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A technique for augmenting the aileron to increase the roll rates of a high-performance aircraft at
high dynamic pressures for enhancement of the rolling maneuver is examined. Antisymmetric twist and
camber distribution on a realistic � exible wing is determined to counteract the detrimental twisting
moment of the aileron rotation to achieve recovery of the lost roll rates at high dynamic pressures. A
method for prescribing the antisymmetric wing twist and camber distribution by reversing the twist and
camber resulting from use of the aileron only is described. The retwisting and recambering of the wing
is achieved by providing control forces obtained from a technique referred to as � ctitious control surfaces.
The technique of retwisting and recambering a � exible wing demonstrates a full recovery of roll rate at
all dynamic pressures. Here, a full-scale realistic wing is considered for the assessment of strain energy
as a measure of necessary control energy required to produce the antisymmetric twist and camber de-
formation on the aileron-twisted wing to recover the lost roll performance.

Nomenclature
A f = aerodynamic stiffness matrix because of structural

deformation
ARC = aerodynamic stiffness matrix because of aileron

rotation
ARP = aerodynamic stiffness matrix because of steady roll

rate
ART = aerodynamic stiffness matrix because of local angle

of attack of aerodynamic panel
b = full span
CMp

= roll damping stability derivative with respect to roll
rate

CMa
i

= aerodynamic stability derivative with respect to
aerodynamic panel angle of attack ai

CMb
= aerodynamic stability derivative with respect to

aileron rotation b
K = structural stiffness matrix
p = roll rate
pft = required � exible roll rate
pf0 = � exible roll rate because of aileron rotation of 1 deg
prb = rigid roll rate because of aileron rotation of b
pr0 = rigid roll rate because of aileron rotation of 1 deg
q = dynamic pressure
S = aerodynamic surface area
V0 = freestream velocity
x = nodal displacement vector
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aR = local angle of attack of aerodynamic panel
aRi = local angle of attack of the ith aerodynamic panel
b = aileron rotation
D« = change in strain energy between two deformed

con� gurations
s = scaling parameter

Introduction

T O avoid destruction by a missile, the pilot of a high-per-
formance � ghter aircraft must have the capability of per-

forming rapid turning maneuvers. Rapid turning of the aircraft
requires the pilot to achieve maximum rolling of the aircraft
through an aileron system by rotation of trailing-edge control
surfaces of the right and left wings in a differential sense. The
aileron system increases the lift on one wing and decreases lift
on the opposite wing, resulting in a rolling moment producing
the rolling maneuver. This is an effective technique for the
generation of rolling moment for an aircraft operating in a low
dynamic pressure environment where the wings can be con-
sidered as rigid. However, if the high-performance aircraft is
operating at high dynamic pressures where deformation of the
wing is signi� cant, the roll rate is reduced as shown in Fig. 1
by a detrimental aerodynamic twisting moment produced by
the trailing-edge control surface rotation. A roll-reversal dy-
namic pressure, at which the aileron system is rendered com-
pletely ineffective for producing rolling moment on a � exible
wing, can be determined. Traditionally, structural designers
stiffen the wings to preclude encountering the reversal dy-
namic pressure, but unfortunately, the additional structural
weight required for stiffening results in a degradation of air-
craft performance.

Rather than the traditional stiffening of wings to avoid en-
countering the roll reversal dynamic pressure, � exible defor-
mation is here used as an asset rather than an impediment to
be overcome, to enhance the vehicle roll performance. The
� exible wing is retwisted and recambered to counteract the
detrimental twisting moment produced by the aileron rotation
to achieve recovery of rolling moment in a high dynamic pres-
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Fig. 1 Loss of roll rate because of wing � exibility.

sure environment. A method is proposed for prescribing the
necessary wing twist and camber distribution to improve ai-
leron ef� ciency at any dynamic pressure. An assessment of the
energy requirements for retwisting and recambering of a � ex-
ible wing is made at different dynamic pressures for compar-
ison.

One of the main elements of the � exible wing concept is
rolling moment control produced by the proper wing twist and
camber, which have been suggested by an internal actuation
scheme,1,2 multiple external aerodynamic control surfaces,3,4

and strain-actuated adaptive wings.5,6 The internal actuation
scheme of the mission adaptive wing1 did achieve aerodynamic
bene� ts through contoured control surface deformation, but the
complexity and weight penalty of the actuation system ren-
dered the design impractical. The active � exible wing tech-
nique3,4 using multiple control surfaces does achieve the proper
wing twist for the required rolling moment and results in a
decrease of structural weight by relaxing wing stiffness re-
quirements, but the potential for an aerodynamic penalty ex-
ists. The recent developments in smart materials for controlling
aircraft structural deformations make it possible to achieve the
proper wing twist for controlling roll,5 but large actuation
strains were required for the aeroelastic control of realistic
wings.

Presently, there are Advanced Research Projects Agency
(ARPA) sponsored projects for the demonstration of the ap-
plication of smart materials for twist control to improve aircraft
performance, based solely on test results of small wind-tunnel
models. Technology demonstration based upon wind-tunnel
model tests will result in scaleup issues related to implanting
smart wing technologies on an operational aircraft. Here, it is
proposed that a full-scale � nite element model of a realistic
wing7 be considered for proper wing twist and camber for roll
control in a high dynamic pressure environment. In this way,
an assessment can be made between the actuator requirements
for twist control for rolling moment as compared to the con-
ventional aileron rolling moment provided by mechanical or
hydraulic actuators on a full-scale � ghter aircraft. Both sub-
sonic and supersonic design conditions were considered.

Approach
The static aeroelastic deformation in the presence of steady

aerodynamic loading can be determined from the equation of
equilibrium for the � nite element model of the wing. This
gives

([K ] 2 [A ]){x} = [A ]{a } 1 [A ]{b} 1 [A ]{pb/2V }f RT R RC RP 0

(1)

Because roll performance is the focus of this investigation,
twist, camber, and control surface rotation are prescribed to be
an antisymmetric function with respect to the X ­ Z plane along
the centerline of the aircraft.

The steady roll rate can be determined from the trim equa-
tion for a steadily rolling aircraft at a given dynamic pressure

n
pb

qSb C a 1 C b 1 C = 0 (2)M Ri M MFO Ga b p
i 2V0i=1

Aileron de� ection, twist, and camber are speci� ed to be an
antisymmetric function with respect to the X ­ Z plane of the
centerline. The solution of Eq. (2) serves as a de� nition of
aileron ef� ciency, (AE) given by

n
pb ai

2 C 1 CM MS D S O Db a
i2V b0 i=1

AE = = (3)
b CMp

Note that if twist and camber are neglected, Eq. (3) reduces
to the familiar form for AE:

CM(pb/2V ) b0
AE = = 2 (4)

b CMp

The Uni� ed Subsonic and Supersonic Aerodynamic Analy-
sis code (USSAERO ) (Ref. 8) was used for the computation
of aerodynamic loads on the aircraft wing. This approach uses
a superposition of vortex singularities applied to a discrete
number of aerodynamic panels to calculate the discrete pres-
sure distribution over the wing surface.

In this investigation, numerical calculations for aerodynamic
stability derivatives, the stiffness matrix, and structural defor-
mations are calculated from Automated Structural Optimiza-
tion System (ASTROS).9,10 Unfortunately, ASTROS will not
permit an antisymmetric speci� cation of twist and/or camber
for investigating the roll problem in the roll moment trim [Eq.
(2)]. To circumvent this limitation of ASTROS, a scheme re-
ferred to here as � ctitious control surfaces (FCS) was insti-
tuted. To simulate � exible twist and camber, an aerodynamic
panel is modeled as a control surface rotated such that the
rotation angle is equal to the local angle of attack at the panel
control point resulting from a wing twist and camber distri-
bution. ASTROS does permit antisymmetric speci� cation of
control surface rotation, so that twist and camber effects can
be speci� ed in an antisymmetric fashion with this FCS.

Here, � exible twist and camber, as simulated by FCS, are
speci� ed to counter the elastic detrimental twist and camber
resulting from the rotation of the aileron alone to increase the
roll rate at a speci� ed dynamic pressure. The procedure used
for determining the FCS control rotations is � rst to � nd the
elastic deformation, i.e., twist and camber, and � exible roll rate
resulting for the speci� ed b of the aileron only. The setting of
the FCS is calculated by determining the local angle of attack
at each aerodynamic panel from the aileron alone, and then
reversing the angle of attack to retwist and recamber the wing.
The � exible roll rate and deformation are then determined
when the aileron and FCS are speci� ed simultaneously. An
increase in � exible roll-rate and aileron ef� ciency is given
from Eq. (3).

To determine the control energy requirements necessary for
the retwisting and recambering of the � exible wing using FCS,
the difference in strain energy between the aileron-alone de-
formation and the aileron 1 FCS deformation is calculated.
De� ning {x}AE and {x}AE1 FCS as the sets of structural displace-
ments associated with the aileron alone and aileron 1 FCS,
respectively, D« between the two con� gurations is found by

1 T­D« = {x} ([K ] 2 [A ]){x}2 AE1 FCS f AE1FCS

1­2 {x} ([K ] 2 [A] ){x} (5)2 AE f AE

where D« is the control energy required for retwisting and
recambering the wing to recover the lost rolling ef� ciency.
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Fig. 2 Aerodynamic grid.

Fig. 3 Finite element model of wing structure.

Design Procedure Using FCS
The FCS would introduce a set of � ctitious control forces

within the structural model, so that it can provide proper wing
twist and camber to achieve a � exible roll rate equal to the
required value at different aerodynamic pressures and � ight
conditions. The procedure is based on equating the rigid ai-
leron ef� ciency with the aileron alone to the � exible aileron
ef� ciency produced by the aileron 1 FCS. In this section, the
procedure developed to determine correct rotations of the FCS
to achieve desired � exible roll rate is discussed.

1) First solve the trim roll equations to calculate the � exible
pf0 and rigid pr0 roll rates as a result of 1-deg rotation of the
aileron for the speci� ed dynamic pressure and Mach number.

2) Calculate the required b to obtain prb equal to pft. b is
equal to pft /pr0.

3) Solve the trim roll equations with aileron rotation equal
to b. The rigid roll rate and � exible roll rates for this design
condition would be equal to bpr0 and bpf0, respectively. The
loss of roll rate because of � exibility with aileron alone is
equal to b(pr0 2 pf0).

Fit a surface spline using nodal de� ections in the z direction
calculated from equilibrium Eq. (1) with aileron rotation equal
to b. These de� ections are from the � exible aeroelastic re-
sponse caused by aileron alone. In the present study, the
method discussed in Ref. 11 was used for the surface spline.
Calculate the slopes dw /dz from the surface spline at the mid-
points of the FCS. The locations of the FCS were the same as
the locations of the aerodynamic boxes. Theoretically, rotations
of FCS equal to 2tan21(dw /dz) should give the � exibility roll
rate equal to the target roll rate pft. However, because of the
approximations involved in the calculation of slopes from the
spline surface � t based on the de� ections, it is required to
modify this distribution of rotations by multiplying them with
a scale factor. The magnitude of the scale factor depends on
the dynamic pressure. The scale factor was calculated by using
Eq. (3) as

n
aiC 1 s CM MS O Db a

ibi=1

AE = 2 (6)desired
CMp

where s is the scale factor necessary to magnify twist and
camber to achieve a desired aileron ef� ciency. In Eq. (6),
AEdesired is equal to the aileron ef� ciency of the rigid wing for
aileron rotation equal to b in step 2 in the preceding text.
Solving Eq. (6) for the scale factor at each dynamic pressure
for the desired aileron ef� ciency gives

b(C 1 C AE )M M desiredb p

s = 2 (7)n

a Ci MO a
i

i=1

The scaling is required because the slopes of the control
surfaces are calculated from the spline function based on the
displacements and not on the slopes at the structural node
points. The slopes are not available from the ASTROS pro-
gram. The rotations of the FCS over the aerodynamic boxes
covering the fuselage area and aileron were set equal to zero,
thus eliminating control forces over this region. The solution
to the trim roll equations for aileron 1 FCS would give the
� exible roll rate equal to the target pft.

Introduction of the � ctitious distribution of forces within the
structure using � ctitious control surfaces would retwist and
deform the wing so that the � exible roll rate would be equal
to pft. As a measure of the amount of control energy required
to retwist the wing in the presence of an airstream, the differ-
ence in the total strain energy was calculated for the two design
conditions of aileron alone and aileron 1 FCS under trim con-
dition using Eq. (5).

Numerical Examples
A � ghter-type wing was selected to be representative of a

low aspect ratio wing. The wing planform is shown in Fig. 2
along with the location of the underlying structure and the
aileron. In aerodynamic paneling division for this wing, special
care was taken to surround the aileron hinge line and aileron
edges with small panels to capture the rapid change of pressure
in these locations. The wing planform was divided into nine
sections along the chord and eight sections along the span,
giving a total of 72 aerodynamic boxes. The aileron occupied
12 aerodynamics boxes as shown in Fig. 2. The underlying
structure consisting of 10 spars and the three ribs was repre-
sented by � nite elements (Fig. 3). The wing structure was ide-
alized using 84 nodes with 54 CQUAD4, 8 CTRIA3, 62
CSHEAR, and 80 CROD elements. The fuselage was repre-
sented with node 100 at the center section. Node 100 was
connected to the nodes at the base of the wing structure using
CROD elements. Appropriate single- and multipoint con-
straints were speci� ed for proper simulation of the wing struc-
ture connection to the fuselage. A 8000-lb mass was added at
node 100 to simulate the fuselage, and a total of 1600 lb of
nonstructural mass was distributed among different node
points on the wing structure.

Top and bottom skins were divided into 18 areas, with all
of the CQUAD4 elements within each area having the same
thickness. The four speci� ed thicknesses were equal to 0.25,
0.188, 0.08, and 0.04 in. These regions were located between
the root of the wing, three ribs, and the tip of the wing. Only
the translational degrees of freedom were retained associated
with CQUAD4 elements. Both structural models were ana-
lyzed with aileron and aileron 1 FCS. For subsonic and su-
personic conditions, Mach numbers 0.85 and 1.2 were se-
lected. The design study was conducted at different dynamic
pressures at sea level, starting with 5 psi. The maximum dy-
namic pressure was close to the aileron reversal dynamic pres-
sure. In addition, a design study was conducted for the dy-
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Fig. 7 Strain energy required to recover rigid roll rate of 270
deg/s.

Fig. 8 Wing deformation at 30 psi (Mach = 0.85).

Fig. 6 Aileron ef� ciency recovery using FCS.

Fig. 5 Roll rate recovery using FCS.

Fig. 4 Required aileron rotation to achieve rigid roll rate of 270
deg/s.

namic pressure equal to 30 psi, at an altitude of 15,000 ft. The
required � exible roll rate for aileron 1 FCS was speci� ed to
be equal to 270 deg/s, at all of the dynamic pressures.

Subsonic Design Condition M = 0.85

The aileron reversal dynamic pressure for this design was
close to 52 psi (Fig. 1). The aileron rotations to obtain a rigid
rate equal to 270 deg/s at different dynamics pressures are
shown in Fig. 4. The maximum required rotation was 6.73 deg
at 5 psi, and the minimum was 2.13 deg at 50 psi to achieve
the rigid roll rate of 270 deg/s. Figure 5 shows the change in
the � exible roll rate for the two cases, aileron alone and aileron
1 FCS. For the aileron 1 FCS design condition, the � exible
roll rate was equal to 270 deg/s as speci� ed at all of the dy-
namic pressures. The � exible roll rate for the aileron alone
was reduced from 242.14 deg/s at 5 psi to 11.01 deg/s at 50

psi. The difference between 270 deg/s and the � exible roll rate
at the different dynamic pressures was the loss of roll rate
because of � exibility of the wing when only the aileron was
used. However, when we use aileron 1 FCS, the � exible roll
rate was equal to the rigid roll rate for the design condition of
aileron alone at the prescribed values of the aileron rotations
shown in Fig. 4. Figure 6 shows the variation in aileron ef� -
ciency as a function of dynamic pressure. The � exible aileron
ef� ciency for aileron 1 FCS was equal to 0.8297 at all of the
dynamic pressures. This was the same as the rigid aileron ef-
� ciency when only the aileron was used. The amount of con-
trol energy required at different dynamic pressures to retwist
the wing structure in the presence of an airstream, to achieve
a � exible roll rate equal to 270 deg/s, is shown in Fig. 7. The
control energy requirement increases from 12.58 lb at 5 psi to
2267 lb at 50 psi. To compare the relative magnitudes of the
control power requirement, a static load of 61000 lb was ap-
plied to the wing structure at the nodes 85 and 81 at the tip.
This distribution of static load was equivalent to 117 lb of
strain energy. The scaling parameters calculated by using Eq.
(7) for multiplying the distribution of the FCS rotations ob-
tained from the spline � t to achieve a � exible roll rate of 270
deg/s decreased from 1.516 at 5 psi to 0.88 at 50 psi. The
wing deformation patterns for the two cases for the dynamic
pressure of 30 psi are shown in Fig. 8.

Supersonic Design Condition M = 1.2

The aileron reversal dynamic pressure for the supersonic
case for the nominal design was close to 47 psi. Figure 9
shows the aileron rotations required to obtain a rigid roll rate
equal to 270 deg/s at different dynamic pressures. The maxi-
mum required rotation was 12.68 deg at the aerodynamic pres-
sure of 5 psi and the minimum was 4.22 deg at 45 psi. Figure
10 shows the change in � exible roll rate at different dynamic
pressures for the two cases. The � exible roll rate was reduced
from 213.85 deg/s at 5 psi to 6.509 deg/s at 45 psi when only
the aileron was used. For the aileron 1 FCS case, the � exible
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Fig. 9 Required aileron rotation to achieve rigid roll rate of 270
deg/s.

Fig. 10 Roll rate recovery using FCS.

Fig. 11 Aileron ef� ciency recovery using FCS.

Fig. 12 Strain energy required to recover rigid roll rate of 270
deg/s.

roll rate was equal to 270 deg/s as desired at all the dynamic
pressures. The variation in � exible aileron ef� ciency for the
two design conditions, as the dynamic pressure is increased
from 5 to 45 psi, is shown in Fig. 11. When only the aileron
was used, the aileron ef� ciency was reduced from 0.3488 at 5
psi to 0.0106 at 45 psi. The � exible aileron ef� ciency for ai-
leron 1 FCS was equal to 0.4403 at all pressure values. The
amount of control energy required to deform the wing to
achieve a � exible roll rate of 270 deg/s is shown in Fig. 12.
This distribution for the supersonic case was substantially
greater than for the subsonic case to achieve the same � exible
roll rate. The values were nearly four times more at high-
dynamic pressures. The scaling parameters used to multiply
the FCS rotations calculated from the spline � t increased from
1.233 at 5 psi to 2.088 at 45 psi. This trend was opposite that
of the subsonic case, where the scaling parameter reduced with
an increase in dynamic pressure. The design condition using
aileron 1 FCS are greater than those for aileron alone.

Conclusions
A technique for augmenting the aileron to increase the roll-

ing moment at high dynamic pressures for enhancement of the
rolling maneuver has been examined. A realistic � exible wing
was twisted and cambered in an antisymmetric fashion to
counteract the detrimental twisting moment of aileron rotation
to achieve recovery of the lost rolling moment. A method for
prescribing the antisymmetric wing twist and camber by re-
versing the � exible twist and camber produced by the aileron
alone was described. This technique of retwisting of the wing
resulted in the full recovery of the roll rate at all dynamic
pressures. Here, a full-scale realistic wing was considered for
the assessment of control energy for the antisymmetric twist
and camber deformation on the aileron-twisted wing.

In this investigation, the � exibility of a wing was used as a
departure from the traditional design procedure for wings that
exhibit unacceptable roll performance. Rather than stiffening
the wings, resulting in a degradation of aircraft peformance, a
control scheme was designed to retwist and recamber the
wing to achieve acceptable roll performance. It is anticipated
that retwisting and adding camber to the aileron-twisted wing
can be achieved through the use of smart materials. The data
presented here will result in an assessment of the control
energy requirements for twist control using smart materials
or other traditional control as compared to conventional
ailerons.
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