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Abstract. A new type of subsonic missile flight control suriace using piezoelectric 
flexspar actuators is presented. The flexspar design uses an aerodynamic shell 
which is pivoted at the quarter-chord about a graphite main spar. The shell is 
pitched up and down by a piezoelectric bender element which is rigidly attached to 
a base mount and allowed to rotate freely at the tip. The element curvature , shell 
pitch deflection and torsional stiffness are modeled using laminated plate theory . A 
one-third scale TOW 2B missile model was used as a demonstration platform. A 
static wing of the missile was replaced with an active flexspar wing. The 1 in x 
2.7 !"l active flight control surface was powered by a bimorph bender with 5 mil 
PZT-5H sheets. Bench and wind tunnel testing showed good correlation between 
theory and experiment and static Pltc il deflections in excess of ± 14°. A natural 
frequency of 78.5 rad S - 1 with a break frequency of 157 rad S ·-1 was measured. 
Wind lunnel tests revealed no flutter or divergence tendencies. Maximum changes 
in lif, cuefflcient were measured at 6CL :;: ± 0.73 which indicates that terminal and 
initial missile load factors may be increased by approximately 3.1 and 12.6 g 
respectively, leading to a greatly reduced turn radius of only 2400 ft. 

1. Introduction 

Active flight control has been explored by numerous 
technologists. One of the earl iest investigations was 
conducted by Crawley and coworkers who constructed a 
ben ding- twist coupled graphite- epoxy plate which used 
convent ionally attached piczoceramic sheets. When the 
pl ate was exposed to air- loads, it bent further, which 
increased the twist [I]. Since these early investigations, 
many otllers hav ami ned active plates, rotor blades and 
ai rplane wings. everal of these investigations have been 
centered arou nd fl ight control devices which may be used 
for nearl y all types of aircraft. Onc of the more noteworthy 
was presented by Spangler and lI al l who constructed an 
active, hinged fl ap powered by a bimorph piezoceramic 
beam [2 1. They successfull y demonstrated that Iara e control 
surface deflections w re possible in the low-subsonic fl ight 
regime. Thi s was on of the first in vestigat ions to show 
defl ec ti ons of a significant magnitude for flight control. 
Recent improvements in fl exure design have d monstrated 
even greater deflec tion magnitudes [3]. After th is early 
in vention, a host of technologist s confi rmed the find ings 
and began integrati ng ac ti ve flaps and heli copter rotors 
including Samak and Chopra, who bu il t a helicopter rotor 
with a trail ing-edge flap actuator [4]. Gr iffi n and lIanagud 
examined flaps with Bexural hinges [5J. Gi urgiutiu and 
coworkers studied the man y different types of ro torcraft 
vibration control tech nique and drew conclusions on general 
feasi bility l6] . 

One area of active flight control which has been 
investigated for the past 4 years has involved low-aspect
rati o surfaces which are specifically tail ored for mi ssiles . 
One of the earliest feasible designs used directionally 
attached piezoelectric (DAP) torque plates to pitch subsonic 
mi,; silc till shells [7-[2]. Pitch deflections of up to ±4 .So 
were demonstrated on very low-aspect-ratio subsonic fin s. 
Such torque-plate tecbnology was directly rel ated to efforts 
in the area of twist- active helicopter rotor blades slich 
as those pursued by Chen and Chopra [[ j l. Unlike the 
rotorcraft in vestigations, however, low-aspect -ratio 11 i ght 
control surfaces could not be effectively trl' isted for flight 
control. Only pitch deOectioll s of the en tire surface proved 
suitable for flight control. Further examination of the 
torque-plate missile fins led to the free - ~par torque-plate 
design which decouples the main spar and the torqUl:-plate. 
This allows for higher pitch deflections and Mach numbers 
up to 0.7 [14 , IS]. 

Because these investigations used torque-plates, a finite 
limit on pitch deBections was reached for small-scale 
prototype fins . Th is pitch deflectiun limit was directly 
related to the availability of extremely thin pie70electri c 
actuator material (under 2 mil tbickn s) and the significant 
percentage of work done by the DAP e1 em.:nts on the 
substrate in torsion. Acc ordingly , a new method of 
generating hi gher pitch defl ections of small- 'icale fins 
was sought. This papa deals with one approach to 
producing very high pitch deflecti olls with a very simple 
type of pielocerarnic actuator element. Using this new 
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' f1exspar' configurati on , several unmanned aeria l vehicles 

using pieLOceramic flexspars for fl ight control have been 
buil t and flo wn [16] Accordingly . the major goal of 
this study is to further investigate th is new type of flight 
control de vice and demonstrate its performance on a scaled 

subso nic missile. 

2. Actuator modeling 

2.1. Bender element modeling 

The actuator employed by the flexspar fli ght control surface 
is extremely s imple and has been successfully model d by 
numeroU!-i technologists. Us ing the techn iques ou tl ined by 
lone.), an eslimation of actuator element curvatu re can be 

obtai ned [17J 

( I ) 

ssumi ng no externally applied fo rces are present 
on the element, on ly piezoelectric and thermally induced 
strains wi ll generate extensions and curvatures which are 
equal in both d irections. Equation (I) may be expanded to 
~how the thermally induced strain and piezoelectric s train 
terms. Eq uati on (2) assumes that the actua tor e lement is 
complete ly isotrop ic and generates in-plane strains which 
are equal in all directions . (Ac lual piezoceram ic actuators 
generate ~Iightly different strains through the difference in 
d31 and d12 and have different sti ffnesses through inherent 
orthotropy and shear-l ag Ind uced d ir ctional attachment.) 

[ 
A11+A I2 0 ] {c} 

o D11 +D12 la m K 

_ [ AI I +A I2 o ] {Cit:.T}- 0 
D I I + D J2 u 0 a 

o ] { Ci !J.T} 
01 1 +D I2 .

1 
0 , 

Bl l 6BI21 { ~ } (2) 

Eq uation (2) is arranged ass um ing the ac tuator elements 
are energized In opposite di rec tions so as to ind uce a 
bend ing curvature . [f they were energIzed in the san te 
d irection . then the cross-coupling' 8' terms would go to 
zero and axi al and bending terms would show up in the 
matrix. A sum ing hat a fin ite bond th ickness. tb, is present 
b tween the substrate (s) and the actuator (a) the lam inate 
curvature , K . fo llows from eq uation (2). 

E" (tltu + 2tbtu + t; ) f... 
K = E,{!112 + E/I ((t, + 2t,,)2f/l / 2 + Ct.\ + 2f,,) t,2 + ~ tJ ) 

(3) 

ft is assumed in equat ion (3) th at the bond material has 

a neglig ible s tiffness and that no shear lag is present in the 

luminate. 
Another simple est imation for the amollllt of therma lly 

in duced stra in in the lam inate may be obtained by 
expanding eq uation (2) as shown below . 

2EatuO'-(/ !J.T + E,t"Ci , 6T 
c = (4) 

2E,Ju + EJI 

main , par end pivot 

flexure end pi vat 

bimorph bender clem nt 

rigid root ll10unt 

Agure 1. The geometry of a flexspar actuator with an 
active bander element. 

Equation (4) is used to approx imate the amount of 

prestress an ac tuator element is experiencing J ue to the rmal 

effec ts . This is espec ial ly important as many piezoceramics 

have very low strains to fai lure in tension and should be 

precompressed by an e levateJ -temperature cur . 

2.2. Flexspar actuator modeling 

T he fl exspar actuator uses a bender e lement wh ich may 

be analyzed by the procedur s of 2.1. The result of thi s 

analysis is to relate actuator curvature, K . and induced 

strain . f... . T his sec tio n will further extend the anal ys is 

to relate K to pitc h de fl ec tion of the wi ng surface. The 

act uator geometry which is used in the most common fo rm 

of fl exspar actuator i shown in fi gure I . 
In add it ion to the configurati on shown a nu mber of 

different ac tuator arrangements have been des igned , te sted 

and fl own [ Hi]. Resu lts have shown th at the deflection 

and sti ffness vary most strong ly wi th bender properties, 10 • 

10,0' and II. A n estimat ion of the rotat io na l deflection of 

the actuator may be obta ined by assu mi ng that the flex ure 

nd pivot is all owed to s lide free ly a long so that the pi vot 

connection bar a l ways makes contact at a di stance 10,", from 

the root mount. Eq uation (5) shows the pitc h deflection as 

a fu nc tio n of geometr and bender e leme nt curvature: 

1¢ = 2sin

(l I K)( 1 - cos (K lo)) + (/0/0, - (I lK) sin(Kla)) Sin (Kio] 
[ 211 

(5) 

This estimation does not account for any geometric 

stiffe ni ng e ffec ts due to rotati onal or e xtensiona l constraint. 
On ex perimenta l models, these geometri c constrain ls have;: 

been shown to be small up to ± 15° pitch defl ection . 
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Figure 2. A bimorph bender element with a root mount and an end pivot. 


Table 1. Piezoceramic bender element material properties. 


E (msi) t (mil) IX (/-Lstrain ' F 1 ) t: prestress 

Substrate 14.5 3 9.8 1089 ;:1 strain tension 
Bond 1 2.5 
PZT-5H 8.85 5 4 535 /-Lstrain compression 

= 5.0 ... 
~5 4.0 iii ... 

predicted 

o measurell 
<J ~ 

'::1 ..... 3.0 !I -; 
til .:.: 
.:01 ~ 2.0£ ::I 

.9 E 1.0 

1a 
~ 0 

0 2 4 6 8 10 12 14 16 18 

Static HalC-AmplJtude Actuation Potential, E3 (volts/mil) 

Figure 3. Static bender element curvature as a function of actuation potenhal. 

3. Actuator construction and testing 

3.1. Bender element fabrication 

The fi r~t componen t f the experimental speci men to be 

constructed was the bender Iement. This element was 
formed with two sheets of S mil thick PZT-SH piezoceram ic 

malerial which were laminated on to a 3 mil thick brass 

foil. The fi rst step of fabri cation involved wet cutting the 
elements to 2.S in length x 0.4 in width at the base and 
0 .3 in width at the tip. After the elements had been cut , the 
substrate was trim med to a si milar si ze and the elemen ts 
were joined to the substrate with Scotchweld™ adhesive 
tape and cured at 350 of under 8 psi of pres ure. After 
curing, the elements were deftashed, leaus were attached to 
the substrate and fac s and a section of style 120 fiberglass 
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6.0 in. 

7.3 in . ~--- Active Flexspar Win g 

~ lin 
~ 

Figure 4. The sca led TOW 28 model geometry. 
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2.67 in 

fuselage 
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Figure 5. The flexspar missile wing internal structure. 


Table 2. Piezoceramic bender element material properties. 


Maximum peak-to-peak pitch Natural Weight Maximum RMS power 
deflection ¢ (") (1\ = ±220 J.Lstrain) frequency (Hz) (oz) consumption (mW) 

Actuator prediction ± 17.1 61 0.19 < 10 
Actuator actual ± 1625 55 0.22 < 10 
Wing prediction ± 17.1 16 0.35 < 10 
Wing tes t ± 14. 1 12 0.448 < 10 
Full-scale wing (est.) ± 16 8 12.1 < 470 

root stiffener was added to the element base to provide 
protection for the lead s and a structurally strong attachment 
point. The end of the Aexure element was modified with an 
end pivot which was also attached with style 120 fiberglass. 
The geometry of the bender element is shown in figure 2. 

Because the bender element was cured at an elevated 
temperature, the PZT elements were prestressed in 

compression. This was done to ensure that the elements 

would not experience tens ile stresses during normal 

operation, which often leads to breakage or defacing. 

Using equation (4), test data and manufacturers' data, 

the amount of precompression along with se veral other 

important characteristics of the bender will determined [18J. 
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Figure 6. The on -third-scale TOW 28 missile model mounted in low peed wind tunnel. 
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Figure 7. Pitch deflection and change in lift coefficient as a function of actuation potential . 

3.2. Bender element testing 

Experimental testing of the bender element was accom
plished using laser-reflection techniques. The base of the 
bender was rigid ly clamped, a mirror was mounted on the 
ti p of the e lement and a lasef was r flec ted off the mir
fOr. The laser b am deflec tion was recorded and tran lated 
into an e lement CUfvature . Testing w 5 conduc ted using a 
0.5 HI. s ine signal from 0 through ± 90 V peak to peak 
(18 V mil - I). 0 ev idence of depoling, arcing or cracking 

was detected d uring testing. The data showed the char
acteristic second-order increase in deflection with voltage. 
·quation (3) was used to estimate the amount of c urvature 

that the eleme nt experienced as shown in fi gure 3. 

4. TOW missile model construction and testing 

4.1. Scaled TOW missile model fabrication 

A onc-third-sca le TOW 2B mi ss ile mode l was built from 
an aluminum fuselage with alumin um fins, polyester resin 
no<;e cone and graphit e-epoxy wings. All com ponents of 

the miss ile were scaled down in detail with the except ion 
of the wi ngs, which were built with a rec tangular pl anform. 
(T he actual TOW missi le has rectangular planform wings 
with sma ll tri angles taken out of the ir traili ng edges near 
the wing tips.) Figure 4 shows the geometry of the modeL 

Th missi le fu selage was cons tructed from 2 in 

diameter, 0.032 in 2024-T3 tu bing with aluminum fills 
and g raphite-epoxy wings. A polye 'ter resin nose cone 
was machined to 2 in di ameter. Acco mmodation for the 
adaptive wing was made by a 0.5 in long cutout in the 
center of the missile. 

T he s aled model was fitted with til adaptive 

wing which was built upon a graphite main spar and 
fiberglass root mount. The aerodynamic graphite she ll was 
const fuc ted from 25 mil thick bi-directional graphite-epoxy 
composi te materiaL A brass end-plate was integrated onto 
the tip of the wing. Two holes in the end-p late were bored 
for accommodati on of the end pivots. Internal and ex ternal 
leading-edge counterweigh ts were used to mass balance the 
fin. Figure 5 shows the geometry of the wing, spar, shell 
and piezoceram ic bender actuator. 
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Figure 8. The static and dynamic flexspar missile wing at 12 Hz, ±8.1 °, ± 2 V mil - 1 (±10 V AC). 

4.2. TOW missile model and active wing testing 	 rotati on of the bar was measured as a function of applietl 
voltage as for elemen t testi ng. T he pivot conne (ion b r 

A series of tests were conducted on th missile model, was fi tted wi th a loose tolerance of 1.5 mil to all ow f r 
active wing and actuator e lemen t. After mounting of the free rotati on without binding at high rotation angles . After 
ftexspar actuator. a pivot connection test bar was instal led lIs ing the test bar, the missile wing shell was mou ntetl on 
between the enll pivots on the main spar and th e bending the spar and the pitch defl ections of the she ll were rn asu red 
actuator. A laser mirror was ~onnec ted to the bar and the as a fu nction of applied voltage. One structu ral connection 
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Figure 9. Dynamic characteristi cs of the fl exspar actuator. 
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Figure 10. Minimum-radius turn flight profiles of a fl exspar wing equipped TOW miss ile. 

at the hase and one at the tip of the main Sf), r allowed the 
sh 11 to rotale a oUild the quarter-chord. The base pivot 
employed a 1/32 in steel pi n which fitted within a brass 
rool sleeve bearing. The tip pi vots at the spar and the 
bender ac tuat or also emp loyed steel wir s rota ting wi hin 
brass sll!cve bearings. 

Equat ions (3) and (5) were used to predict the pitch 
deflections of the bar and shell. From fi gure I, the 
distances fo r the model were determined to be 10 = 2. 1 in , 
10"., = 2.4 in and I I = 0.4 in. Additionally, the miss tle 
model was moun ted on a sting and tested in the low
subsoni ' 1 n x 1 fl wi nd tunnel at Auburn Uni versilY . 
Changes in lift coeffici ent were measur~d along with wing 
pi t(; h deOections. Figure 6 shows the configuration <.) [ the 
TOW missile model mounted on the sting in the wi nd 
tun nel. Figure 7 shows the vari ation in pi teh angle and 
lift coe ficient of the wing as a function of applied voltage , 

The r "sults of testing showed that defl ect ions in excess 
of ± 14' cou ld be achieved and that the fin exhi bi ted a 
lift -cur e slope of 0.0520 

-
1

• Accordingly, the max imum 
change in li ft coeffi cient was ± 0.73 . A , eries of dynamic 
actuation tests was also conducted on the missil e model. 
Figure 8 shows the static and dynamic deflecti ons of the 
missi le wing in the wind tu nnel. Dynamic ksti ng was 
'onclucted with a ± 10 V AC sine signal from 0.1 to 
100 Hz wi th deflections mea ur d, aga in, by laser reflection 
techniques Testin r. with the pivot connection test bar was 
al so conduc ted and showed that the n'llllral frequency was 
55 1-11. with a or ak frequency of 107 Hz as seen in fi gure 9. 
With the ~he ll allached, the natural frequency was reduced 
to 12 Hz with a break frequency of 25 .5 Hz. Table 2 

summarizes the test data, pred ictions and full -scale values. 
Power was mea~ured by determin ing the applied voltage 
and current draw. Table 2 shows that the predicted values 
fo r pitch deflection are appro xi mate ly 17% greater than 
the lest val ues over most of the actuation range. It is 
thought that this disparity is caused by a small amount of 
fri lion in the hi nges and slop in the end pivot connections. 
The resulti ng dead band due to this fr iction alld slop was 
measured at appro xi mately ± O,15r

. 

5. Missile flight performance improvement 
estimation 

Because all Flight co ntrol on currenl TOW mi ssiles is 
carried out by only the afl fins , pitch deflections of 
the wi ngs combined with the fins will bri ng significant 
improvemen ts in maneuverability. Curren t li terature 
indicates that the TOW 2B has a maximulll crrcc ti ve range 
of 2.33 mi wh ich is covered in 2 1 s after an in iti al launch 
vel ocity of approximately 11 00 ft -I . A si mple re erse 
engine ring exerc ise consideri ng a 2 s fli ght motor burn 
and small compress ibili ty effects yields an estimate for the 
glid ing fli ght profi le. Assum ing the flexs par wings are 
pitched to a maxi mum defl ection for a mi nimum radi us turn 
upon launch , the normal acceleration may be determined. 
If no body lift or li ft fro m tbe [ins is a.,<;sumed, then a 
conservative approximat ion fo r accelera tion as a fu nclion 
of wing pitch angle may be obtained Thi s estimation may 
be used to find the profile of the min imum-radius turn as a 
functi on of wing deflecti on as shown in fi gu re 10 
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6. Conclusions 

ThIS study has shown that laminated plate theory combined 
with kinematic models acc urately predicts the amount of 
pilCh d fl ection gen rated by flexspar actuator These 
models and ex peri mental testing also show that a one-third
scale TOW missile wing rna be built with piezoceram lc 
f1 exspar elemen ts which drive the fi ns up to ± 14G in 
pitch. ccause these fins are both aerodynamically and 
mass balanced about the quarter-chord, they exhibit no 
tendency to diverge or flutter wi th changes in subsonic 

1airspeed. Wind tunnel testing shows a el.a of 0.0520 


and a maximum change in lift coeffici ent of ± 0.73 . 
An estimation of fl igh t p rformance at maximum WIng 

deflection shows that the minim um turn radius may be 
substantially reduced to less than 2400 ft. 
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Nomenclature 

A, B, D extensional, coupling and bending 
stiffness matri ces 

CL lift coeffici ent 
1-1 through thick ness electric field 
E L , E1' longit udinal and transverse el ment 

sti ffness 
N, M appli ed forces and mo ments 

thickness 
T temperature change 

T thic kness ra tio = t, / t" 
coe ffic ient of the rm al expansion 
angle of attack 

[0 lami nate strain 
I( laminate curvature 
A i th di rection actuator free strains 
cjJ airfoil pi tch angle 

Subscripts 
a actuator 
b hond 
s su bst rate 
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