result
in a dramatic drop in twist for the IDE and UDA actuators,

e the PFC and DAP elements provide twist that reaches
apeak at approximately T = 0.5. Medium size substrates
(1 < T < 3) will have the most twist when IDE actuators
are incorporated, although the differences in twist become
less apparent between the four types. Finally, as the
substrate reaches larger thicknesses (T > 10, the twist ap-
proaches zero for all actuators. The differences in actuators

at this point (T ~ 10) can be attributed to the different ac-
tuation capabilities (A.c-r), and to the fact that the UDA
twist approaches zero as /T, while the other three approach
zero as 1VT2,

MANUFACTURING AND
EXPERIMENTAL RESULTS

Manufacturing of the piezoelectric fiber composite fol-
lowed procedures given in Reference [11], with the exception
that the composite was cured under a pressure of 80 psi in
an autoclave curing system. A 15 mm by 94 mm strip was
laid up by hand, using 170 pm fibers oriented at 45 degrees.
After curing, the composite was lightly sanded and elec-
troded with air-dried silver paint. The composite was poled
with an electric field of 25 KV/cm for 20 minutes while in
silicon oil at approximately 23°C. Prior to any further steps,
the compoasite was aged for 72 hours to eliminate the possi-
bility of any time-dependent polarization effects.

Properties of the composite were predicted using the
Closed Form Combination Model derived in Reference [11].
The width (X;) and the thickness (X:) line fractions mea-
sured after manufacture were 0.78 and 0.84, respectively.
The capacitance was measured and the dielectric constant
was found to be 154. From this diclectric constant, and the
measured value for X;, it is possible to calculate an averaged
value for Xs, and use this w calculate all the composite
properties. This is the single most accurate method to evalu-
ate the through-thickness line fraction (X5). Small nonuni-
formities in thickness, sanding and fiber waviness, and the
limitations on measurement accuracy make it virtually im-
possible to measure the true X, for a mono-fiber layer com-
posite. The properties are summarized in Table 2,

Once the material properties were characterized, the lam-
inate could be assembled. The composite was cut into two
pieces, each of which were bonded to a 0025 mm (1 mil)
stainless steel substrate, with the poling directions oriented
outward. The plies were bonded to the steel substrate using
an epoxy adhesive (Young's Modulus of 2.8 GPA) and cured
at room temperature to avoid possible depolarization, The
resulting bond layers measured approximately 001 mm
{ <(.5 mil).

Table 2. Manufactured laminate properties.

Measured

Xa X3 elales

0.78 0.84 154

Calculated
Xy A, = cialcl; Ay = dylds, ¥ = cnfeh T
0.86 0.337 0.794 3.67 0.125
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Figure 10. Experimental set-up for PFC laminate.

The experimental setup is shown in Figure 10, The
[45,/0;/ —45,] laminate was clamped at its base, and fitted
with a laser target. The active plies were actuated quasi-
statically (0.005 Hz) to eliminate the majority of viscoelastic
effects that may have been present from the matrix material,
Actuation was in-phase, with a 100 volt peak-to-peak (0.5
kV/cm) triangular waveform. Tip displacements were mea-
sured using two laser displacement sensors, whose differen-
tial outputs provided twist information, and average outputs
provided bending information. Using this information and
the laminate dimensions, the resulting twist and bending
curvatures were calculated:

2(D, - Dy) Dy + D)2
xﬁ.-ﬂx.;=_£.'w— ?ﬁ-—_'Lz—
(26)

where D, and D, are the laser displacements, and L and W
are the active length and width shown in Figure 10. Compar-
ison of the experimental curvature strains with the CLPT
model is given in Figure 11, where a single entire loop is
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Figure 11. Comparison of data with modal,

shown. Excellent agreement is seen for both curvatures,
The small magnitude of x, shows that almost pure twist ac-
tuation was obtained. Deviation from the model is observed
at higher field levels, as nonlinear effects become more im-
portant,

-

CONCLUSIONS AND FUTURE WORK

This paper presented an investigation into the actuation of
laminated structures with anisotropic active materials. The
origins of actuator anisotropy, stemming from different in-
plane stiffness or actuation properties, contribute to an actu-
ator’s ability to induce unequal stress loads. The presence of
this anisotropy in actuators enables shear stress to be in-
duced for ply orientations not aligned with the principal ply
axes. The incorporation of several active plies into lami-
nated structures introduces the possibility of twist deforma-
tion in isotropic substructures. Laminated structures were
easily and effectively modeled using an augmented Classical
Laminated Plate Theory which includes actuator induced-
stress terms,

A twist-extension coupled, antisymmetric laminate was
chosen as an example for the study of induced twist. In-
duced twist was described as a function of structure thick-
ness and actuator material anisotropies. Comparison of four
separate actuators highlighted the fundamental difference
between stiffness anisotropy and free-strain anisotropy ef-
fects. Actuators that have a relatively low transverse stiff-
ness, such as PFC and DAP elements, are unable to induce
large transverse loads without a substrate material to pro-
vide the structural stiffness. Optimizing the twist actuation
requires a particular substrate-to-actuator thickness ratio.
Actuators that have high transverse stiffness, such as the
IDE and UDA, do not require substrate materials to induce
high levels of twist. High levels of free-strain anistropy en-
hance the twist actuation in these cases. Actuators that have
very high stiffness anisotropy, such as DAP elements, would
not benefit from added free-strain anisotropy. PFCs have the
additional freedom of tailoring material geometry so that
the optimum levels of anisotropy may be used for a particu-
lar set of material properties.

In order to demonstrate twist actuation in isotropic sub-
strates, a [45,/0;/ —45,] laminate was manufactured and
tested. This laminate incorporated PFC actuators to induce
the actuation loads. Excellent agreement was found between
the experimental response and the response predicted
through the CLPT model. The results show the feasibility of
modeling PFC laminates with laminated plate theory, and
further demonstrates the opportunities for anisotropic ac-
tuation using this new type of actuator.

Future work will continue to improve piezoelectric fiber
composite actuators. The present work has shown that high
twist actuation can be achieved in thin structures with
transversely stiff actuators, whereas high actuation capabili-
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ties discern the actuators used with thicker structures, Inter-
digitated electrode piezoceramics have these characteristics
and demonstrate good twist actuation throughout the range
of structure sizes. However, issues of conformability, reli-
ability, and the benefit of tailoring still point to piezoelectric
fiber composites as an attractive alternative to monolithic
ceramics, The next step will be to combine these two tech-
nologies. The use of etched copper/Kapton electrodes will
permit interdigitated electrodes on piezoelectric fiber com-
posites. This new approach, in conjunction with improved
matrix material properties, has the potential to make piezo-
electric fiber composite actuators extremely advantageous
for structural control applications.
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ATTTNDIX

The plane stress constifutive constants may be expressed
in terms of the full 3-dimensional constants as follows:
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