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ABSTRACT

This paper discusses issues and practical requirements for
an adaptive wing in relation to currently available technology.
Adaptive wings offer many benefits, but a viable wing will re-
quireresearch into several areas, including selection of initial and
perturbed airfoil shapes, steady and unsteady aerodynamic anal-
ysis of adaptive airfoils, and methods for real-time shape control
of an adaptive wing system. An overview of adaptive wing his-
tory is briefly covered, including some recent devel opments. De-
velopment considerations for an adaptive wing system are then
discussed. Aerodynamic performance and stability should be
considered in the context of the wing's structural integrity and
aeroelasticity. Particular attention should be paid to the unsteady
nature of the flow, as standard quasi-steady flow analysis tech-
nigues should be abandoned due to the rapid changes in wing
shape and motion. Due to the large number of variable and mea-
sured parameters, an advanced control system is required to re-
late theflight conditionswith changesin geometry. Issuesrelated
to adapting wings to various aircraft scales will be discussed,
specifically micro aerial vehicles (LAV'S), unmanned aerial vehi-
cles(UAVsor RPVs), full-scale aircraft, and ornithopters.

INTRODUCTION

Adaptive wings, i.e., wings whose shape can be atered in
flight, have the promise of revolutionizing aeronautics. Recent
research has been conducted into adaptive airfoils from both the-
oretical and engineering standpoints. While the benefits of an air-
foil whose geometry isvariablein flight isreadily seen, the cur-
rent state-of-the-art lacks the stringent requirementsfor practical
application. Thisisexacerbated sincethe complexity of the prob-

lem often calls for examinations of potential adaptive systems
from a single perspective rather than considering the physics of
the whole system; viz., aerodynamics, structural dynamics, and
control. This includes work such as the development of flexi-
bleairfoilswhosethinness precludes structural devel opment with
current materials or wings with bulky and heavy actuation sys-
tems which negate the benefit of the adaptive design. However,
recent devel opments have shown that aviable adaptivewingisin
the foreseeabl e future.

The primary motivefor altering wing geometry istoimprove
airfoil efficiency in off-design flight regimes. This concept is
a standard implementation in most modern aircraft designs and
takes the form of flaps which change the wing area and/or effec-
tive camber. A polymorph wing (variable planform) and variable
pitch or incidence are also proven methods of wing adaptation.
Adaptive concepts have taken many forms and names, including
deformable, flexible, and active, in addition to those previously
mentioned. In this paper, however, we will use the term adap-
tiveto indicate an airfoil whose actual (as compared to effective)
profile can be altered during flight.

Theideal use of an adaptive strategy allowsthewing to vary
its geometric parameters in flight during encounters in situ of
changing flow conditions such as wind speed or direction. As
much of the governing principles of the unsteady fluid/structure
interactions are unknown, extensive research into the physicsis
necessary, including the dynamicsof seriesadaptive paneling, the
actuation and control of an adaptivewing in flight, and real-time
unsteady aerodynamic measurement and analysis. It is the dy-
namics of the fluid/structure interface that interest us here, pri-
marily the aeroelastic transient coupling of thevarying airfoil pa-
rameters and the unsteady flow. As the wing changes geometry,
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the flow will rapidly follow these changes. However, since the
flow isacontinually evolving structure, the altered flow field can
interact with the wing in a nonlinear fashion. To determine the
desired singular or periodic variations in wing geometry a pri-
ori, it will be necessary tofirst understand the underlying physics.
Thenumber of variablesresultsin aninordinately large parameter
space which requires the use of simulationsto be used in tandom
with any experimental investigation.

Several issuesneed to beinvestigated for the devel opment of
an adaptive wing system, including selection of initial and per-
turbed airfoil shapes, unsteady aerodynamic analysis of an adap-
tiveairfoil, and artificial neural networks and fuzzy logic control
systems for real-time shape control of an adaptive wing system.
Aerodynamic performance and stability should be considered in
the context of structural integrity and aeroel asticity. Particular at-
tention should be paid to the unsteady nature of the flow, as stan-
dard quasi-steady flow analysis techniques should be abandoned
due to the rapid changes in pitch-up, pitch-down, and harmonic
wing mation. Due to the large number of control inputs, a com-
plex control system must be used to relate the flight conditions
with changes in geometry.

HISTORY
Wing Warping: The First Adaptive Wing

Thefirst significant use of adaptive wing technology was de-
veloped and used by the Wright Brothers in their Wright Flyer
aircraft at the turn of the century (figure 1). Their wing warp-
ing concept was the first effective element of lateral control, es-
sentially changing the camber of the aircraft wing to increase or
decrease lift (1; 33). Due in part to its complexity, however,
(and in part to the strict patent enforcement by the Wrights on
their technology), the modern method of aircraft control, viz.,
the aileron, was developed soon thereafter. Regardless of these
events, a method other than wing warping would have been de-
veloped. Whilewing warping worked well for therelatively light
and flexibleaircraft of the day, asaircraft were built to carry more
weight and fly at faster speeds, stronger wings were developed
to accommodate these structures. The revelation during the first
World War that thicker airfoil sections were better at creating lift
than thethin profiles used at the time al so gave aeronautical engi-
neers more leeway in designing wings with greater stiffness and
strength. Thus, a decade after the flight of the first powered air-
craft, theidea of the adaptive airfoil asapractical application was
essentially dead.

Recent Developments

Adaptive wing technology returned to aircraft design
through incremental steps. These were primarily in the form
of gross adjustments to wing orientation, such as the invention
of variable pitch in propellers (1924) or variable sweep wings
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Figure 1. December 17, 1903.

The Wright Flyer used wing warping for lateral control.
(Library of Congress Wright Photo 2A13.)

(1952). Both of these concepts were developed to increase the
efficiency of the airfoil in a given flight regime. Additional
attempts at altering wing efficiency included momentum transfer
devices such as blowing or suction dots or wings that polymor-
phed with telescoping or folding tips. Even aircraft with oblique
yawing wings have been demonstrated to be buildable and
flyable. Though each of these concepts showed some success
in improving airfoil efficiency, only the basic lift devices (flaps,
dats, spoilers) have seen widespread application. However,
these strategies till treated the wing as a rigid structure and
could not fully utilize the idea of wing adaptivity.

One of the early departures from the philosophy which
treated aircraft wingsasrigid structures discussed the advantages
of structural tailoring in aircraft (34). This approach takes ad-
vantage of characteristics such as structural anisotropy and elas-
tic coupling to enhance a particular structural response. This ap-
proach to airfoil design has been demonstrated to yield signifi-
cant benefits. It provided the framework for subsequent investi-
gations that added active elements to improve upon the aready
significant benefits of structural tailoring. Further studies exam-
ined in detail the interaction between aerodynamic forces, struc-
tural forces, conventional control forces, and an additional con-
trol force arising from inclusion of active materials in the wing
structure (10). A mathematical foundation was presented that ar-
gued that the inclusion of active materials in the wing structure
could be used to advantageto increase wing speed divergence, re-
duce gust loading, and change lift effectiveness. It isclear that an
ability to control these wing characteristicsin a practical fashion
would lead to awing design which isbeneficial to aircraft perfor-
mance.

Activeelementswere added | ater to enhancestructural tailor-
ing effects(2). Thiswork wasalargely experimental study where
the static shape of a prototype F-14 wing cross-section was con-
trolled with an array of linear actuators that acted as both wing
spars and actuatorsto control wing shape. The stated goal of this
study wasthe reduction of shock-induced drag intransonic cruise
and multi-DOF shape control was demonstrated that could poten-
tially addressthis problem.

Modeling of aeroelastic structural tailoring and adaptive
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wings (those that incorporate active materials) were more fully
examined using athick walled composite beam representative of
the structure of amodern aircraft wing (20). The wing model in-
cluded anisotropy and coupling to allow structural tailoring and
active layers to provide shape control. The results of this exten-
sive modeling effort indicated that the combination of structural
tailoring and adaptive wing shape control can improvethe vibra-
tional and static aeroel astic response of aircraft wings.

The papers mentioned above represent an overview of the
early work in adaptive wing modeling. This area has matured to
the point where significant experimental verification work is now
taking place. Recent tests of a piezoel ectric actuator driven adap-
tive wing were used to demonstrate active flutter control (27).
Also discussed were tests investigating alleviation of vertical tail
buffeting and wing shape control using piezoel ectric actuatorsap-
plied to load-bearing structural members. Development of wind
tunnel models and results of wind tunnel tests of adaptive wing
models have also been demonstrated (16; 18). Both investiga-
tions lend credence to the basic concept of the adaptive wing as
apractical design option for an aircraft wing. An adaptive air-
foil design designated the Dynamically Deforming L eading Edge
(DDLE) airfoil variesthe leading edge radiusin flight by stretch-
ing its thin composite skin (3). The primary objective for this
development isto achieve effective flow control over the airfoil
through the reduction of strong adverse pressure gradient that
leads to wing stall.

Recent investigations into flexible wing architectures have
shown the possibility of their use in adaptive wing technology
(17; 30). Due to the nature of the system, however, where the
airfoil istypically acurved flexible arc section more akinto a sail
than an airfoil, several disadvantages arise. Most notably is the
inability to sustain large lifts due to the lack of wing stiffness.
The inability to actually develop a practical wing system which
isadaptive as opposed to merely flexibleisanother primary diffi-
culty since no room existsfor the location of actuators. The ana-
lytical methods devel oped to study such wings are also useful in
the study of more rigid wings, however.

DEVELOPMENT CONSIDERATIONS

Several areasneedto be carefully considered for the devel op-
ment of apractical adaptivewing, including aerodynamics, struc-
tural dynamics, and wing control. These will be covered in turn,
following a discussion of the benefits of adaptive wings.

Consider the simple wing geometry as shown in figure 2.
The rectangular wing has a span b, chord c, area S, and aspect
ratio AR = b?/S= b/c. This geometry will be used throughout
the remainder of this paper as a baseline.

Figure 2.  Wing geometry.

Rectangul ar wing with span b and chord c at an angle of
attack a and free-stream velocity U.

Benefits of Adaptive Wing Technology

For an adaptive wing to be a viable design option, some of
thefollowing criteriamust be as good or better than that of acon-
ventional wing:

1. efficiency

2. maneuverability
3. control

4. weight

5. cost

Currently, none of these parameters offer significantly better per-
formance than a traditiona static airfoil. Weight and cost con-
cerns will surely improve as research into adaptive technology
continues; the rapidly advancing fields of artificial neural net-
works and fuzzy logic will aid in the area of adaptive wing con-
trol. However, two primary benefits are readily apparent with
adaptive wings: improved efficiency and enhanced maneuver-
ability. These are discussed briefly below.

Efficiency Foragivenwing, weare principally interested
in maximizing the airfoil lift L and minimizing the drag D, or al-
ternatively, maximizing the lift-to-drag ratio, L/D (also written
asthe ratio of lift coefficient C; to drag coefficient Cy, or C;/Cy,
defined below). This is often taken as a measure of the wing's
overall efficiency. Thisratio, however, is often highly dependent
upon not only the wing geometry but the given flow conditions
aswell. These flow conditions are typically expressed as dimen-
sionless parameters such as the Reynolds number Re and Mach
number M. A given airfoil profile will have vastly different lift
and drag characteristics over the possible ranges of Reand M for
agiven aircraft. Thus, airfoils are typically designed for a nar-
row range of flow conditionsfor optimum performance. Alterna-
tively, one could design an airfoil that adequately operatesover a
wide range of flow conditions but does not perform well in any.
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Figure 3. Reynolds number and speed envelope.

Re versus M for a widerange of flying objects.
(Adapted from Lissaman, 1983.)

Figure 3 shows various ranges of operation for man-made and
natural flyers. Note that each has a fairly narrow bandwidth in
both Reand M. (The sole exceptionsin this graph are UAV's (un-
manned aerial vehicles) and LTAs (lighter-than-air vehicles) both
of which cover a large category of aircraft built for a variety of
purposes.)

Thelifting capability of an airfoil is defined by the lift coef-
ficient

L

C= 5
3pU2s

D

where p isthefluid density and U is thewing velocity relative to
the surrounding medium. Likewise, the drag coefficient is given

by

D
Cd= 13 )
$pU2s
Furthermore, we can separate the drag into two primary compo-
nents, the induced drag D; (drag to duelift) and all other drag Do
(friction, wake, etc.). Theinduced drag can be estimated in terms
of wing geometry by

D;j ~ CZ/TAR (3)

(A factor dependent upon wing shape has been dropped for con-
venience.)

In level and steady flight, the generated thrust T must bal-
ancethe drag D and the generated lift L must balance the vehicle

weight W, or
T=D L=W 4

Thissimply showsthat increasing L (or C)) resultsintheability to
lift avehicleof greater weight. Theresulting power requirements
can then be derived from the relation

P~TU =DU = (Do+ Dj)U (5)

Substituting D from equations 2 and 3, we can write

1 3 2W?

which shows that a minimum power exists for a specificU. The
cubic term representsthe power required to overcomeincreasing
air resistanceat increasing vel ocity whilethe hyperbolictermrep-
resents the power required to generate enough lift at low speeds
to keep L = W. Thisisthe velocity of maximum economy.

The point of minimum total drag can be determined from the
point at which the D; and D, are equal. From equation 6, thiscan

be shown to be
| Cy
Dmn ~ 2W 2TAR (7)

Since L = W, this corresponds to L/Dyax conditions and is the
region of maximum aerodynamic efficiency. Since the drag in-
crease hyperbolically at low velocities, it is typically more eco-
nomictofly at greater than minimumdrag speedthan below it. As
typical aircraft spends most of itsin a high velocity cruise mode,
the wing profiles are selected with thisin mind.

Maneuverability Aircraft maneuverability is difficult to
codify and is defined with a number of quantities. We will use a
singleexampletoillustratethe effect that adaptability would have
on maneuverability.

One important indicator of aircraft performance is the turn-
ing radius, R. For most types of aircraft, it is advantageous to
minimize R to as much as adegree as possible. Thisisespecially
important in fighter aircraft and is frequently used as a measure
when comparing varying designs.

In alevel circular turn, the vehicle is banked so that the lift
vector isno longer vertical, resulting in an acceleration of the air-
craft towards the center of radius. Since the vehicle must main-
tain constant atitude, the vertical component of the lift must re-
main equa to the weight W, dictating that L/W must now be
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greater than unity. From a simple force diagram, it can be seen
that

R Y )
gv/(L/W)? -1

wheregisthe gravitational acceleration. The equation showstwo
relations with which to minimize R: decrease U and/or increase
L/W. Asindicated above, however, L/D dropsasU drops below
the minimum drag point, decreasing the wing efficiency. Thisis
not the best way to decrease R given a static wing profile. Al-
though, equation 8 can also be written as

2 W
A @(g) 9)

Thus, increasing C; and decreasing thewing loadingW/Saretwo
methods of improving theturningradius. When Rdecreases, then
wing efficiency and economy are restricted. To increase perfor-
mance requires a change in the effective airfoil shape. Modern
aircraft typically have alarge and fixed W/S, leaving C; as the
primary factor in decreasing R. (Interestingly, the Wright Flyer
with awing loading of 60 N/m? will have a smaller turning ra-
diusthan a F-16 with W/S= 3500 N/m?.)

Aerodynamics

The primary consideration for the development of an adap-
tive airfoil is aerodynamical. Since an aircraft airfoil has opti-
mum performance at asingle speed but must operate over awide
flight regime, alteringtheairfoil shapein oneway or another isof-
ten a requisite design consideration; adaptability is an attractive
possibility. Thisis donein current aircraft applications by using
lift-altering devicessuch asflaps, dats, and spoilersto changethe
effective camber of airfoils.

The primary dimensionless parameter of concern hereisthe
Reynolds number

Uc
Re= " (10)

where Re is based upon the chord with U and ¢ are as shown in
figure2 and v isthe kinematic viscosity of thefluid. One canthen
presume that

L/D = f(Re) (11)

Figure 4 showsthe variationin L/D performance for various air-
foilsversus Re as determined by McMasters and Henderson (19;

3
10
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2 /
10 —
(L/D)max

— rough airfoils

10
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Figure 4. Reynolds number vs lift-to-drag.

Rougher airfoils outperform smoother airfoils at lower
angles of attack. (From McMasters and Henderson,
1980.)

22). Note that at low Re (in the range of birds, insects, HAVS,
and UAVs), ‘smooth’ airfoilsperformworsethan ‘rough’ airfoils.
However, the performance of smooth airfoils greatly improves at
Re ~ 10° and exceedsthat of rough airfoils. Thisisprimarily due
to the differencein the underlying physics at low and high Re.

Figure 5 showstheflow around an arbitrary airfoil at two dif-
ferent angles of attack. The flow around the airfoil at low attack
angles is attached to the surface of the airfoil. However, when
thewing reachesthe stall angle, theflow separates and adramatic
decreasein lift ensues. At low Re, when the flow is laminar, the
separationisabrupt. If Reishigh or theboundary layer istripped,
the separation isusually delayed since the flow isturbulent. This
iswhy rough airfoils perform better at lower Re than smooth air-
foils. One of the primary considerations of airfoil selection isto
ensure that the flow remains attached throughout the flight enve-
lope.

Figure 6 showsthe variation in lift coefficient C; for two air-
foilsvs. the angle of attack a. For a set profile at a given Re and
M, the stall angle can be well determined. To increase C; during
suchmaneuversastake-off and landing, modern aircraft typically
use high-lift deviceslike leading- and trailing-edge flaps to alter
the shape of the wing. This essentially changes the profile of the
wing to one which is better optimized at the present free-stream
conditions. Figure 6 shows the lift curve dopes for two airfails,
a cambered and symmetric airfoil. The defining difference be-
tween these two wing sections is that while the cambered airfoil
has alower stall angle than the symmetric one, the cambered air-
foil hasanon-zero C, at zero angle of attack. Thus, the cambered
airfoil provides more lift at lower attack angles but stalls sooner
than the symmetric wing. An ideal case would be to change the
shape of the wing from the cambered airfoil asa — aggq). If the
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Figure 5. Flow separation.

The formation of the separation bubble at onset of wing
stall.
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Figure 6. Lift coefficient vs 0.

Lift curve slopes for a cambered and symmetric airfoil.

airfoil can assume an arbitrary profile, then one can continually
increase the angle of attack while just staying below 0.

Itisworth noting that the angul ar vel ocity of the pitching mo-
tion, da /dt, has adramatic effect on flow separation, hence stall.
If the motion is oscillatory and at a high frequency, theniit is pos-
sible to increase C; above that of the steady C,,,. The possible
use of unsteady aerodynamics in an adaptive application is thus
very attractive. Thisisdiscussed in some detail below.

Structural Dynamics and Aeroelasticity

Whilethe primary reason to devel op an adaptive airfoil isthe
aerodynamic benefits, the primary hindranceisthestructural con-
siderations. As previously mentioned, early wing devel opment
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Figure 7. Wing loading vs lift-to-drag.

Most modern aircraft require higher wing loading than
is currently possible using adaptive wing technology.

actually favored adaptive structures. Two developmentsin air-
craft technology changed this, however. The first was the real-
ization that thicker airfoils actually created more lift at the cur-
rent speedsthan thethin arc airfoils of the day (e.g., cf. theairfail
used on the Wright Flyer with the Gottingen airfoils used in the
late Fokker models of WWI). The second change was the con-
tinuing push to carry more weight. This required stronger and
stiffer wings. Thisisdemonstrated infigure 7 whereL/D isplot-
ted against wing-loading for various aircraft over history. Here,
anarbitrary limit hasbeen placed separating‘ flexible’ wingsfrom
‘gtiff’ wings. Of courseall wings are flexibleto some degree, but
the heavy aircraft of today require afairly rigid support structure
capable of sustaining thousands of kilograms.

Conventional means of wing shaping require in-wing actua-
tors and additional lifting surfaces. These are typically rigid at-
tachmentsto the main wing and the profileis altered to an equiva-
lent profile by grossadjustments. Thesearetypically only goodin
asmall range of Reand M. To alter thewing profilein situ, inter-
nal actuators can be used to adjust such parametersas camber and
thickness, but the adjustments are typically small and the actua-
tors heavy. Thus, the benefits of wing shaping were outweighed
by its added weight penalties.

Smart materials offer a more cost-feasible solution to this
problem. Themost common of smart material actuatorsare made
of piezoelectric materials such as zinc oxide or lead zironate ti-
tanate. These are based upon the piezoelectric effect where a
force is generated by a piezoelectric material when a differential
voltageisapplied. These have to be maderelatively thick to pre-
vent dielectric breakdown. Piezoel ectric actuators can take many
forms such as stacks or bimorphs. Both have been used with
success in the construction of flaps for airfoils (31). These can
be used alone or in conjunction with traditional systems, such as
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Figure 8. Airfoil surface pressure distribution.

Pressure coefficient determinationfor aNACA 2410air-
foil with inviscid and viscous formulations from Xfoil
6.8 (8). Real-time determination of such informationis
required for an ideal adaptive airfoil control system.

hydraulic or mechanical actuators. Piezoelectric actuators have
been used by Clement et al. (5) for use in helicopter blade flaps.
Other smart materials used in airfoil applications include shape
memory alloys (SMA) such as Nitinol. These are metals that
change shape when the temperature of the material changes. This
can be accomplished by electrical current heating or Joule heating
and then allowing the system to cool. Upon cooling, the material
returnsto its previous unheated shape. Thissystemisparticularly
suited for use in hydrofoils where cooling is rapid (32). While
the same precise control istypically not comparabletoaMEMS
device, the cost-savings benefits are worth the small reductionin
performance.

Control

In essence, airfoil control is profile planning. The control
system is responsible for adapting the wing shape for any given
flight condition, such as maximizing the lift/drag ratio. A smple
control system can be utilized in much the same manner as con-
trolling conventional ailerons: slight alterationsin theairfoil pro-
file (camber) give feedback through changes in motion. A truly
adaptive system requires a more complex control system, how-
ever. |deally, the airfoil profile can be arbitrarily chosen based
upon current flight conditions. The profile can be determined
from apre-chosen map based solely upon known flight conditions
or amore complex system can measure and/or calculate the pres-
suredistributionon the current airfoil and optimizethe shapereal -
time (figure 8).

Due to the many variable parameters of an adaptive wing, a

SENSOR no
INPUT WING
CONTROL
CURRENT SYSTEM
GEOMETRY yes

CHANGE
GEOMETRY

Figure 9. Control functional block diagram.

Control FBD at its simplest level. The purpose of the
wing control systemisto determineif and what changes
should be made from readings of normal aircraft sensor
input. This requires extensive training of the wing sys-
tem with an associated profile database.

complex system to control the aggregate wing is required. Two
possibilitiesinclude artificial neural networks (ANN) and fuzzy
logic agorithms. Artificial neural networks have been used in
a number of applications, most notably flow control and design
optimization (4; 11; 29). In essence, a neural network is neces-
sary to navigate through the function space of the active wing.
An optimization procedureis required to determine the optimum
parametric values for a desired wing configuration. The control
system should have a hierarchical architecture, consisting of a
highlevel global modulethat determinesthe optimal overall wing
shape and numerous low level modules that control local wing
shapes. The global instruction set should receiveflight condition
variablesasinput (e.g., a, Re, M) and determine the correspond-
ing optimal wing shape for the given conditions. The optimal
surface shape can then be represented by a parameterized curve
equation, allowing the systemto learn the mapping from theflight
condition parameter valuesto the curve parameter values. Fuzzy
logic algorithms can aid in interpolation between discrete input
conditions and extrapolation when a programmed flight envelope
is exceeded.

Airfoil control is decidedly non-trivial. E.g., assume that an
adaptive wing is divided into 12 control zones for each surface.
The airfoil shape can be controlled in each zone. Thus, there are
12 zones on the upper surface of the wing alone and each zone
will have numerous possible shapes. For sake of argument, as-
sume each zone has an upper limit of 5 shapes. The parameter
space for the wing shaping alone is thus enormous with a total
number of possibleshapeson theorder of 108. Theuseof aneural
network or similar system then becomes a very obvious choice.
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APPLICATION

As previously mentioned, there are two primary ways of us-
ing adaptive wing technology, the large scale (wing shaping) or
small scale (boundary layer control). Discussionson possible ap-
plicationsof theformer, including pAV sand UAV s, full-scaleair-
craft, and ornithopters, follow.

HAVs and UAVs

The qualitative aerodynamic characteristics of low Re flows
aretypically vastly different than those normally seen in typical
aerodynamic and aerospace applications (19; 24). Slight changes
in the flow speed can have large effects on the flow over agiven
airfoil, most notably severe changesin L/D ratio. Thewing shape
can be specifically tailored for a certain Re, but designing for a
larger range of Re will degrade performance for a specific wing
velocity. Two classes of aircraft fly in the low to moderate Re
range: Micro Aeria Vehicles (LAVS) and Unmanned Aerial Ve-
hicles (UAVs or RPVS). In the former case, Re may range from
10*— 10° and lower if hovering/loiteringvehicles are considered.
In the latter case, Retypically increasesfrom 10° upwards to 108
and higher for the larger faster aircraft. Dueto the nature of these
vehicles, the technology described herein is well suited for pAV
and UAV application inasmuch as the Re range of these vehicles
allowsthe flow to be easily adjusted using wing shaping (30).

Sub-scale air vehicles such as pAVs and UAVs often have
the disadvantage of lower lift capabilities due to reduced size but
increased weight penalties due to aminimum size of control sur-
faces. The primary advantage of a pAV is its small size allow-
ing it to go unnoticed on the battlefield. It is ideally suited for
covert operations where surprise and advanced intelligence are
key components of a successful mission. The size limit of HAVS
are typicaly given as less than 15 cm in maximum length (23;
30). For a standard wing planform, this gives a span of b = 15
cm. If a moderate aspect ratio of 4 is assumed and the vehicle
isto move at arelatively slow speed, say 10 m/s, an estimate for
even highlift coefficientsresultsinlift forcesontheorder of 0.5N
(0.11bs.) orless. Thisweight leaveslittleroom for equipment, let
alone the vehicle structure and powerplant itself. And if the ve-
hicle were to encounter a gust in the same direction as flight, the
vehicle would probably crash. Since pAVs are till in the early
development stages, issues such as operation, safety, reliability,
robustness, affordability, packaging and other operational factors
cannot be adequately discussed.

As on option to HAV tilization, an adaptive wing can be
installed on a UAV/RPV. This has many of the same character-
istics of a HAV, only on alarger scale. UAVs are typically de-
signed for a single mission in mind, usually long-range cruise.
For UAV swhich have varied mission goal s, however, such asloi-
ter, encounter, and then rapid return, the vehicle may experience
avariety of flight regimes. An adaptive wing would be an ideal
lifting system for such a vehicle. While it would be possible to

retrofit an existing UAV with an adaptive wing, it would proba-
bly be more cost efficient to design a new UAV around an adap-
tive wing system.

Full-Scale Aircraft

The adaptive wing also has possible uses in full-scale flight
systems. The possibility of reducing drag and increasing lift is
of great benefit from both acommercial and military standpoint,
primarily by increasing the performance of the vehicle. Thus,
an adaptive wing has the possibility for use as a high-lift/high-
maneuverability wing. Also, if thewing’sperformancecharacter-
istics are good enough, then it may be possible to design awing
with no control surfaces. In addition, since the wakes of lifting
bodies are dependent upon the lift distribution, it may be possible
to alter the wakes of aircrafts and marine vehicles through use of
adaptivewings. This has benefitsin the area of vortex wake mit-
igation and submarine wake reduction (28). Though the possibil-
ity of cost-effectively designing commercial and/or military vehi-
cleswith large scale adaptive wing technology is unlikely in the
immediate future, various research into using adaptive technol-
ogy at both the small and large scal esis showing great promisefor
thenext century, particularly in the area of boundary layer control
(3;5; 7; 13; 21; 26).

Ornithoptic Propulsion

Since the dawn of man’s attempts at flight, he has emulated
the methods of natural flyers; viz., birds (15). Numerousresearch
has been performed into the mechanics of natural flyers, includ-
ing bothinsect and birdflight (9; 14; 35). Whilethebiomechanics
of aviansare complex, those of many insectsarerelatively smple
and easy to analyze. Anexampleis showninfigure 10. Notethat
this simplicity would lend itself well to duplication using adap-
tive technology.

Scaling determines whether ornithoptic propulsion is effi-
cient for a given weight and length scale. A flyer’'sweight W is
proportional to the cube of the length scale| while the wing area
is proportional to 12 (cube-square law). Thus, one can write

w/sO w3 (12)
o1

The required power for a given W can be determined from the
previously determined relations,

P OW7/6 (13)
0 |7/2

Based on muscle mass arguments (6), the power availableto fly-
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Figure 10. Schematic diagram of insect wing movement.

A simplified schematic of a typical insect wing skele-
tonis shown. Wing motion is controlled by contraction
of interior muscles. The motion in this caseis indirect;
other insect systems have a direct relationship between
muscle movement and wing motion.

ing animal's can be shown to approximate the relation

PO W23 (14)
0o 12

Asflyer massincreases, required power will soon overtake avail-
able power, not only limiting the maximum possible weight of
aflyer but also decreasing the ability of a flyer to climb and/or
hover. Hence, larger flyers tend to use soaring as the primary
flight mode instead of powered flapping. This also explains why
hovering is only accomplished by insects or very small birds,
sinceall of thelift must be derived from wing motion alone.

If we comparetheratio of unsteady lift (i.e., lift derived from
flapping) to steady lift (lift derived from forward motion), we
find that this quantity can be directly related to the flyer size and
weight. Using the flapping frequency f asameasure of thisratio
(with the caveat that this will not be an exact relationship), and
comparing it with the flyer’s length scale |, we see that

fo -t (15)
ORe?

Thisisshown infigure 11. Thereis essentially alimit to the ef-
ficiency of using flapping as a flight mechanism. On the con-
trary, thereisalimit below which flapping isavery efficient flight
mode. This has direct applications to the development of HAVS
asdiscussed above. (It may also help answer the question of why
nature chose wings over propellers for thrust generation.)

One can envision in the not-too-far-off future man-made
bees with adaptive wings and MEM S for flight and using minia-
ture fuzzy-neural computer control systemsfor control. The pri-
mary concern for such a development is the required power.

logf

logl
Figure 11. Size vs. flapping frequency.

Asthe size of natural flyers decrease, the generation of
unsteady lift becomes more important to their flight.

SUMMARY

A few of the issues concerning adaptive wing technology
have been discussed, including the benefits of shape-changing
wings, aerodynamic, structural dynamic, and control considera-
tions, and possibleapplications. Many itemsrelevant to thistopic
have not been touched upon, however, such asthe use of MEMS
for flow control and details of related aeroelastic requirements.
The technology shows great promise of yielding realistic possi-
bilities for adaptive wing applicationsin the very near future.

ACKNOWLEDGMENT

Specia thanks go to Prof. John Main of the University of
Kentucky for asking meto writethis paper and hishelpful discus-
sionson the fields of structural dynamics and adaptive materials.

REFERENCES

1. Anderson, J. D. Jr. A History of Aerodynamics and Its Im-
pact on Flying Machines. Cambridge University Press, 1997.

2. Austin, J.,, Rossi, M.J,, Van Nostrand, W., G. Knowles,
G., and Jameson, A., “ Static Shape Control for Adaptive Wings,”
AlAA Journal, V. 32, No. 9 (September 1994), pp. 1895-1901.

3. Chandrasekhaara, M.S., Wilder, M. C., and Carr, L. W.,
“Design and development of a Dynamically Deforming Leading
Edge Airfoil for Unsteady Flow Control,” ICIASF '97, 1997.

4. Chiu, S, Chand, S., Moore, D., and Chaudhary, A.,
“Fuzzy Logicfor Control of Roll and Moment for aFlexibleWing
Aircraft,” IEEE Control Systems Magazine, June, 1991.

5. Clement, J. W., Brei, D., Moskdik, A. J, and Bar-
rett, R., “Bench-top Characterization of an Active Rotor
Blade Flap System Incorporating C-Block Actuators,” 39th

Copyright [0 1998 by ASME



AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynam-
ics, and Materials Conference and Exhibit, AIAA-98-2108,
1998.

6. Dhawan, S., Bird Flight, Sadhana, 16, 4, 275-358, 1991.

7.Dunne, J. P, Jacabs, S. W., and Baumann, E. W., “ Synthe-
sisand Processing of Intelligent Cost Effective Structures Phase
[1 (SPICES Il): Smart Materials Aircraft Applications Evalua-
tion,” SPIE, Vol. 3326, 2-12, 1998.

8. Drela, M., “XFOIL: An Analysis and Design System for
Low Reynolds Number Airfoils,” Conference on Low Reynolds
Number Airfoil Aerodynamics, University of Notre Dame, June
1989.

9. Ellington, C. P, van den Berg, C., Willmott, A. P, and
Thomas, A. L. R., “Leading-edge Vorticesin Insect Flight,” Na-
ture, 384, 19/26, 626-630, 1996.

10. Ehlers, SM., and Weisshaar, T.A., “Static Aeroelas-
tic Behavior of an Adaptive Laminated Piezoel ectric Composite
Wing,” AIAA Paper 90-1078-CP.

11. Faller, W. E. and Schreck, S. J., “Unsteady fluid me-
chanics applications of neural networks,” AIAA 95-0529, 33rd
Aerospace Sciences Meeting and Exhibit, January, 1995.

12. Frecker, M., Kota, S. and Kikuchi, N., “Use of Penalty
Function in Topological Synthesis and Optimization of Strain
Energy Density of Compliant Mechanisms,” Proceedings of
DETC97, the 1997 ASME Design Engineering Technical Con-
ferences, September 14-17, Sacramento, CA.

13. Gal-el-Hak, M., “Modern Developments in Flow Con-
trol,” Applied Mechanics Review, 49, 7, 365-379, 1996.

14. Goldsworthy, G. J. and Wheeler, C. H. Insect Flight,
CRC Press, Boca Raton, Florida, 1989.

15. Haining, P. The Compleat Birdman: An Illustrated His-
tory of Man-Powered Flight, St. Martin’sPress, New York, 1976.

16. Hustedde, C. L., S. F. McGrath, M. A. Hopkins, K.E.
Griffin, “Further Investigations of the Aeroelastic Tailoring for
Smart Structures Concept,” Proceedings of the AIAA 38th Struc-
tures and Structural Dynamics Conference, Kissimmee, Florida,
April 7-10, 1997, AIAA Paper 97- 1164.

17.Kim, S.-H. and Lee, |., “Aeroelastic Analysis of aFlexi-
ble Airfoil with a Freeplay Non-linearity,” Journal of Sound and
Vibration, 193(4):823-846, 1996.

18. Kudva, J, Appa, K., Martin, C. A., Jardine, A. P,
Sendeckyj, G., Harris, T., McGowan, A., and Lake, R., “Design,
Fabrication, and Testing of the DARPA / Wright Lab Smart Wing
Wind Tunnel Model,” Proceedings of the AIAA 38th Structures
and Structural Dynamics Conference, Kissimmee, Florida, April
7-10, 1997, AIAA Paper 97-1198.

19. Lissaman, P. B. S, “Low-Reynolds-Number Airfoils,”
Annual Review of Fluid Mechanics, 15, 223-39, 1983.

20. Librescu, L. Meirovitch, L. and Song, O., “Integrated
Structural Tailoring and Control Using Adaptive Materials for
Advanced Aircraft Wings, ” Journal of Aircraft, Vol. 33, No. 1
(January-February 1996), pp. 203-213.

10

21. McGowan, A.-M. R., Wilkie, W.K., Moses, R. W., Lake,
R. C., Florance, J. P, Wieseman, C. D., Reaves, M. C., Taleghani,
B. K., Mirick, P. H., and Wilbur, M. L., “Aeroservoelastic and
Structural Dynamics Research on Smart Structures Conducted
at NASA Langely Research Center,” SPIE, Vol. 3326, 188-201,
1998.

22. McMasters, J. H. and Henderson, M. L., “Low Speed
Single Element Airfoil Synthesis,” Tech. Soaring, v. 6, pp. 1-21.

23. McMichael, J. M. and Francis, M. S, “Micro Air Vehi-
cles - Toward a New Dimension in Flight,” DARPA Document,
1997.

24. Mueller (ed.), T. J. Low Reynolds Number Aerodynamics,
Springer-Verlag, New York, 1989.

25. Parkinson, M., Howell, L., and Cox, J. J., “A Parametric
Approach to the Optimization-Based Design of Compliant Mech-
anisms,” Proceedings of DETC97, the 1997 ASME Design En-
gineering Technical Conferences, September 14-17, Sacramento,
CA.

26. Pern, N. J. and Jacob, J. D., “Wake Vortex Mitigation
Using Adaptive Airfoils,” Paper accepted for the 37th AIAA
Aerospace Sciences Meeting and Exhibit, Reno, NV, 1999.

27. Pinkerton, J. L., McGowan, A.R., Moses, R.W., Scott,
R.C. and Heeg, J., “Controlled Aeroelastic Response and Air-
foil Shaping Using Adaptive Materials and Integrated Systems,”
SPIE Paper 0-8194-2092-1in SPIE Vol. 2717, pp. 166-177, 1994.

28. Quackenbush, T. R., Batcho, P. F, Bilanin, A. J., and
Carpenter, B. F,, “Deisgn, Fabrication, and Test Planning for an
SMA-Actuated Vortex Wake Control System,” SPIE, Vol. 3326,
259-271, 1998.

29. Rai, M. M. and Madavan, N. K., “Application of Artifi-
cial Neura Networksto the Design of Turbomachinery Airfoils,”
AIAA-98-1003, 1998.

30. Shyy, W. and Smith, R., “A Study of Flexible Air-
foil Aerodynamics with Application to Micro Aerial Vehicles,”
AlAA 97-1933, 28th AIAA Fluid Dynamics Conference, June,
1997.

31. Straub, F. K. and Merkley, D. J., “Design of asmart ma-
terial actuator for rotor control,” Smart Materials and Structures,
6:26-34, 1997.

32. Rediniatis, O. K., Lagoudas, D. C., Garner, L. J,, and
Wilson, N., “Experiments and Analysis of an Active Hydrofoil
with SMA Actuators,” AIAA 36th Aerospace Sciences Meeting
and Exhibit, AIAA-98-0102, 1998.

33. Wegener, P What Makes Airplanes Fly? History, Sci-
ence, and Applications of Aerodynamics, Spinger, 1997.

34. Weisshaar, T.A., “Aeroelastic Tailoring-Creative Use of
Unusua Materials,” AIAA Paper 87-0976, April 1987.

35. Withers, P. C., “ An Aerodynamic Analysisof Bird Wings
as Fixed Airfoils,” Journal of Experimental Biology, 90, 143-
162, 1981.

Copyright [0 1998 by ASME



