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A wing-design optimization study is conducted on a composite wing. The objective is to evaluate the effect of the
composite layup orientation on the optimized weight while satisfying constraints on strength, roll-reversal velocity,
and � utter velocity. The wing optimization studies are presented with the composite layups oriented at 5-deg
increments up to § 20 deg from the midspar of the wing. The multidisciplinary optimization system, ASTROS,
was used in the design study. This study, although not conclusive, indicates that optimal designs when subjected
to multiple structural constraints are relatively insensitive to the orientation of the laminate layup.

I. Introduction

M ULTIDISCIPLINARY design optimization(MDO) has been
the subject of numerous investigations in recent years. This

technologypush is primarily attributed to the rapid growth in speed,
data transfer,and storage capabilitiesof modern computers. It is an-
ticipated that in a few years the speed of computation may surpass
the G� ops/s range with similar improvements in memory devices.
The computer’s capabilities are doubling or tripling in a relatively
short time, while the cost of computation and information process-
ing is reducing by similar factors. These far-reachingdevelopments
in computers are the propelling force behind the rapid evolution
of the so-called information highway. The information explosion is
already affecting almost every facet of life in industrialized coun-
tries while pushing industrializationof the remainingcountries.The
world is a very competitivemarket place for products. It is expected
to be even better for the consumer. Cost, quality, and innovation
are the key ingredients for success in such an environment.A well-
orchestrated MDO strategy is the best means for improvement in
all three areas. It is often the mistakes made in early design that
haunt the bad performanceof the products. MDO systems on mod-
ern computers allow the rapid evaluation of the operation scenarios
of the products.

The rapid strides in computers are the catalyst in promoting so-
phisticated computer architectures, database technology, and nu-
merical methods. These developments, in turn, are providing the
necessary infrastructure for integration of both disciplines and the
designstages.For example,in airframedevelopment,aerodynamics,
structures,and controls are the main disciplines;whereas in design,
manufacture,operation, and maintenanceare the stages of develop-
ment. Each of these stages is further divided into manageable tasks
that are appropriate to available resources. For example, the design
task is traditionally conducted in conceptual, preliminary, and de-
tail design stages. If we couple this view of design with the task
of integration of the disciplines (such as aerodynamics, structures,
and controls), we have an almost intractable optimization problem,
where the overall minimum cost is the primary driver. It is under-
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stood, however, that the product development time (from concept
to market) is a signi� cant cost factor and needs to be minimized as
well. The promotion of smooth design interfaces and data transfers
is the key to overall cost reduction.

Structuraloptimizationis rapidlytransitioningfroman interesting
topic of academic research to an effective interdisciplinary design
tool to achieve the objective of improved performance, reduced de-
sign time, and minimized weight and/or cost. It is also emerging
as an excellent communicator between disciplinary groups such as
aerodynamics,structures,and controls. With success comes the de-
mand for expanding the envelope of opportunities to bring in more
complex performance constraints and variables that affect the con-
� guration. For example, the current emphasis in preliminary de-
sign is optimization with sizing variables such as thickness of the
plates, cross-sectionalareas, moment of inertias of rods and beams,
laminate thicknesses and directions of composite layers, and con-
centrated masses and their offsets (mass balancing). The next step
is to bring in the structural concept variables such as the number
and location of the spars, ribs, stiffeners,etc. These are all basically
structuralvariables,and their effect on the � nal result is not expected
to be signi� cant over the sizing variables alone. However, there is
strong speculation that con� guration variables such as wing sweep,
aspect ratio, surface area, taper ratio, arrangement of control sur-
faces,and hingelinesmay producesigni� cantlybetterdesignswhen
they are included in the preliminary design. Nevertheless, changes
in a con� guration can signi� cantly alter the aerodynamic behav-
ior and present numerous dif� culties for optimization because the
analytical derivatives are not easy to obtain from the aerodynamic
computations.The � nite differencederivativeson the other hand are
too expensivein a preliminarydesignsetting.The conceptualdesign
can accommodatethesevariablesmuch more effectively,becauseof
fewer variables and constraints and a generally simpli� ed analysis.

The object of this paper is to explore the bene� ts of de� ning ply
orientation as a variable in the design of composite structures. The
implication being that at any given point in the structure all of the
� bers are oriented in the same direction,and the angle of this orien-
tation and the total thickness of the � bers are the two variables. In
contrast, the general practice in the design of composite structures
is to assign a � xed layup consisting of a number of � ber directions
(four or more), and the optimizationselects the percentagesof � bers
in each direction. For example, in a layup consistingof 0-, 90-, and
§45-deg ply directions, the design can start with equal percentages
(25%) for each direction, and the optimizer selects the actual per-
centages to minimize or maximize the objective function subject to
the speci� ed constraints.For example, in an extreme case of a high-
aspect-ratiorectangularwing subject to bendingonly, the � nal layup
will consist of 100% 0-deg � bers. This is on the assumption that the
0-deg � bers are speci� ed in the spanwise direction. Similarly, if the
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wing is subjected to pure twist, only C45 and ¡45 deg � bers will be
in the � nal design.However, this is true only when there are no min-
imum size limits. The variables in the optimizationproblem are the
thicknesses of the plies in each direction and in each element. This
is a well-accepted procedure, but, nevertheless, it is interesting to
consider allowing the same layup (0, 90, and §45 deg) to orient dif-
ferently with reference to a � xed axis. The present study addresses
this issue by optimizing a structure for static loads with constraints
on strength, roll-reversal and � utter velocity, and varying the angle
of the layup orientation with respect to a speci� ed reference axis.
Design studies in this paper were conducted with an existing opti-
mization, program, ASTROS.1;2 Optimization in ASTROS is based
on modi� ed feasible directions.

II. Review of Related Design Studies
In Ref. 3 the authors made a design optimizationstudy on a com-

posite wing. The object was to evaluate the effect of the composite
laminate layup (ply orientation) on the optimized wing weight with
strengthand � utter behavioras constraints.This study, althoughnot
conclusive, indicated that the optimal designs are relatively insen-
sitive to the laminate layup. This view is not necessarily shared by
other investigators.4

Lerner and Markowitz5 and Lerner6 presented composite wing
design studies with strength and static and dynamic aeroelastic
constraints(control surface effectiveness,� exible surface lift-curve
slope, divergence speed, etc.). The studies included both aft-swept
and forward-swept wing models. A distinguishing feature of the
studies is that they used � nite element models of built-up wings
with laminated composite skins. Most of the studies prior to this
were based on beam or � at-plate structural models. However, their
optimizationwas based on a sequentialapproach.The structurewas
resized � rst for strength using the fully stressed (FSD) concept and
then resized for aeroelastic constraints. During the latter step the
strength design was considered at minimum sizes. This procedure
resulted in satisfactory designs, but, nevertheless, they were signif-
icantly heavier than the original FSD designs. Such a signi� cant
weight penalty may not be necessary if the structure is optimized
with the simultaneous imposition of all the constraints.The current
MDO technology (as in ASTROS and other systems) allows such
an investigation.We hope to address this in the future.

Bohlman, Love et al.7 made extensive strength and aeroelas-
tic design studies on full and scale models of VAT (Validation
of Aeroelastic Tailoring8 ) wings. Lockheed Martin’s (then Gen-
eral Dynamics-Ft Worth) ELAPS program (a modi� ed version of
TSO) and ASTROS were used in this design study. An ELAPS
structures model is a RITZ � at-plate representation, whereas the
ASTROS models are FEM based. The earlier VAT studies included
wind-tunnel test data with static, aeroelastic, and � utter models to
demonstrate the bene� ts of aeroelastic tailoring. The value of these
studies is in the comparison of the analytical and test results.

Yurkovich’s recent study9 using the ASTROS system indicated
some interesting trends and bene� ts that are not obvious intuitively.
For example, in this study the weight minimization of wings is
relatively insensitive to the number of spars and ribs. If this is true,
then wing panel buckling may not be a serious concern in design.

Numerous other design studies, using new software systems, are
providing a wealth of information toward understandingthe behav-
ior of optimal designs. Some of these results defy our intuition and
should be examined critically. They need validation in the labora-
tory and also in � ight testing. The important bene� t of these design
studies is in providing information on the interaction and coupling
of the variables, constraints and performance. This information is
vital in makingdecisionson a returnof investmentin MDO systems.

III. Formulation of the Design Study
The constrained optimization problem is generally stated as fol-

lows:
Minimize or maximize:

F.X/ D F.x1; x2; : : : xn/ (1)

subject to the inequality constraints

gi .X/ D gi .x1; x2; : : : ; xn/ · Ngi ; i D 1; 2; : : : ; k (2)

equality constraints

gi .X/ D gi .x1; x2; : : : ; xn/ D Ngi

i D k C 1; k C 2; : : : ; k C p (3)

and manufacturing constraints on the variables

XL · X · XU (4)

The physicalparameters (thickness,etc.) are the variables.The nor-
malized inequality constraints can be written as

G.X/ D g.X/= Ng.X/ ¡ 1 · 1:0 (5)

or

G.X/ D g.X/= Ng.X/ ¡ 1 D 0 (6)

In aircraft preliminary design the most common objective func-
tion is the weight. The constraints are generally on the stresses and
displacements under static loads (a load being a combination of
steady air loads and inertia forces resulting from various maneu-
vers of the aircraft). In addition there are constraints derived from
static and dynamic aeroelasticity.In this paper stress constraintsbe-
causeof static loads, a � utter constraint,and an aileron effectiveness
constraint are considered.

The basic equations of static structural analysis are represented
as

P D K u (7)

where P is a vector of applied maneuver loads that include both
aerodynamic and inertia loads at the peak of the maneuver. The
aeroelastic (� exibility effects) are included in the loads computa-
tions. The K on the right-hand side of Eq. (7) is the stiffness matrix
of the structure, and u is the resulting displacement vector of the
structure. The number of load vectors in P constitutes the number
of maneuvers considered in the design. After solving for the dis-
placements, the stress and strain values in all of the elements are
computed. The stresses and strains are then compared to see if they
exceeded the limits imposed.

The basic structural dynamics equation that governs the aeroe-
lastic behavior of the structure is given by

Mu C C Pu C K u D P.u; t/ (8)

The mass M , damping C , and stiffness K represent the structural
properties. The right side of Eq. (8) represents the external forces
(aerodynamicand other forces) on the system. As can be seen from
the equation it is a nonconservative dynamic system because P is
a time- and displacement-dependent system. In the static aeroelas-
tic case, such as divergence, control surface effectiveness, etc., the
system is treated as time independent, in which case the mass and
damping terms are generally ignored. Then the static aeroelastic
case can be written as

.K ¡ AS/u D P± (9)

where K is the structural stiffness matrix, AS is the aerodynamic
in� uence coef� cient matrix, and ± is a vector of con� guration pa-
rameters such as angle of attack and elevator angle. P is a unit
aerodynamic loads matrix. See Ref. 1 for detailed de� nitions and
solution of Eq. (9).

Now, aileron effectiveness is de� ned as

" f f D ¡ C F
l± C R

lp (10)

where C F
l± is the � exible rolling moment coef� cient created by

an aileron rotation ±, and C R
lp is the � exible rolling moment co-

ef� cient created by a roll rate p. For further details see Ref. 1.
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IV. Sensitivity Analysis
The sensitivity analysis represents the gradients of the objective

and constraint functions. As examples of how the � ber orientation
variable affects the sensitivity analysis, a brief discussionof weight
as an objective function and stress, � utter velocity, and aileron re-
versal as constraints is includedhere. If the weight of the structure is
the objective function, then the sum of the weights of the elements
in the � nite element model plus any nonstructuralattachments con-
stitutes the total weight. Usually the nonstructural attachments are
independent of the structural variables, and they are not included
in the objective function de� nition. The gradients of the objective
function F with respect to the thickness variables would be greater
than zero.

@F

@xi
> 0 for thicknessvariables (11)

The basis for stress and displacement constraints are the equilib-
rium equationsgiven in Eq. (7). The gradientof the stress constraint
in the i th element can be written as

@G

@xi
D 1

Ngi

@gi

@u
@u

@xi

(12)

if Ngi is constant, otherwise the equation needs to be modi� ed to
account for the variation. Because the stress is a linear function of
the displacements, the � rst term on the right of Eq. (12) does not
contain any other derivatives, while the second term contains the
derivative of the element stiffness matrix as follows:

@G

@xi
D 1

Ngi

@gi

@u
K ¡1 @ki

@xi
u (13)

The element stiffness matrix is a function of the thickness variable,
and is generally a nonlinear function. Nevertheless, this derivative
involves only the element in question for the thickness variable.

The equation governing the � utter condition can be written as

f¡!2 M C K ¡ .½V 2=2/[a.!b=V; m/]gq D 0 (14)

where M and K are the mass and stiffness matrices. The circular
frequencyof vibration correspondingto the harmonic motion at the
� utter condition is !, and V is the freestream velocity or the � utter
speed. The parameter b is the reference aerodynamic chord, m is
the Mach number, and a represents the aerodynamic matrix that is
a function of the reduced frequency k and the Mach number, and q
is the vector of generalizedcoordinates.The reduced frequency k is
de� ned as

k D !b=V (15)

The � utter velocity and the frequency gradients with respect to the
design variables can be written as3

V;i D ¡.b!=k2/K;i ¡ .b!3=2k/ Ņ
;i (16)

¸;i D
pt .K;i ¡ ¸M;i /q ¡ ¸pt A;k qK;i

pt .M C A/q
(17)

where ¸ D !2; Ņ D 1=!2; pt is the left-handeigenvectorcorrespond-
ing to q, and A is a[.!b=V /; m] de� ned in Eq. (14). The key deriva-
tives in the two equationsare the elementmass and the element stiff-
ness matrices with respect to the design variables. The derivativeof
the aerodynamic matrix is with respect to the reduced frequency
and not the variables in the design. The element mass matrix and
stiffness matrix are functions of the thickness variable.

V. Optimization Algorithm
The basic modi� ed feasible directions optimization algorithm,

with some variation, is of the form

X ÀC1 D XÀ C ¿ À DÀ (18)

where XÀ C 1 and XÀ are the design variable vectors in two consec-
utive cycles of iteration. The procedure starts with an initial design
vectorX0; i.e., À D 0. À is incremented,À D À C 1, and the objective
function F.XÀ ¡ 1/ and constraints g j .XÀ ¡ 1/ j D 1; : : : ; k C p are
evaluated. A set of critical or active constraints J is identi� ed, and
the gradientsof the objectivefunctionrF.XÀ ¡ 1/, and the gradients
of theconstraintsrg j .XÀ ¡ 1/ for all j in J , are calculated.The active
constraintsare the most violated constraints and those within a pre-
scribed tolerance of them. A search direction DÀ is determined,and
a one-dimensional search is made to � nd ¿ À . Equation (18) is then
evaluated to determine XÀ C 1 . The preceding procedure is repeated
with the new design vectors until the design satis� es the optimality
conditions or some other termination criterion. The critical parts of
the optimization algorithm consist of the following:

1) Find a feasible search direction DÀ .
2) Find the scalarparameter¿ À thatwill minimize F .XÀ C ¿À DÀ/

subject to the constraints.
3) Test for convergenceto the optimum and terminate the proce-

dure when convergence is achieved.

VI. Design Studies
All of the design studies in this paper were made with the three-

spar wing shown in Fig. 1. In all of these studies the basic composite
layup consists of four � ber directions, 0, 90, §45 deg. It is also
assumed to be a balanced layup where the C45- and ¡45-deg � bers
are equal. Ply orientation is not a variable in this study. Instead, the
layup is � xed, the 0-deg � bers are at an angle with reference to the
midspar of the wing. The percentageof � bers in the four directions
is changed in the optimization. In the next design the angle of the
0-deg � bers is incremented by C5 deg. Similarly, the remaining
design studies are with 5-deg increments both in the positive and
negative directions from the midspar. The program ASTROS was
used in this study.

Three categories of design studies are presented for Mach 0.8
and 1.2. The � nite element model of the wing is shown in Fig. 2.
In all cases the wing is subjected to three independent static loads.
The � rst loading condition was generated from a subsonic forward
center of pressure distribution for a Mach 0.9 � ight condition, and
the second loadingconditionwas generatedfrom a supersonicnear-
uniform pressure distribution for a Mach 2.0 � ight condition. Both
� ightconditionswere at 30,000-ftaltitudeand 2-degangleof attack.
The third loadingconditionwas generatedto give a twist to thewing.
Details on the load distribution are given in Ref. 10. The material
properties of graphite/epoxy for the wing skins and aluminum for
the spars, ribs and posts are given in Table 1. For the present study
an aileron was added to the aerodynamic planform. The 32.4-in.

Fig. 1 Aerodynamic planform and structural arrangement of the
wing.
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aileron was attached to the structure at the 73.3% chord 10.8 in.
from the tip of the wing (Fig. 1).

A. Category I Studies

In the � rst category the wing is optimized for static loads with
stress and size constraints only. A total of nine optimum de-
signs were made with ASTROS. In the � rst design the 0-deg
� bers of the composite layup coincide with the midspar. The re-
maining optimum designs are generated with 5-deg increments
of the 0-deg � bers from the midspar up to §20 deg. The opti-
mum structural weights are plotted against the layup orientation
in Fig. 3. The data are summarized next. 0-deg ply orientation D
20, 15, 10, 5, 0, ¡5, ¡10, ¡15, and ¡20 deg. ASTROS D
37.373, 35.579, 34.562, 34.857, 35.861, 37.420, 40.623, 41.581,
and 43.512 lb. As can be seen from Fig. 3, the optimum weight is
not very sensitive to ply-layup variation.

These optimum wings were then analyzed at various dynamic
pressures, and the aileron effectivenesswas calculated from Eq. 10.
Further, the reversal dynamic pressure at which the aileron is ren-
dered completely ineffective for producing a rolling moment is de-
termined. The reversal dynamic pressure is calculated from a zero
conditionof the aileron effectiveness.A plot of dynamic pressurevs
aileron effectiveness for the 15-deg rotation angle for Mach num-
bers 0.8 and 1.2 is shown in Fig. 4. Table 2 summarizes the reversal
pressurefor the differentlayuporientations.From Table 2 the values
of q D 8 for Mach 0.8 and q D 6 for Mach 1.2 were selected, and the
corresponding values of aileron effectivenesswere calculated. The
results are tabulated in Table 3. Table 3 shows that the maximum
value of aileron effectivenessfor q D 8 Mach 0.8 occurs at ¡15 deg
and for q D 6 Mach 1.2 at ¡10 deg.

Table 1 Material properties of the wing

Spars Ribs Posts

Aluminum
E D 10:5 £ 106 psi ¾t · 67 ksi ½ D 0:10 lb/in.3

# D 0:30 ¾c · 57 ksi tmin D 0:02 in.
¿x y · 115 ksi

Graphite/epoxy
E1 D 18:5 £ 106psi #12 D 0:25 ½ D 0:055 lb/in.3

E2 D 1:6 £ 106psi G12 D 0:65 £ 106 psi tmin D 0:00525in.
j¾x j · 115 ksi
j¾y j · 115 ksi

Fig. 2 Finite element model of the wing.

B. Category II Studies

The wing was then optimizedwith the static loads with stress and
size constraints and an aileron effectiveness constraint. The aileron
effectivenessconstraintcorrespondingto the¡15-degrotationangle
(0.1028) was imposed for all other rotation angles at Mach 0.8, and
the aileron effectiveness constraint corresponding to the ¡10-deg
rotation angle (0.0532) was imposed for all other rotation angles
at Mach 1.2. The starting designs for each rotation angle were the

Table 2 Aileron reversal dynamic pressure
for each rotation angle

Aileron reversal dynamic pressures
Rotation angle, deg Mach 0.8, psi Mach 1.2, psi

20 11.905 8.720
15 10.083 7.384
10 8.869 6.456
5 9.381 6.893
0 10.380 7.635
¡5 11.923 8.862
¡10 13.617 9.861
¡15 13.681 9.838
¡20 13.313 9.508

Fig. 3 Optimum weight vs the rotation angle.
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Table 3 Aileron effectiveness for q = 8 psi Mach 0.8
and q = 6 psi Mach 1.2

Aileron effectiveness
Rotation angle, Mach 0.8 Mach 1.2
deg q D 8 psi q D 6 psi

20 0.0823 0.0410
15 0.0509 0.0228
10 0.0236 0.0078
5 0.0359 0.0157
0 0.0549 0.0261
¡5 0.0807 0.0409
¡10 0.1019 0.0532
¡15 0.1028 0.0522
¡20 0.1013 0.0504

Table 4 Optimum weights for each rotation angle

Optimized weight
Stress, size, and aileron

Rotation, deg Mach 0.8, lb Mach 1.2, lb Stress and size,

20 37.883 37.625 37.373
15 37.646 37.306 35.579
10 37.391 37.031 34.562
5 37.206 36.867 34.857
0 36.880 36.715 35.861
¡5 37.385 37.271 37.420
¡10 38.736 38.744 40.623
¡15 40.310 40.332 41.581
¡20 42.361 42.386 43.512

Fig. 4 Aileron effectiveness ¡ 0-deg � bers oriented +15 deg from the
midspar.

optimized sizes from the category I studies. The optimized weights
for the various rotation angles with strength and aileron constraints
are summarized in Table 4 along with the optimized designs with
stress and size constraints only. These weights are plotted in Fig. 5
for Mach 0.8 and in Fig. 6 for Mach 1.2. In general,Table 4 implies
that the added aileron effectivenessconstraintdoes not signi� cantly
change the optimized weight over the range of rotation angles. For
example, at rotation angle 10-deg Mach 0.8, the optimized weight
is 37.391 lb, which is within 2.919 lb of the weight corresponding
to the maximum aileron effectiveness in the category I studies, i.e.,
40.310 lb. The results show that the 10- and ¡15-deg rotationshave
nearly the same optimum weight, aileron effectiveness, and size
and stress constraints. Similar conclusions can be drawn for the
other rotation angles. These results seem to imply that the optimum
designs are relatively insensitive to the rotation of the 0-deg plies.

C. Category III Studies

For each rotationangle the optimized design from the category II
studies was used to � nd the aileron reversal dynamic pressure. The
results are summarized in Table 5 and plotted in Figs. 7 and 8. From
Tables 2 and 3 the aileron reversal dynamic pressure for rotation

Table 5 Aileron reversal dynamic pressure
for the optimized weights of category II

Aileron reversal dynamic pressureRotation angle,
deg Mach 0.8, psi Mach 1.2, psi

20 13.473 9.838
15 13.420 9.721
10 13.384 9.723
5 13.439 9.723
0 13.441 9.724
¡5 13.524 9.862
¡10 13.565 9.861
¡15 13.681 9.838
¡20 13.416 9.674

Fig. 5 Optimum weight at Mach 0.8, category II studies. Stress, size,
and aileron effectiveness constraints.

Fig. 6 Optimum weight at Mach 1.2, category II studies. Stress, size,
and aileron effectiveness constraints.

angle ¡15-deg Mach 0.8, which gave the maximum aileron effec-
tiveness (0.1028), was 13.617 psi. Table 5 not only shows a general
increasein the aileronreversaldynamicpressuresfor all rotationan-
gles, but also shows that these values are more in the neighborhood
of 13.617 psi. The aileron reversal dynamic pressure for rotation
angle ¡10-deg Mach 1.2, which gave the maximum aileron effec-
tiveness (0.0532), was 9.861 psi. From Table 5 the aileron reversal
dynamic pressures for all rotation angles have increased and are
more in the neighborhoodof 9.861 psi.

The wing was then optimized for angles ¡20 through 20 deg as
in category II for Mach 0.8 with an additional � utter constraint
imposed. The � utter constraint was derived by subjecting the
optimum designs obtained in the category I studies to a � utter
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Table 6 Optimum weights for each rotation
angle, category III

Optimized weight, lb, Mach 0.8
Stress, size, aileron Stress, size, and

Rotation effectiveness, and aileron effectiveness
angle, deg � utter constraints constraints

20 38.383 37.883
15 38.346 37.646
10 38.040 37.391
5 38.103 37.206
0 36.901 36.880
¡5 37.386 37.385
¡10 38.736 38.736
¡15 40.361 40.310
¡20 42.770 42.361

Fig. 7 Aileron reversal dynamicpressure Mach 0.8,category II. Stress,
size, and aileron effectiveness constraints.

Fig. 8 Aileron reversal dynamicpressure Mach 1.2,category II. Stress,
size, and aileron effectiveness constraints.

analysis using ASTROS. The results are summarized next. Ro-
tation angle D 20, 15, 10, 5, 0, ¡5, ¡10, ¡15, and ¡20 deg.
Flutter D 565.138, 498.226, 429.025, 444.645, 499.498, 600.714,
654.960, 625.793, and 613.685 kn. The � utter constraint chosen
was 654.960 kn at rotation angle ¡10 deg. Thus, the wing was sub-
ject to stress, size, aileron effectiveness,and � utter constraints.The
optimized weights for the two constraint sets are given in Table 6.
The difference in optimum weight for each rotation angle is neg-
ligible, i.e., the additional � utter constraint did not impact the op-
timized weight. However, the thickness distributions varied some-
what. Figures 9 and 10 show the thickness distribution for the top
and bottom skins of the designs in Table 6 for the C20-deg rotation

Fig. 9 Thickness distribution for the top and bottom skins +20-deg
rotation angle. Stress, size, and aileron effectiveness constraints.

Fig. 10 Thickness distribution for the top and bottom skins +20-deg
rotation angle. Stress, size, aileron effectiveness, and � utter constraints.

Fig. 11 Thickness distribution for the top and bottom skins ¡ 20-deg
rotation angle. Stress, size, and aileron effectiveness constraints.

Fig. 12 Thickness distribution for the top and bottom skins ¡ 20-deg
rotation angle. Stress, size, aileron effectiveness, and � utter constraints.
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angle. Figures 11 and 12 show the thickness distribution for the
¡20-deg rotation angle.

VII. Conclusions
A wing design optimizationstudy was conductedon a composite

wing. The effects of the layup orientationof the composite skins on
the optimizedwingweight,when thewing is subjectedto constraints
on strength, aileron ef� ciency, and � utter characteristics, are pre-
sented. The wing optimization studies are presented with the com-
posite layups oriented at 5-deg increments up to §20 deg measured
from the midspar of the wing. In the category I studies the wing
was subjected to three independent loading conditions and stress
constraints. The optimum weight of the wing was relatively insen-
sitive to changes in the layup orientation. The aileron ef� ciency
and the roll-reversal velocities were determined for different � ber
orientations of the strength-optimized wing. These results showed
a signi� cant variation in the roll-reversal velocities. Nevertheless,
the category II studies indicated that it is possible to obtain the
maximum reversal velocity corresponding to a selected layup ori-
entation with any layup orientation with the same static loads and
constraints on stress and aileron ef� ciency. The optimal structural
weights were relatively insensitive to layup orientation. The cate-
gory III studiesindicatea similar insensitivityto layuporientationof
optimal structural wing weights when subjected to strength, aileron
ef� ciency,and � utter constraints.In conclusion,this study indicates
that optimal designs of composite wings are relatively insensitive
to the orientation of the laminate layup when the wing is subjected
to multiple structural constraints.
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