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Jig-Shape Static Aeroelastic Wing Design Problem:
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A novel approach to the jig-shape static aeroelastic wing design problem is presented in this paper. Unlike
previous design efforts where the aerodynamic and structural analyses were coupled throughout the optimization
process, this work presents a truly decoupled approach. The proposed approach performs aerodynamic shape
optimization in the � rst phase to determine an optimal con� guration, followed by structural shape optimization
in the second phase to � nd the corresponding jig shape. The latter does not require the performance of any new
aerodynamic analyses, resulting in true decoupling of the jig-shape aeroelastic wing design problem. This results in
signi� cant reduction in computation time making the design of relatively complex wing structures feasible. For this
study high-� delity codes—ANSYS 5.0 for the structural analyses and a supersonic Euler code for the aerodynamic
analyses—were used. A modi� ed simulated annealing algorithm was used as the optimizer. Two examples are
presented a forebody problem and the design of a high-speed civil transport wing, to demonstrate the ef� cacy of
the methodology.

Nomenclature
r = cross-sectional radii
Sad = actual de� ected shape
Sdd = desired de� ected shape
Sud = desired unde� ected shape
t = shell thickness
z = z-station location
1A = actual maximum nodal de� ection
1D = desired maximum nodal de� ection
±i = structural error, difference between desired

and actual nodal location

Introduction

T HE design of modern, high-speed performance aerospace ve-
hicles is characterized by unprecedented levels of multidis-

ciplinary interactions of a number of technical disciplines such
as structures, aerodynamics, controls engineering, and manufac-
turing. These disciplines, among others, can impose considerable
constraintson the dynamic stability and controls performance mar-
gins required for � ight safety.

One of the many phenomenathat exists in complexaircraftdesign
is aeroelasticity: the study of the mutual interactionamong inertial,
elastic, and aerodynamic forces. The role of aeroelasticity in the
design cycle for high-performanceaircraft was realized as far back
as the early 1970s during the early years of the U.S. Supersonic
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Transport program. It was then concluded that major con� guration
design decisions such as the placement of the wing on the body
and the type and weight of various structural areas are paced by the
engineering efforts involved in structural analyses.1

The tradeoff between low drag and low structural weight for an
aircraftis primarilyaffectedby two meansof interactionbetweenthe
aerodynamic and structural response. An increase in the structural
weight results in an increase in the required lift and thereforehigher
forces of induced drag. On the other hand, the aerodynamic forces
acting on the aircraft cause structural deformations that change the
aerodynamicshapeand adverselyaffect the performance.One solu-
tion is to increase the stiffness of the structure in order to minimize
deformations. However, this results in an increase in weight that
degrades overall performance because of the requirement of more
lift. An alternative solution compensates for this effect by design-
ing the structure such that the structural deformation, caused by the
aerodynamic forces, results in the desired aerodynamic shape. This
so-called jig-shape approach accounts for the deformations of the
aircraft structure2 and is the focus of this paper.

The jig-shapeapproach to wing design is applicable to cases with
primarily static aeroelastic effects yielding wing deformations that
are approximately constant through most of the � ight time. This is
the case for many transports that spend most of their � ight time at
cruiseconditions.However, this approachmightbe ineffectivein the
designofaircraftwingsacrosstheirtotal � ight time—takeoff,cruise,
and landing—because an aircraft undergoes a variety of loading
conditions.

If the effects of structural deformation on aerodynamic perfor-
mance can be corrected by the jig shape, the interaction between
the aerodynamicsand structures becomes unidirectional.The aero-
dynamic design affects all of the aspects of the structural de-
sign, whereas the structural design affects the aerodynamic design
primarily through structural weight. The unidirectionality permits
static aeroelastic problems to be treated as two level optimization
problems, with the aerodynamic problem at the upper level and
the structural design at the lower level.2¡4 Taking advantage of
the asymmetric interaction between the structures and aerodynam-
ics presents an enormous potential for savings in computational
resources.
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Previous Research on the Jig-Shape Problem
A jig-shape approach for the aerodynamic and structural opti-

mization of the high-speed civil transport (HSCT) was presented
by Rohl et al.5 They incorporated several approximation tools in
the determination of an undeformed wing shape that deforms into
its cruise shape under the cruise load condition. The procedure to
determine the wing jig shape was initiated by the Flight Optimiza-
tion System code,6 which produced a baseline con� guration. For
the wing planform and cruise condition of this design, the wing
design program, WINGDES, was run to determine the optimum
twist and camber distribution.The latter was superimposedover the
“� at” wing grid that the Automated StructuralOptimizationSystem
(ASTROS) preprocessorhad produced.This yielded the � nal cruise
shape into which the wing was supposed to deform. ASTROS is
a multidisciplinarydesign tool capable of incorporating static, dy-
namic, aerodynamic, aeroelastic, and aeroservoelastic disciplines
for analysis and optimization of � nite element models.7

Severalareasof the jig-shapeapproachproposedin Rohlet al.5 are
further investigatedin the presentstudy.Althoughthey decomposed
the wing structuraldesignprobleminto three hierarchicallevels, the
structural and aerodynamic analyses were not completely decou-
pled.During the structuralshapeoptimization,both theaerodynamic
andstructuralanalyseswereperformediterativelyto solvetheaeroe-
lastic problem.Further, low-� delity approximationtechniqueswere
employed at every level of the design problem. Although approx-
imation methods play a signi� cant role in the preliminary design
process, higher � delity codes are needed to provide more accurate
detailedanalysesof aeroelasticphenomena.It is thereforenecessary
to develop a procedure utilizing advanced computational methods
for both the aerodynamic and the structural disciplines.

A methodology performing structural optimization with static
aeroelastic considerations was proposed by Karpel et al.8 They in-
corporated aeroelastic effects into a nonlinear aerodynamic code
originally developed to solve Euler or Navier–Stokes equations for
a � xed shapecon� guration.Computationalef� cienciesare achieved
throughsimultaneousconvergenceof the aerodynamicloads and the
structuraldesign.Karpel et al.9 developeda multidisciplinarydesign
optimization (MDO) approach to the static aeroelastic wing design
problem by coupling the aerodynamic optimization with structural
optimization as a suboptimization problem. This reduces the com-
plexity of the MDO and simpli� es the transfer of data from one dis-
cipline to the other. Other researchers have proposed modal-based
aeroelastic optimization methods for static aeroelasticity. These
methods utilize reduced-size models with low-frequency normal
modes of the baseline structure as � xed coordinates throughout
the optimization process, accelerating convergence to the optimal
design.10;11 A variable-complexity-modeling design strategy com-
bining aerodynamic and structural optimization was presented by
Neill and Herendeen.12 Their approach was applied to the HSCT.

Previous approaches to the jig-shape problem, as shown in the
literaturereview, performedaerodynamicand structuralanalyses it-
eratively to solve the static aeroelasticproblem. This paper presents
a truly decoupledapproach to the jig-shape aeroelasticwing design
problem.In this studyonlyaerodynamicanalysesareperformeddur-
ing the aerodynamic shape optimization, and only structural analy-
ses are performed during the structural shape optimization, thereby
considerably reducing the computational requirements. The use of
a stochastic optimizer overcomes the primary problem experienced
by gradient-basedoptimizers: convergenceto localminima. The ef-
� cacy of the methodology is demonstratedon two problems: to the
aeroelastic design of a forebody and to the design of a wing for the
HSCT.

Proposed Decoupled Approach
Aerodynamic and Structural Decoupling

The proposed jig-shape approach involves the following three
steps:

1) Perform an aerodynamic shape optimization to determine the
“optimal” shape by minimizing some performance criteria, for ex-
ample, drag. This shape is referred to as the desired de� ected
shape Sdd .

Fig. 1 Beam de� ection analogies employed in the jig-shape structural
shape optimization problem.

2) Using the � nal aerodynamic loading information determined
in step 1, perform a structural shape optimization to determine an
initial shape and object thickness that will deform into the Sdd on
loading.As will be explainedshortly, no new aerodynamicanalyses
are required.

3) Using the aerodynamic information determined in step 1, per-
form a modi� ed structural shape optimization to re� ne the initial
undeformed shape found in step 2. The shape from this step is re-
ferred to as the desired unde� ected shape Sud. As in step 2, no new
aerodynamicanalyses are required.

Step 1, the aerodynamic shape optimization, has been well doc-
umented in previous papers.13;14 This paper will therefore focus on
how the structural shape optimization can be performed (steps 2
and 3) without the need for new aerodynamicanalyses.Throughout
the discussions that follow, therefore, it will be assumed that the
aerodynamicanalyses have been completed.

The ability to decouple the problem can be explained via the
beam analogy illustratedin Fig. 1. Consider the two cases contained
therein:

1) A beam is subject to a load F.x/, whose magnitude is depen-
denton thebeamdisplacementx (similar to theaeroelasticproblem).
For a � nal displacement d the � nal applied load is F.d/. This cor-
responds to the end of the aeroelastic shape optimizationdescribed
in step 1. The de� ected beam shape and F.d/ correspondto Sdd and
the � nal aerodynamic loading conditions, respectively.

2) Consider an unde� ected beam whose shape is similar to the
� nal de� ected shape in case 1. By applying the � nal loading con-
dition F.d/ in the reverse direction, a displacement d 0 is attained
bringing the de� ected beam shape close to the unde� ected beam
shape in case 1. Similarly, for the structural shape optimization the
initialdesign S0

ud is determinedby reversingthedesiredaerodynamic
loads direction on an unstressed shape similar to Sdd .

Reapplying the � nal loading conditions on the initial design S 0
ud

does not result in a de� ection to the Sdd. This is because the differ-
ences in displacements and stresses in a curved beam compared to
a straight beam under similar loading conditions. S0

ud , however, is
expected to be in the neighborhood of the � nal design. Con� ning
the design space around this point reduces the overall computation
time.

Once the initial design is determined, the desired body loading
is applied, and a new de� ected shape is calculated. The objective
function for the shape optimization is de� ned as the L p norm dif-
ference between the Sdd and the actual de� ected shape Sad of the
current design (Fig. 2). As the optimization proceeds, the average
differencebetween Sdd and Sad is driven towards zero, yielding Sud.

Interfacing Aerodynamic and Structural Analyses

The coupling of aerodynamic and structural disciplines is ac-
complished by exchangingdata at the interfaces between � uids and
structures. This allows one to take full advantage of the numeri-
cal procedures for the individual disciplines such as � nite volumes
methods for � uids and � nite element methods for structures. All
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Fig. 2 De� nition of ±i used to determine the objective function of the
structural optimization.

aeroelastic computations require that pressure loads be transmitted
from the � uid dynamics side of the � uids/structures interface to the
structural nodes on the other side of the interface. In general, the
� uid and structure meshes have two independent representations
of the physical � uids/structures interface.15 When these representa-
tions are identical, that is, when every � uid point on the surface is
also a structural node and vice versa, the evaluationpressure forces
and the transfer of the structural motion to the � uid mesh becomes
trivial.

However, typical analyses involve � uid and structuremeshes that
have different elements and have been independently created, re-
� ned, and validated. The following two problems must therefore
be addressed: 1) when the � uid structure interfaces are not iden-
tical, their discretizations do not coincide and must therefore be
“matched,” and 2) the locating of speci� c points in the respective
meshes, that is, � uid interfacepointsmust be located in the structure
mesh and vice versa.16

Several different techniqueshave been suggested for the data ex-
change at the � uid and structure mesh interface. Blair17 proposed
an s-element, a simple linearized shell element based on a paramet-
ric bicubic surface spline, to promote a uni� ed computational � uid
dynamics (CFD)/computational structural mechanics surface for-
mulation.Before initiating the aeroelasticprocess,Bhardwaj et al.18

created mappings that transfer pressures on the � uids grid to the
structural � nite element grid and the resulting displacementson the
� nite element grid back to the � uids grid to deform it. The map-
ping only required the � uid surface and � nite element grid point
coordinates.

A method for sharing CAD geometry at the � uids/structures in-
terface was presented by Samareh.19 Once the CAD geometry was
built, it wasstoredasa set ofnonuniformrationalB-splinessharedby
each discipline.Gupta20 employedthe � nite elementmethod (FEM)
to model both the � uids and structures continua. The contributions
of the aerodynamic nodal values to the structural node were com-
puted by standard � nite element interpolation procedures and ele-
ment shape functions.Newman et al.21 modeled the � uids/structures
interface by generating the surface structural nodes for the � nite
element model as a subset of the aerodynamic surface grid. The in-
teraction between the � uids and the structure was accomplished by
lumping the aerodynamic forces at the surface structural nodes and
applying them directly to the jig shape, that is, the unloaded wing
shape.

A parallel grid-to-elementapproach was developedby Byun and
Guruswamy22 to de� ne the location of the points of the � uid grid
relative to the � nite elements at the surface of the structure. In this
approach every � uid grid point that lies on the � uids/structure in-
terface was identi� ed with respect to a � nite element. Maman and
Farhat16 also developed a parallel approach to interfacing the � u-
ids and structures meshes. They generated data structures needed
for handlingarbitraryand nonconforming� uids/structure interfaces

in aeroelastic computations. An assessment of the performance of
numerous approaches using nonlinear CFD methods coupled with
linear representations of computational structural dynamics equa-
tions can be found in Smith et al.23

All of these formulations transfer data back and forth between
the � uids and structural domains by the necessity of interactively
performingboth � uids and structuralanalyses.Removal of the aero-
dynamic analyses during the structural shape optimization, as pre-
sented in this paper, eliminates the need for bidirectionaldata trans-
fer betweenthe� uidsandstructuralgrids.Sucha transferis therefore
only required for the aeroelastic veri� cation of the � nal design.

For this study a very ef� cient hybrid � nite volume implicit Euler
marching method24;25 was used for the aerodynamic analyses. The
numerical formulation was based on the node-centeredscheme de-
veloped originally by Jameson and is currently in use by NASA
Langley to evaluate the HSCT con� gurations.26

ANSYS,27 a commercial � nite element code, was used for the
structural shape optimization. The p-method, which provides an
excellent way to solve a problem to a desired level of accuracy
while using a coarse mesh, was utilized.The p-method manipulates
the polynomial level (p-level) of the � nite element shape functions
that are used to approximate a real solution. The higher the p-level,
the better the � nite element approximation of the true solution is.
Structural shell elements that supporta polynomialwith a maximum
orderof eightwere used.They are particularlywell suited to model-
ing curved shells. The elements are de� ned by eight nodes—one at
each corner and one at each midside—and four thicknessesde� ned
at each corner.

Shape Optimization Formulation
In general, the objective function can be formulated as

min f1 D

Á
1
n

nX

i D 1

±
p
i

!1= p

(1)

subject to a maximum speci� ed de� ection and bounds on the de-
sign variables. In Eq. (1) f1 is the average difference, structural
error, at each of the nodal locations,±i is the geometrical difference
between the actual and desired i th nodal location, and p represents
the order of the normalizationused. Increasing the value of p in the
normalization magni� es the effects of the larger nodal geometrical
differences in the objective function.

For this study the bodies were assumed to be shells of uniform
thickness t. Because the valueof t is unknowna priori, it is treatedas
an additional design variable. The value of the thickness primarily
affects the magnitude of the nodal de� ections obtained from the
loadingof the shell. To � nd the appropriate t that results in a desired
maximum nodal de� ection, the objective function f1 is modi� ed to

min f2 D W1

Á
1
n

nX

i D 1

±
p
i

!1= p

C W2j1D ¡ 1Aj (2)

where W1 and W2 are weighting factors. Minimization of f2

yields the desired jig shape while meeting the maximum de� ection
requirement.

Simulated annealing,a stochasticoptimizationmethod, was used
to performthe optimization.The next sectionpresents two examples
that demonstrate the ef� cacy of the proposed jig-shape approach.
The � rst, design of a forebody, serves as a proof-of-concept.The
second is the design of an HSCT wing.

Examples
Proof-of-Concept: Forebody Problem

This example focused on the geometry determination of an ax-
isymmetric forebody for minimum drag, taking into account static
aeroelastic effects, namely, structural de� ection caused by aerody-
namic loading. The body shape was de� ned at n equally spaced
cross sectionsbetween the nose and the end of the forebodywhere a
radius ri is speci� ed (Fig. 3). By � tting cubic splines between
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Fig. 3 Geometric de� nitionof forebodypro� le. Cross-section radii de-
� ned at n stations equally spaced along the z axis.

Fig. 4 Translation of aerodynamic loads to ANSYS � nite elements.

the radii while enforcing an equal slope constraint between succes-
sive splines,the forebodypro� le was generated.A full rotationof the
pro� le created the three-dimensional forebody shape. The aerody-
namic shapeoptimizationwas previouslydocumented in Aly et al.14

The generalized objective function presented in Eq. (2) took on
the form in Eq. (3), where the structural error ±i was measured
at 50 equally spaced positions along the length of the body. For
this problem the body was de� ned at 10 different cross sections.
The locations of the cross sections (zi ) and the correspondingradii
(ri ), coupled with the unknown shell thickness t , constituted the
21 design variables.

min f2.r; z; t/ D W1

Á
1

50

50X

i D 1

±2
i

! 1
2

C W2j1D ¡ 1A j (3)

Care was taken to ensure accurate translationof the desired aero-
dynamic loading onto the � nite element mesh. The � ow solver was
set to yield aerodynamicpressures at 3-ft intervals along the z axis,
coinciding with the boundaries of the � nite elements (Fig. 4). The
average pressure on each element Pavg was computed by averaging
the two boundary pressures Pi and Pi C 1. The interior of the body
was assumed to be under freestream pressure.

The aerodynamic calculations were carried out on a relatively
coarse mesh consisting of 39 circumferential and 40 radial cross-
� owmeshpointsof the � rst conicalmeshat 50 streamwiselocations.
This mesh was selected as it gave accurate results without exces-
sive memory requirements or computation time. Flow solves were
terminated when the � nal tolerance on the � ow variable residual
reached 0.001. Increasing the convergence tolerance by two orders
of magnitude more than doubled the computation time required for
one function evaluation.

Flight conditions were supersonic at Mach 2.4, with zero angle
of attack and zero lift. The nose angle was � xed at 6 deg. The length
of the body is 150 ft with the cross-sectionalradius at the end � xed

at 7.8828 ft with a 0-deg slope. The bounds on cross-sectionalradii
and z-stationlocations(r; z) were set at §2% of the initial design.To
reduce the overall complexityof the problem,FEM shells have been
used, as opposed to a detailed truss structure on which a “skin” is
attached.The use of shells, however, results in a lower deformation
fromtheaeroelasticloadsthanwouldbe thecase for a trussstructure.
Consequently,structuralmaterial propertieswere arti� cially chosen
to allow the structure to demonstrate signi� cant static aeroelastic
response for the given � ow condition.

The structural shape optimization forms the last two steps of the
proposed three-step approach. Step 2 determines an optimal shell
thickness,which satis� es the desiredmaximum nodal de� ection re-
quirement, and step 3 � nds the optimal jig shape. For this example,
the desired maximum nodal de� ection 1D was 0.5 ft. For step 2 the
weighting factors W1 and W2 in Eq. (3) were set to 1 and 10, respec-
tively, ensuring the second term drove the optimization.The results
from step 2 yielded an objective function value f f in

2 D 0:112 from
an initial value of f ini

2 D 1:0122 in 180 function evaluations. This
corresponded to an optimal thickness of 0.3559 ft and a maximum
nodal de� ection of 0.5017 ft or 0.34% difference from the desired
maximumde� ection.This designrepresentsan average0.095-ftdif-
ference between the actual and the desired de� ected shape at each
nodal location.

The structural shape optimizationin step 3 was initiated from the
optimal solutionfoundafter step 2. It employeda modi� ed objective
function as shown in Eq. (4):

min f3.r; z; t/ D

Á
1

50

50X

i D 1

±2
i C j1D ¡ 1A j

! 1
2

(4)

This formulation gives equal weight to both terms during the
optimization process. Step 3 produced an objective function value
f f in
3 D 0:0470 ft from f ini

3 D 0:0942 ft in 150 function evaluations.
The optimal thickness was 0.3484 ft giving a maximum nodal de-
� ection of 0.5112 ft or 2.24% higher than the desired maximum.
This � nal design represents an average 0.045-ft differencebetween
the actual and the desired de� ected shape at each nodal location, or
a 52% improvement from the design found at the end of step 2.

As no aerodynamic analyses are done throughout the structural
shape optimization, veri� cation of the drag for the � nal jig-shape
incorporating aeroelastic effects is necessary. Using a standard di-
rect iterative scheme, that is, alternating between aerodynamic and
structural analyses, the coef� cients of drag for the unde� ected and
de� ected shapes were determined to be 0.009901 and 0.009065,
respectively,an 8.44% reduction.The coef� cient of drag for the de-
� ected jig shape was 5.2% lower than that of the desired de� ected
body (Cd D 0:009565).14 As results from the � rst phase, aerody-
namic shape optimization, are near-optimal solutions, bodies with
slightly improved aerodynamicperformance after the second phase
are possible, as is the case here.

This simple forebody example illustrates that true decoupling of
the jig-shapeproblem,and the use of high-� delity codes is possible.
The use of the stochastic optimizer eliminates the need to evaluate
gradients, a process that can require considerable computational
resources for problems with a relatively large number of design
variables.

HSCT Wing Design Problem

The second example looked at the aeroelasticdesign of an HSCT
wing. The baseline HSCT con� guration obtained from NASA
Langley (Fig. 5) was assumed to be Sdd. The wing body had a
coef� cient of drag Cd D 0:00766. For this example the fuselageand
a portion of the wing body from the centerline out to the end of the
left span was omitted. The resulting wing (Fig. 6) had an area of
4373 ft2, a leading-edge sweep of 74 deg inboard and 45 deg out-
board, and a wing span of 73.23 ft. The geometry of the wing was
de� ned at � ve differentcross sectionsalong the span, eachcrosssec-
tion de� ned by 20 points. The FEM model had 200 elements. As in
the forebody example, material propertieswere chosen to allow the
structure to demonstrate an exaggerated static aeroelastic response
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Fig. 5 Typical HSCT con� guration.

Fig. 6 HSCT baseline wing.

Fig. 7 Locations of the � ve stations along the span where the design
variables are de� ned.

for the given � ow conditions. This is because shell elements were
used in the FEM, as opposed to an underlying truss with a metallic
“skin.”

The pro� les of the cross sections of the airfoil at each of the sta-
tions were assumed � xed, limiting in-plane deformations to rigid-
body translations and rotations. New wing con� gurations were ap-
proximately modeled with an equivalent vertical translation (wing
shear)and twist angleat � ve span locationsapproximately18 ft apart
(Fig. 7), yielding 10 design variables. A cubic spline that forms
the leading edge was de� ned by the wing shear design variables,
whereas the trailing edge was de� ned by � ve twist angle design
variables.Because the airfoil cross sectionswere assumed constant,
the remaining geometry could be interpolated between the leading
and trailing edges.

The desired aerodynamic loading was calculated at � ight condi-
tions of Mach 2.4 at 55,000 ft with a 4-deg angle of attack. These
loads were transferred from the � uids mesh by interpolation onto
the corner nodes of the 200 FEM model elements of the wing. The
nodes corresponded to the geometrical points used to de� ne the
shape of the wing. In an effort to reduce the computationalexpense,
the design space was discretized, thereby reducing the number of
possible body con� gurations.Throughout the optimization the � rst

a)

b)

Fig. 8 Rear view of a) the unde� ected (unshaded) and the de� ected jig
shape and b) the desired de� ected shape.

20 elements on the farthest inboard portion of the wing were ig-
nored as that part of the wing inside the fuselageand does not affect
aerodynamicperformance.

There is a great deal of dif� culty in numerically comparing two
three-dimensional surfaces. As this study served as a proof-of-
concept, the comparison was achieved by measuring the difference
between the centroids of the desired and de� ected body elements.
Future investigationswill look at more accurate representations.

In the � rst step of the shape optimization process, the weights
W1 and W2 in Eq. (2) were set to 0.1 and 50, respectively, and a
desired maximum de� ection 1D was set to 10% of the wing span
or 7.332 ft. These values for the weights were found iteratively. It
took about 6 or 7 attempts before we were satis� ed that the weights
were satisfactoryfor the optimizationprocess.The optimizationrun
yielded an objective function f f in

2 D 3:549 from an initial value of
f i ni
2 D 288:371 in 110 function evaluations. This gave an optimal

shell thickness of t D 0:1853 ft corresponding to a maximum de-
� ection of 7.283 ft, a 0.67% difference with the 1D . This design
corresponded to a 0.1904-ft difference between the Sdd and Sad at
each of the 200 element centroids.

Using this solution as the starting point for step 3 and weights
of 1 and 50, respectively, an optimal solution of f f i n

2 D 26:7429
was calculated from an initial value of f ini

2 D 34:281 in 130 func-
tion evaluations. The optimal shell thickness was found to be
t D 0:1896 ft, yielding an actual maximum de� ection of 7.0878 ft,
a 3.3% difference from the desired. This � nal design corresponded
to an average 0.1483-ft difference between Sdd and Sad at each of
the 200 element centroids,or a 22% improvement from the solution
obtained in the � rst step. Figure 8a illustrates the de� ected and un-
de� ected shape of the � nal design. Figure 8b displays the desired
de� ected shape.

The small geometric differencebetween the Sdd and Sad at each of
the 200 element centroids showed that satisfactory results could be
obtainedby thisapproach,despite theuseof only10designvariables
and a coarse geometry, both insuf� cient to exactlymodel the geom-
etry of the unde� ected wing. Higher accuracy could be achieved by
de� ning the geometry at more spanwise and chordwise locations.
This examplealso demonstratesthat the use of high-� delity codes to
perform the analyses is feasible. For this study aeroelasticdrag was
not computed for the � nal design. Future work, where the geometry
is more accurately de� ned, will also include full static aeroelastic
veri� cation of the � nal design.

Conclusions
A novel decoupled approach to the jig-shape aeroelastic wing

design problem is presented in this paper. The aerodynamic and
structural shape optimizationsare performed independentlyand se-
quentially. Unlike previous approaches, no aerodynamic analyses
need to be performed during the shape optimization.This results in
a signi� cant reduction in the required computational resources and
makes the use of high-� delity codes viable.

Because computational cost and organizationaldif� culties often
limit the implementation of MDO procedures for aeroelastic de-
sign, approximations are typically employed whereby the opti-
mizer is applied to a sequence of approximate problems. Although



1066 ALY ET AL.

approximationmethodsplay a signi� cant role in the preliminaryde-
sign process, higher-� delity codes are needed to provide accurate,
detailed analyses of static aeroelastic phenomena. With two man-
ageableyet signi� cant optimizationproblems, this investigationhas
demonstratedthe feasibilityof employinga decoupledjig-shapeap-
proach to static aeroelastic design.

Designing for the cruise condition is just one of many, often
competing, criteria in any multidisciplinary/multicriteriadesign op-
timization problem. Typically,multiple objective functions must be
evaluated and a compromise solution sought de� ning the optimal
design. The approach presented in this paper can be incorporated
into any MDO strategywhere one of the design goals is minimizing
drag at the cruise condition.
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