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Abstract. The development of an active aeroservoelastic missile fin using 
directionally attached piezoelectric (DAP) actuator elements is detailed. Several 
different types of actuator elements are examined, including piezoelectric polymers, 
piezoelectric fiber composites and conventionally attached piezoelectric (CAP) and DAP 

elements These actuator elements are bonded to the substrate of a torque plate. The 
root of the torque plate is attached to a fuselage hard point or folding pivot. The tip of 
the plate is bonded to an aerodynamic shell which undergoes a pitch change as the 
plate twists. The design procedures used on the plate are discussed. These include 
an optimization of the actuator element orientation, substrate material type and 
thickness, as well as a determination of the optimum elastic axis location. A 
comparison of the various actuator element shows that DAP elements provide the 
highest deflections with the highest torsional stiffness. A torque plate was 
constructed from 0.2032 mm thick DAP elements bonded to a 0.127 mm thick AISI 1010 
steel substrate. The torque plate produced static twist deflections in excess of ± 3°. 
An aerodynamic shell with a modified NACA 0012 profile was added to the torque 

1plate. This fin was tested in a wind tunnel at speeds up to 50 ms- . The static 
deflection of the fin was predicted to within 6% of the experimental data. 

1. Introduction dynamic shell of the fin. This presents problems for 
hydraulic and pneumatic systems, as current technology 

Since aircraft flight control was first achieved by early does not yet allow such miniaturization in a cost-effective 
glider enthusiasts, experimenters have sought ways of manner. Th Te is, however, a class of materials that may 
more effectively controlling aircraft with faster, lighter, be capable of actuating such fins in the desired manner. 
smaller systems. Many of these developments have been Active materials have been shown to change the shape of 
in actuator design and integration of these improved beams and plates. If an active torque plate were inte
actuators into more effective aerodynamic control sur grated into a missile fin such that it could generate 
faces. Missiles, like other aircraft, have seen better actu pitch deflections of the aerodynamic shell, then a simple 
ators develop over time. Currently, most of these type of solid state flight control actuator would result. 
actuator systems are pneumatic, hydra ulic or electro Several groups have investigated simple, solid state 
mechan·cal and occupy from 2 to 6% of fuselage flight control surfaces using active materials. Crawley 
volume. Because the actuators are mounted within et at [4) were the first published authors to examine an 
the fuselag , they cannot be placed adjacent to critical active aeroservoelastic lifting surface using solid st te 
components like rocket motors or seeker assemblies and actuator elements. They used conventionally attached 
they require bearings and linkages. Small missiles must lead zirconate titanate (PZT) piezocerc mic sheets on a 
use an extension tube aft of the rocket motor to accom bending-twist coupled plate and subjected the plate to 
modate these internal actuators [1,2]. They are also not aerodynamic loading. They showed that extremely small 
amenable to some fin folding arrangements like those amounts of active twist could be effec ively magnified by 
used on several types of unguided munitions [3]. Accord the dynamic pressure of the air flow. Ehlers and Weis
ingly, there is a need for a type of inexpensive fin that shaar [5) also investigated the effects of active aero
occupies no fuselage volume and yet is capable of servoelasticity_ They showed how adaptive materials can 
generating the forces and moments required for con be used to control the aeroelastic properties of a uniform 
trolled flight. wing. Song et at [6) investigated the behaviour of an 

A fin actuator that occupies no fuselage internal adaptive aeroelastic wing modeled as a thin-walled 
volume must be entirely contained within the aero- beam. Spangler and Hall [7] investigated the perform

ance of a rotor blade using a piezoelectrically actuated .. Presented at the Third JnternationaJ Conference on Adaptive 
Structures, San Diego, California, 9-11 November 1992. conventional flap. Spangler and Hall concluded that 
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~iez?electricall actuated flaps are capable of generating 
slgmficant aerodynamic forces and their experiment 
c nfirmed that conclusion. Lazarus et at [8] examined 
the performance of low-asp ct-ratio wings using active 
camber and twist control. A study performed by Ehlers 
and Weisshaar [9) examined the effi ct of material proper
ties on aeroelastic control. They analyzed several differ
ent types of actuator materials, including PVDF film 
piezoelectric fiber composites, AP and OAP elements: 
They showed that when torsional actuation is important 
to an adaptive stru ture. highly orthotropic actuator 
elements provide the greatest degree of actuation. or 
the materials examined, DAP elements generated 
deflections and moments that were double those of 

ther m terials. Ehl rs and Weisshaar's work buill 
upon some of the basic proof-or-concept studies into 
DAP materials conducted by Barrett [1O-12J and con
tinued by Chopra [13]. These basic studies were 
expanded to mor ad anced c nfigurations of actuator 
devices and lamination schemes. Configurations ofactive 
SUbsonic and supersonic missile fins were tested by 
Barrett [14-16]. This paper will build upon the sub~onic 

missile wing configuration and further establish the 
actuator and substrate material selection analysis and 
design procedures. 

2. Actuator materiaJ analysis 

The properties of the four actuator materials will first be 
examined. Foremost among these properties are the 
actuator strain rates and stiffnesses. The piezoelectric 
polymer polyvinylidene flouride (PVDF) and CAP ele
ments require no approximations to obtain their stiff
nesses. DAP elements and piezoelectric fiber compo ites, 
however, require some estimation. 

PVDF has relatively low isotropic stiffness character
istics. However, it does exhibit differing actuation strains 
in the longitudinal and lateral directions and can accord
ingly be used to actuate beams and plates in torsion. 
PVDF is amenabl to lamination and has successfully 
been bonded to many structures. 

PZT elements have significantly higher isotropic stiff
ness and often exhibit nearly equal in-plane strains. 
Piezoelectric fiber composites, like the con entional PZT 

sheets, are simple to analyze. Using methods outlined by 
Jones [17] and Ekvall [18] the longitudinal and lat ral 
stiffnesses and the actuation strains are obtained by 
some fundamental pproximations that account for the 
triaxial state of stress in the matrix due to fiber restraint: 

A ~ 
L 

AErVr 
VrEr + VmEm 

(I) 

(2) 

(3) 

(4) 

(5) 

(6) 

To successfully predict the effective stilfnesses of 
directionally attached actuator elements, three effects 
must be considered: (i) partial attachment, (ii) 
transverse shear lag, and (iii) differential stiffness 
bonding. The goal of directional attachment is to 
make an isotropic or nearly isotropic actuator ele
m nt behave as if it were highly orthotropic. To do 
this, the elements are b nded so that they are allowed 
to expand and contract freely in the lateral direction 
while being firmly joined to the substrate in th~ 
longitudinal direction. The first embodiment of 
directional attachment is partial attachment. A central 
portion of the element is bonded to the substrate while 
the sides are left free and unattached. Figure I shows a 
schematic diagram of this attachment arrangement. To 
estimate the modifications to the effective stiffnesses, the 
following are shown by Barrelt [15] to be reasonable 
approximations: 

E .. = E (Lerro _ (Wo - Werro )2) (7)Lelia Lo L 2L W 
o 0 0 

lLo
E - E Werro(X) d.Terro - To W L t. (8) 

0 00 

The original effective stiffnesses, ELerro and ETerro , 
are functions of the attachment geometry. Equations 
(7) and (8) account for the areas of the active elements 
that participate in strain actuation in the longitudinal 
and lateral directions respectively. These equation are 
improvements on earlier models developed by Barrett 
[10, 1I). They allow for prediction of effective stiffnesses 
of elements with attachment areas that have shapes other 
than rectangular. There are numerous different attach
ment patterns that have b en explored. The original 
proof-of-concept beams used rectangular attachment 
area that were from 1/4 to 1/3 of the width of the 
actuator element as shown in figure 1. It was found 
that the smaller the lateral attachment area, the higher 
the orthotropy. More advanced attachment areas use 
inverse ellipse attachment areas to eliminate stress risers 

53:=::s-- DAP element bondarea~ 
free area -- c::::?L substrate 

effective longitudinal stiffness maintained 

eHedlve transverse sllffness greatly reduced by partial attachment 

Figure 1. Partial attachment schematic [10). 
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that initiate de-bonds and yet maintain the high degree 
orthotropy. 

The second embodiment of directional attachment is 
the use of transverse shear lag. From a finite thickness 
bond, sh ar lag will degrade the effective stiffnesses both 
in the longitudinal and lateral directions. Equation (9) 
below approximates the effects of longitudinal shear lag 
that the element experiences frOI11 a finite thickness bond. 
A similar approximation for the transverse shear lag can 
be obtained from equation (9) by examining the trans
verse stiffness instead of the longitudinal stiffness and the 
width instead of the length. This shear lag will generally 
enhance the orthotropy of an actuator element. This 
simple approximation has been shown to hold for DAP 

elements with bond pattern aspect ratios greater than 2 
[10]. 

ELeff
--=SIn. h-[ {Sinh [(Lerro)----

2 2ELeffo 

(9) 

The terms of equations (7), (8) and (9) are defined by 
the geomCLry laid out in figure 2. 

The final embodiment of directional attachment 
comes from differential stiffness bonding. This is primar
ily a manufacturing modification that adds stiff bond 
material on the longitudinal ends of the actuator ele
ments. This enhances the orthotropy, helps to prevent 
de-bonds, provides protection for the leads and helps 
to retard arcing around the ends of the element. The 
added orthotropy, although present, is very small, diffi
cult to measure and difficult to predict. Accordingly, in 
most cases, it is acceptable to make no further modifi
cations to the effective stiffnesses as long as an end-bond
ing agent like epoxy is used [15]. If end-bonded plates 
are made from a stiff material like aluminum, 
brass or steel, then modifications to the effective ncoduli 
should be made. ELefriE Lo will be increased from 
94-98% to ~ 100%. 

There exists another method of manufacturing that 
improves the orthotropy, strain rate and stiffness of 
directionally attached actuator elements. This manu
facturing technique is called directional enhancement 
and is outlined in [15]. Directional enhancement will 
not be covered in this paper, but the reader should be 
aware that the performance of DAP elements can be 
enhanced by 6 to 20% through this method. 

7Bond Area._-----L ----, 

Substrate 

Figure 2. DAP attatcl1ment schematic [10]. 

2.1. Laminated plate models 

Classical laminated plate theory will be used to analyze 
and compare the var'ous types of a tuator materials and 
substrates. The model assumes constant in-plane strain 
through the thickness and bending strains are linearly 
varying through the thl kness of the plate. The model 
uses the formulation employed by Jones [17] to predict 
thermally induced strains in lamina. The strains of the 
laminate can be cast in terms of the mid-plane strains and 
curvatures. Following Jones [17], the relationship 
between the externally applied forces and moments, the 
laminate stiffness and the actuation strain-induced for cs 
and moments follow: 

The stiffness matrix is composed of the reduced stiff
nesses of each ply in the laminate axes. The appbed 
forces and moments per unit length are integrated 
through the thickness of the plate and are defined as 
follows: 

N = JCTdz M = JaZdz. ( II ) 

Modeling the active elements is fairly simple. For a 
general orthotropic active element in the laminate axes 
that is capable of generating only in-plane strains as a 
free element (as is the case with all of the elements con
sidered), the actuation strain vector can be obtained as 
follows: 

Since CAP elements are isotropic and generate 
approximately the same actuation strains in both direc
tions, the actuator matrix will have zeros at the shear and 
twist induction terms. This indicates that if CAP elements 
are used, a coupled substrate must be present if any twist 
or shear is to be generated. Although PVDF also has an 
isotropic stiffness matrix, the active strains A[ and A2 
are not equal. Because they are not equal, they will gen
erate in-plane shear strains when they are oriented at 
angles off the laminate axes. The same argument holds 
for the analysis of piezoelectric fiber composites, but 
both the actuator strains and the stiffnesses are unequal 
in the longitudinal and lateral directions. Like PVDF, 
the piezoelectric fiber composite will be able to generate 
shear and twist in either coupled or uncoupled lamina. 
DAP elements can be modeled as having equal longitudi
nal and lateral strain rates, but have differing longitudi
nal and lateral stiffnesses. Accordingly, PVDF, piezo
electric fiber composites and DAP elements can be artifi
cially given a d36 property by rotating the actuator ply. 
As a result, they have an added dimension of structural 
control over CAP elements. 
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2.2. ADftlysis of an active laminate with two OAP plies 

To get an idea of how the OAP elements perform on an 
uncoupled substrate, solutions for the laminate strains 
will be derived. Assuming that the laminate is composed 
of three components with the sequence [+80AP(tA)/ 
uncoupled substrate/+8oAP( -I\.)J, and taking the oppo
site actuation strains on the upper active element and 
lower active element, a bending-·twist coupled motion 
will result. The strains and curvatures for this laminate 
are as follows 

£11=:;£n= 12=0 (13) 

/'\;11 = {[(D 12 D26 - D22D16MJJ16 + 826 )a 

+ (Dn D66 - D~6M 8 11 + B12 )a 

+ (D 16 D26 - D 12 D66 )1 

x (Bn + BI2 )a1/[(D II Dn - D72)]D661 

+ (D 12 D26 - D22DI6)IDI61 

+ (D Il.D16 - DIID26)ID261]}A (14) 

K;22 = {[(D I2 D I6 - DIID26MBI6 + B26 )a 

+ (D II D 66 - D~6)1 (Bn + 8 12 )a 

+ (D 16 D26 - D12 D66 )1 

X (B II +BI2)aJ![(D1IDn - DT2)ID661 

+ (D 12D26 - Dn D'6)I DI61
 

+(D I2D I6 - DIID26)ID26d}A (15)
 

K;12 = {[(DIIDn - Df2MBI6 + B26 )a 

+ (D 12 D26 - DnD16MBli + B 12 )a 

+ (D 12 D 16 - D II D26 ), 

X (Bl2 + B I2 )a]/[2((D II Dn -D12)ID661 

+ (D 12 D26 - D22D16)ID161 

+(D 12D I6 - DIID26)ID261)]}A (16) 

If the top and bottom active layers arc arranged anti
symmetrically and both plies are activated in phase 
with the sequence [+80AP(+A)/uncoupled substratej 
-80AP( +A)J. then an extension-twist coupled motion 
will result. The strains and curvatures are as follows: 

til = {[(A I2 8 26 - AnBI6MBI6 + E26)a 

+(A22 D66 - B~6MA11 + Ada + (B 16 B26 - / 12 ;66)1 

x(An + AI2)a]/[(AlIAn - AUID 661 

+(A I2 8 26 - A22816)18161 

+(A I2 B I6 - A II E26 )IE261]}A (17) 

£n = {[(A I2 8 16 - AIIB26)I(BI6 +E26)a 

+(A 11 D66 - B;6)1 (A 22 + A 12)a + (B 16 B26 - A 12 D66)1 

X(A II + AI2LJ/[(AIIAn - A72)ID661 

+(A 12B26 - ..1nB16)IB161 

+(..1 12 BI6 - ..1llB26)IB261]}A (J8) 

( 19) 

/'\;12 = {[(AllAn - A72MB I6 + B26 )a 

+(A I2 B26 - AnBI6MAII + 'i 12L 
+(A I2 B I6 - A II B26 M..1 n + A 12 )a] 

/2((A 11 An - A72)ID66J 

+(A I2 B26 - An B 16 )I B 161 

+(A 12BI6 - AI1B26)IB261)]}A. (20) 

If the denominators of the reduced stiffnesses are 
assumed to be approximately equal, (1 - lJLTalJTLa ~ 

I - lI;) and the OAP elements are attached at ±45" from 
the longitudinal axis with no bond thickness, then 
equation (20) can oe solved directly for the twist of the 
laminate: 

/'\;12 = [(Ests(l + lIs))(ETa - El.J(t,tu + t;)A] 

/[Ests(l + lis) + (Ela + ETa + 2Ela lJTL)/al 

X {lEst~(1 - lIs)/6j - (El.a + ETa - 2ELa lJTd 

X [(t;ta/2) + tst; + (2t~/3)]) 

- ~ [(tsta + t;)(Ela - ETa )]2}. (21) 

Errors from J to 5% in twist rate estimation will be 
induced by the assumption that the denominators of the 
reduced stiffnesses are approximately equal. Also, the 
assumption that the bond line is infinitely thin is fairly 
good when the bond line is less than an order of magni
tude smaller than both the substrate and the actuator 
element. 

2.3. Estimation of active laminate properties 

From manufacturers' data, the properties of PVDF [19] 
and PZT [20] are obtained. Using the c aracteristics of 
PZT, and iterating about fiber volume fraction to opti
mize the twist generation capability, the characteristics 
of a hypothetical piezoelectric fiber composite with 
Vr = 55% can be obtained using equations (1)-(6). 
Gsing the characteristics of PZT and the g ornetry of 
figure 3. an estimation for the stiffnesses of a DAP lami
nate can be obtained. The bond area is tail red in the 
form of an inverse ellipse with a thickness of 0.0508 mm. 
A summary of the actuator stiffnesses, maximum strain 
rates and ultimate strains is given in table I. 

The strain rates Ail and A22 are the maximum recom
mended values so that depoling will be avoided. The 
stiffnesses and strains shown in table I are used to esti
mate the performances of the PVDF, piezo-fiber and DAP 
lamina. They have a sequence of 1+45° active ply(+A)j 
steelj-45° active ply(+ )]. The CAP elements are bonded 
to a hypothetical extension-twist coupled graphite lami
nate of ASlj3506- 1. The CAP laminate has the following 
sequence: [cAP(+A)/ + 45°ASlj-45°ASI/cAP( A)I. To 
compare the actuator material's ability to induce twist 
in the laminate, it will be assumed that each laminate has 
a passive torsional stiffness, M 12/";12, of I N m rad- I

. 
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0.2032 mm thick 
G-1195 PZT 
DAP elements 

Figure 3. DAP laminate geometry. 

Figure 4 shows the required thicknes es of the cle structures are then designed to meet those criteria. In 
ments and the steel substrate to meet this stiffness. As an attempt to mimic this design process, a generic 
will be sh wn later, a st el substrate provides higher NACA 0012 airfoil sectio was selected with a ±IO'
 
d flections than most others because of its 205 GPa stiff design pitch deflection.
 
ness. The torsional stiffness has been chos n to be the From the previous section, the most suitable actuator
 
normalizing qu ntity for plate comparis n. This is material type will b chosen. There arc four major justi

because the plate torsional stiffness can be shown to fications for using the OAP elements ov r the other
 
affect the flutter and divergence speeds of the torqu torque-plate actuator materials. The driving normal

plate fin. (Plate mass is not a maj r concern as it will izer for comparison was the torsional stiffness of
 
be shown to be less than 1/5 of the mass of the fin the actuator plates. This torsional s iffness is the major 
structure.) p rameter that affects the tIuter and divergence speed of 

The large thickness of the PVDF actuator plies the fin . 
. hown in figure 4 can be attributed to an extremely low 

(i) For equal torsional stiffnes es, th OAP elementsmodu us of 2 GPa. Figures 5 and 6 sh w the masses of 
generate twist deflections that are more than 32% higher the lamina, the free twi t rates and the restrained 
than any of the other actuator element types. moments. Figure 5 shows that the DAP and CAP lamina 

(ii) OAP elements also generate restra'n d momentsw igh more lhan the thers. This is primarily du to the 
that are more than 32% higher than any other a tuatorhigh density of the PZTelcm nts. Figure 6 shows that the 
type.

active perfonnanc of the DAP laminate is far greater 
(iii) Mass is of lesser importance because the weight lhan the other lamina. The next cl sest competitor to the 

of the torque pia te is less than 1/5 of the total mass of lhe 
DAP laminate is the piezoelectric fiber composite. The DAP 

structure and less than 1/10 of the modal mass in first 
laminate produ es deflections and res rained moments 

torsion.
that are 32% higher than the piezoelectric fiber compo
site with a 30% increa e in weight. This is due to the high Accordingly, cven though the DAP elements are one of the 
density of the DAp el ments. These results are similar to most dense actuator types, the 30% increase in mass over 
those produced by Ehlers and Weisshaar [9J for actu other actuator types leads to a degradation of flutter 
ation of a uniform wing. spe d by less than 3% and an increase in fin weight by 

only 6%. 
(iv) The high volumetric actuator d nsity of the 

3. Active aeroservoelastlc missile fin development DAP elements allows them to be arrang d more 
favorably within the tight geometric confin s of the fin 

3.1. Fin design procedures shell. 

The design process used to create the active aeroservo To choose a suitably sized specimen for the proof-of
elastic missile fin will now be detailed. In general, missile concept study, the maximum dimensi ns available 
fin geometries and control deflection criteria ar fixed by from standard PZT sheet were chosen. This resulted in 
flight dynamicists, aerodynamicists and designers. The a torque plate with the dimensions of figure 3. The rest 

Table 1. Plate material properties. 

.L W EL ET G LT full A;1 • 22 p t 
3(mm) (mm) (GPa) (GPa) (GPa) ({LStrain) (/-Lstrain) (/-Lstrain) (g cm- ) (mm) 

Steel substrate nfa nfa 205 205 77.0 2170 0 0 7.87 var. 
Bond nfa nfa 23.4 23.4 8.8 nfa 0 0 nfa 0.0508 
PVDF nfa nfa 2 2 0.75 27500 231 30.5 1.25 var 
PZT-CAP nfa nfa 63 63 23.7 1200 220 220 7.65 var. 
PZT-liber camp. nfa nfa 37.5 14.0 3.8 1200 207 121 4.82 var 
PZT-DAP original 53.9 12.0 63 63 23.7 1200 220 220 7.65 var. 

ella 49.8 2.04 58.19 10.72 21.88
 
elf 49.2 1.46 57.55 7.70 21.63
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Figure 4. Required thicknesses for 1 N M rad torsional stiffness. 

of the design procedure was composed of four major the weight of the plate will be shown to be less than 24% 
sections: of the weight of the fin, the torque plate will not be a 

(i) Determination f activation ratio boundary so as design driver. Accordingly, the activation ratio and tor-
to prevent actuator breakage. sional stiffness will drive the d sign. From figure 6 and 

(ii) Iteration of torque plate characteristics to arrive table I it is clear that DAP elements hay an activation 
at the highest plate stiffness. ratio that is more than 32% higher than that of any of the 

(iii) Determination of additional stiffness from add- other actuator elements. Also, DAP elements arc very 
ing a spar and root mount. inexpensive, easily mass produced, and have been 

(iv) Determination of the optimum placement of the proven through more than three years of research. 
spar to achieve flight control. (Piezo-fiber composites are still in the basic stages of 

development and will cost significantly more than DAP 

3.2. Determination of the activation ratio, "'1.21 A, elements once they are available.) Accordingly, DAP 
boundary elements will be chosen for the fin design. To optimize 
From the given geometry and 10° pitch deflection criter the DAP actuators, an evaluation of the actuator substrate 
ion, the entire plate twist rate is 1.96 rad m-I. With an materials must be made. Because only 0.232 mm thick 
actuator surface area d nsity of 88%, the required actu PZT sheets were readily available. iteration about actu
ator twist rate is 1.72radm- l

. From manufacturers' ator thickness was not possible. but should be performed 
data, the ultimate strain rate is 1200/-Lstrain statically. in a mor well funded study. To determine the suitability 
For design purposes, a safety factor of 2 is chosen. of using an extension-twist coupled ASI/3506-1 
Accordingly, to keep tbe elements from breaking, the graphite/epoxy substrate, a study of the optimum ply 
minimum activation ratio that the I rque plate must orientation was conducted. At the optimum substrate 
have is 2.87 rad (m mstrain) I. thickness of 0.127 mm, figure 7 shows that the optimum 

ply orientation falls at 45" for both the substrate and the 
3.3. Determination of the torque plate characteristics to DAP plies. Figure 8 goes further to show where the DAP/ 
arrive at tile higbest plate stiffness graphite-epoxy laminate falls with respect to other ma
A high plate stiffness is necessary for a high break fre terials. Figure 8 was cor"structed with DAP lements lami
quency and retardation of flutter. Accordingly, the plate nated at ±45° on the substrate (the optimum lamination 
that has the highest torsional stiffness will be used. Since angle). 
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Figure 5. Comparison of plate masses. 
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Figure 6. Comparison of plate-restrained moments and twist rates. 

3.4. Determination of the wing spar and root attachment 
design 

Given thL d'~sign flight speed of 120 m s I, the wing spar 
was designed from two plies of ThornelT'v1 P-75 uni
directional graphit.e fibers laminated perpendicular to 
the torque plate. At the plate root, a steel strap con
structed from O.I27mm thick AJSI 1010 steel foil was 
added. The steel strap, graphite spar and torque plate 
were epoxied to an aluminum base with Hexcel Safe-T
PoxyTM in a room-temperature cure. The wing spar and 
airfoil configuration are shown in figure 9. The wing spar 
and root attachment increased the torsional stiffness of 
the torque plate from 0.506 to 0.788 N m rad- I

. This 
acted to degrade the static deflections and increase the 
break frequency of the fin. 

3.5. Determination of the elastic axis location 

The elastic axis will be placed at a position so that the 
maximum design deflection of 10 0 will be achieved in 
level flight with active control driving the fin towards 
the maximum deflection angle. Equation (22) gives 
an approximation for the aeroservoelastic angle of 

attack as a function of design parameters: 

KtotCl'.e + X u1\. 
e = (22)

qscCLc,(Cl'.e + Cl'.o) . 

With CLn 8f0.056 deg- I
, K\Ot =O.788Nm, rad-', 

Ka = 0.0001733 Nmj.1strain- J 
, 0'0=0, 0',,=10° and 

V = 120 m S-I at sea-level with the geometry of figur 
9, the elastic axis is set at 30% of the chord behind the 
leading edge (30%c). Accordingly, the design of the ac
tive aeroservoelastic fin is now fixed. 

These design procedures are obviously intermingled 
with experimentally gathered data. This was necessary as 
some parameters were nearly impossible to predict, like 
the added stiffness due to the spar and root attachment. 
The lift-curve slope was also experimentally gathered for 
the static wing shell. Although not as elegant as analyti
cal solution methods, it is significantly more accurate 
given the unique hape of the aidoil section. 

3.6. Fin construction 

The aeroservoe1astic fin was built in three stages. First 
the torque plate was built, then the spar and end con

85 80 75 70 65 60 55 0 45 40 35 3() "25 "2() \.5 \() 'S 

DAP Ply Orientiltion, ±¢ (deg) 

FIgure 7. Activation ratio as a function of ply orientation. 

61 



R Barrett 

15 

;:: 10'1i!.. 
] 

25 

~ 
! 2.0 
<
N 
~ 1.5 
0 
''= 
<'I 
lll: 1.0 g 
'l:l 
~ '" :,g 05 
l,) 

< 
00 

000 

•••• _ h 

..,~' 

/' ,,,,,,,,,, 

0.2032mm thick DAP plies: 
[+45°DAP/subsrrate/-45°DAPJ 

0.05 010 

···· · · ..· 1 , .. 

acti vation ratio boundary 

__ 

-1-->,;!;:;>-~:. 

DAP/Beryllium 
~ DAP/Steel 

DAPlBrass 
..... ,... DAP/ luminum 

DAP/GE 

0.15 020 0.25 
Substrate Thickness, ts (mm)
 

Figure 8. Activation ratio with various substrate materials
 

nector were added, then the assembly was integrated in a 
hollow graphite/epoxy aerod namic shell. The DAP 

torque plate was built of two major components, 
0.2032 mm thick 0-1195 PZT actuator elements and 
0.127 mm thick AlSI 10 to steel foil. The pre-poled PZT 
elements were cut to ±0.2 mm tolerance to the geometry 
of figure 3 on an abrasive cutting table using a wet cut
ting process. The elements were then cleaned with pro
panol to remove any oils or acids. The elements were laid 
up in an assembly jig and 0.0254 mm thick siliconized 

parting plies were added on the underside of the 
elements. The top sides of the elements also had parting 
plies as seen in figure 10. After the parting plies were 
added and the ends were sealed, 0.0254 mm thick brass 
leads were soldered on the open surfaces of the elements. 
After soldering, the elements were again cleaned with 
acetone and doped with Hexcel Safe-T-Poxy. The 
·1 ments were joined to the substrate under approxi·· 
mately 20 psig of pressure and cured at room tempera
ture. The other side was laid up in an identical manner. 

75%c thickness profile 
torque plate rotation lines 

59mm 

36mm 

93mm 

root profile 

~A::E =====...L---''-I......oloI 

about graphite spar 

mid-section profile 

torque plate tip 

-steel end-connector 
12mm 

I 

tip configuration 

C NACA0012 

Figure 9. DAP torque plate and fin geometry. 

62 



Figure 10. DAP elements on steel substrate prior to bonding. 

After integration of the DAP elements to the substrate, the 
torque plate was test d for stiffness and deIlection. Fol
lowing the tests, the plate received a Thornel™ P-75s 
graphite spar, a 0.127 mm thick steel root strap, and an 
end connector. The torque plate was then epoxied to a 
2024-T3 aluminum test base. Following this, the torque 
plate was again tested for deflection and stiffness. An 
aerodynamic shell composed of two uniaxial P-75 
graphite/epoxy plies was built to the configuration 
shown in Figure 9. This aerodynamic shell was bonded 
to a 2024-T3 aluminum end plate which was fastened to 
the steel end-connector of the torque plate. 

3.7. Fin and torque plate testing 

The torque plate was tested for static deflection before 
any modifications were made. The deflections of the 
plate were measured by reflecting a laser off a mirror 
that was fixed on the surface of the plate. The deflections 

ere predicted using eq ua tion (21) wi th verifica tion of a 
laminated plate code. Figure 11 shows the correlation of 
theory and experiment for the plate. After the testing of 
the clean plate was completed, the plate was again tested 
with the spar, root strap and end connector. The plate 
was tested for stiffness and it was determined that the 
plate had a torsional stiffness of 0.788 N m rad -I. This 
new passive value was used to predict the performance of 
the wing in the wing tunnel. 

The wing was tested in the 0.762 m x 0.533 m sub
sonic wind tunnel at the University of Kansas Aero

Aeroservoel~stic DAP missile fin development 

space Engineering Department. The fin was mounted 
on a nat plate which was anchored to the balance. Test
ing was conducted to determine active d flection as a 
function of airspeed up to 50 m S-I. Figure 12 . hows 
tii~~ fin und rgoing deflections in the wind tunnel at 
40 m S-I airspeed. During testing, there was a significant 
amount of creep as the loading increased. This is due to 
the inherent characteristics of the PZT actuator 
elements. (Directionally attached electro tricLive 
elements would liminate this problem.) 

Using the DAP prediction meth ds and equation (22), 
the static deflection of the DAP fin was determined. Figur 
13 shows the deflection as a function of airspeed. The 
correlation of theory and experiment are not as good 
as that for the torque plate. However, the result.s are 
still within 6% of each other. It should be noted that 
there were several possible sources of experimental 
error, including poor force resolution on the balance, 
turbulent flow in the test section and poor-grade Plexi
glass in the tunnel walls. The test data shown in figure 13 
display the results of statically pitching the airfoil to an 
angle of attack of 50, then energizing and recording the 
results of the act.ive pitch angle about the 5" baseline. It is 
clear that curves are shifted by th dynamic pressure, but 
the amount of control that the wing relains is appr xi
mately constant. 

4. Conclusions 

It can be concluded that of the f ur types of actuator 
materials examined, PVDF, CAP, piezo composites and 
DAP elements, DAP elements generate the highest deflec
tions an constrained torsional moments on a plates with 
the same passive stiffness. DAP elements gcn rate 32% 
more deflection and constrained torsional moment than 
the next closest actuator material, piezoelectric poly
mers. DAP clements and CAP e1 ments bonded to a 
coupled substrate weight more th< n pi z electric fiber 
composites by approximat ly 30%. The deflections of 
the DAP lamina can be predicted using simp!'" approxi
mation methods that account for directional attachment 
by modifying the effective stiffness of the DAP plies. 

The orientation angle of an extension-twist coupled 
laminate that provides the highest torsional d flections is 

9,---------------------------,
 
i	 8 
3 
...	 7 
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4 

theory (equations 7. 8. 9. 21) 
o test data 
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Figure 11. DAP torque plate twist prediction and experiment. 
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Figure 12. DAP torque fin mounted in wing tunnel undergoing 
±22° Pitch deflections at 40 m S-1 airspeed. 

±45". This applies both to DAP actuator plies and the 
composite:u b::trate. 

It is possible to integrate an active torque plate into a 
missile fin :uch that significant twist deflections are 
obtained. A fin measuring 66 mm by 93 mm generates 
static pitch defkctions in excess of ±3". Because the fin 
has its clastic axis 5%c behind the quarter-chord, these 
deflections are shown to grow v·ith increasing air~peed. 

These active deflections can be predicted within 6% once 
the stiffness of the torque plate and the lift-curve slope of 
the wing are known. 
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Appendix. Nomenclature 

A = extensional stiffness matrix 
B = coupling stiffness matrix 
c = wing chord 
~ = bending stiffness matrix 
d3 ! = piezoelectric extension-charge coupling coef

ficien t 
dJ6 = piezoelectric in-phme shear-charge coefficient 
E = modulus of elasticity 
£3 = actuation potential 
G = shear modulus 
L = length or DAP element 
N = applied force per unit length 
M = applied moment per unit length 
OR = orthotropy ratio= £LefriETeff 

I = thickness 
V = volume fraction 
u, v, w = element deflections in the x, y, z directions 
W = width of DAP element 
Dc = angle or attack 
I) = control surface deflection 
E = in-plant: ~train 

EO = mid-plane strain 
'" = pIa te curvature 
A = free piezoelectric element active strain 
l/ = Poisson's ratio 
8 = ply orientation angle 
(J = ply stress 

Subscripts 
I 1,22... = tensor notation subscripts 
a = actuator 
b =	 bond layer 
eff = effective (due to combined attachment 

methods) 
effo =	 original effective (due to attachment geo

metry) 

Wind Tunnel Speed, V (m/s) 

Figure 13. Wind tunnel test data of aeroservoelastic DAP fin. 
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f = fiber 
1 = laminate 
m = matrix 
o = original (without any attachment effects) 
s = substrate. 
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