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Abstract
This article presents the dynamical modelling of a novel active aeroelastic structure. The adaptive torsion wing concept is a
thin-wall, two-spar wingbox whose torsional stiffness can be adjusted by translating the spar webs in the chordwise direc-
tion inward and towards each other using internal actuators. The reduction in torsional stiffness allows external aerody-
namic loads to induce twist on the structure and maintain its deformed shape. Here, the adaptive torsion wing system is
considered as integrated within the wing of a representative unmanned aerial vehicle to replace conventional ailerons and
provide roll control. The adaptive torsion wing is modelled as a two-dimensional equivalent aerofoil using bending and tor-
sion shape functions to express the equations of motion in terms of the twist angle and plunge displacement at the wingtip.
The full equations of motion for the adaptive torsion wing equivalent aerofoil were derived using Lagrangian mechanics.
The aerodynamic lift and moment acting on the aerofoil were modelled using Theodorsen’s unsteady aerodynamic theory.
A low-dimensional, state-space representation of an empirical Theodorsen’s transfer function was adopted to allow time-
domain analyses. Four actuation strategies were investigated. Figures of merit, including plunge displacement, twist angle,
actuation forces and actuation powers, were quantified and discussed for each of the scenarios. This study allows the con-
ceptual design and sizing of the internal actuators that are required to drive the webs.
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Introduction

Active aeroelastic structures (AASs) are an attractive
and promising alternative to achieve morphing capabil-
ities. Recently, the use of AAS to enhance flight perfor-
mance and enhance control authority and stealth
characteristics for air vehicles has been under investiga-
tion in a number of research programmes and projects
across the world. In the United States, both the active
flexible wing (AFW) programme (Miller, 1988) and the
active aeroelastic wing (AAW) programme (Clarke
et al., 2005; Pendleton et al., 2000) investigated the use
of flexible wing structures coupled with leading and
trailing edge control surfaces. The structural deforma-
tions of an F/A-18 wing were manipulated in order to
eliminate aileron reversal problems at large dynamic
pressures and maximise the rolling performance accord-
ing to design intent without using the horizontal tail to
augment roll performance. Griffin and Hopkins (1997)
investigated the use of a smart spar concept to vary the
torsional stiffness and to control the aeroelastic beha-
viour of a representative wing. Their design concept
also aimed to enhance the roll rate of high-performance
aircraft at large dynamic pressures. The solution

proposed was based on the simultaneous actuation of
control surfaces and the modification of the wing tor-
sional stiffness using the aforementioned ‘smart spar’
concept. The latter has a web that can either transfer
shear between the upper and lower caps or disable such
load transmission mechanism. This is achieved by
allowing the smart spar to move from a reference posi-
tion along the leading edge to a diagonal arrangement
where the front caps at the wing root are connected to
the aft most ones at the wing tips.

Similarly, Chen et al. (2000) developed the variable
stiffness spar (VSS) concept to vary the torsional stiffness
of the wing and again enhance the roll performance.
Their VSS concept consisted of a segmented spar having
articulated joints at the connections with the wing ribs
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and an electrical actuator capable of rotating the spar
through 90�. In the horizontal position, the segments of
the spar are uncoupled, and the spar offers no bending
stiffness. In the vertical position, the segments join com-
pletely, and the spar provides the maximum torsional
and bending stiffness. The concept allows the stiffness
and aeroelastic deformations of the wing to be controlled
depending on the flight conditions.

Nam et al. (2000) took the VSS solution a step fur-
ther and developed the torsion-free wing concept. This
aimed to attain a post-reversal aeroelastic amplification
of wing twist. The primary structure of the torsion-free
wing consists of two main parts. The first is a narrow
wingbox tightly attached to the upper and lower wing
skin in order to provide the basic wing torsional stiff-
ness. The second part consists of two VSSs placed near
the leading and trailing edges, passing through all the
rib holes. Nam et al. demonstrated that the torsion-free
wing can provide significant aeroelastic amplification,
leading to an increase in roll rate up to 48% over the
baseline performance in the worst possible flight condi-
tions. Florance et al. (2004) investigated the use of the
VSS concept to exploit the wing flexibility and to
improve the aerodynamic performance of the vehicle.
Their wing incorporated a spar with a rectangular cross
section that runs from the wing root up to 58% of the
overall wing semi-span. The spar is used to change the
wing bending and torsional stiffness as it is rotated
between its vertical and horizontal positions.

In Europe, the active aeroelastic aircraft structures
(3AS) research project (Kuzmina et al., 2002; Schweiger
et al., 2002; Schweiger and Suleman, 2003; Suleman and
Moniz, 2006), which involved a consortium of 15
European partners in the aerospace industry and was par-
tially funded by the European Community, focused on
developing AAS concepts through exploiting structural
flexibility in a beneficial manner. The final aim was to
improve the aircraft aerodynamic efficiency and flight
control. One of the novel concepts proposed in the 3AS
project was the all-moving vertical tail (AMVT) with a
variable torsional stiffness attachment. The AMVT con-
cept was employed to design a smaller and lighter fin while
maintaining stability and rudder effectiveness for a wide
range of airspeeds. The AMVT employs a single attach-
ment whose position can be adjusted in the chordwise
direction relative to the position of the centre of pressure
to achieve an aeroelastic effectiveness above unity
(Amprikidis et al., 2004). Furthermore, the 3AS project
investigated a variety of variable stiffness attachments and
mechanisms for the AMVT concept, including a pneu-
matic device developed at the University of Manchester
(Cooper et al., 2005). Amerduri et al. (2009) took the
AMVT a step forward and investigated the use of magne-
torheological (MR) fluid cylinders to form a mechanical
chain between the AMVT shaft and the actuator and con-
trol the torsional rigidity of the tail to provide the best
mechanical response at different flight regimes.

Furthermore, the 3AS project investigated two AAS
concepts that modify the static aeroelastic twist of the
wing by modifying its internal structure (Cooper, 2006;
Hodigere-Siddaramaiah and Cooper, 2006). The first
concept exploited the chordwise translation of an inter-
mediate spar in a three-spar wingbox in order to vary
its torsional stiffness and the position of the shear cen-
tre. The second concept was similar to the VSS concept
where rotating spars are employed to vary the torsional
and bending stiffness as well as the shear centre posi-
tion. Prototypes of such concepts were built and tested
in the wind tunnel to examine their behaviour under
aerodynamic loadings. More details about AAS and
adaptive structures can be found in Barbarino et al.
(2011).

This article presents the dynamical modelling of a
novel AAS. The adaptive torsion wing (ATW) concept
consists of a thin-wall closed-section, two-spar wingbox
whose torsional stiffness can be adjusted by changing
the area enclosed between the front and rear spar webs.
This is done by translating the spar webs in the chord-
wise direction inward and towards each other using
internal actuators (Ajaj et al., 2011a, 2011c). The
reduction in torsional stiffness allows external aerody-
namic loads to induce twist on the structure and to
maintain its deformed shape. Here, the ATW system is
considered as integrated within the aerofoil section of a
representative unmanned aerial vehicle (UAV) wing to
replace conventional ailerons and provide roll control.
The full equations of motion for the aerofoil are devel-
oped using Lagrangian mechanics. The aerodynamic
lift and moment acting on the aerofoil are modelled
using classical Theodorsen’s unsteady aerodynamics. A
low-dimensional state-space representation of an
empirical Theodorsen’s transfer function is adopted to
allow time-domain response simulations. Four actua-
tion scenarios are investigated together with the associ-
ated power requirements. This allows the design and
sizing of the internal actuators.

ATW

The ATW concept is a thin-wall closed-section wingbox
(Figure 1(a)) whose torsional stiffness can be adjusted
by changing the relative position of the front and rear
spar webs. The torsional rigidity (GJ ) for a thin-wall
rectangular section can be estimated from the second
Bredt–Batho equation as (Appendix 1)

GJ =
4GA2H
ds=teq

ð1Þ

where G is the shear modulus, J is the torsion constant,
A is the enclosed area, teq is the equivalent wall thick-
ness of the section and ds is an infinitesimal segment
along the perimeter. If a single material is used in the
wingbox, the resulting torsional stiffness depends on
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the square of the enclosed area; therefore, the torsional
stiffness of the section can be altered by varying the
position of the front spar web, the rear spar web or
both, to change the enclosed area. The change in web
positions (Figure 1(b)) results in two components of
torsional stiffness: the first component is due to the
closed section, while the second comes from the skin/
web segments belonging to the open section(s). The
analysis in this article accounts for the closed-section
component because the torsional stiffness associated
with the open-section segments is several orders of mag-
nitude smaller.

Roll control

The ATW has various potential morphing aircraft
applications. In this article, the ATW is employed to
replace conventional ailerons and provide roll control.
The use of the ATW results in lower radar cross section
(RCS) of the vehicle as no discrete control surfaces are
required. To achieve roll manoeuvre, the web positions
on one side of the wing are rearranged to allow the air-
flow to twist it and maintain the deformed profile, while
the web positions on the other side of the wing are

unaltered. This results in a differential lift that
generates a rolling moment. The rolling moment or
rate desired can be controlled by adjusting the web
positions.

Previous studies by the authors, who investigated
the use of the ATW for roll control, showed that the
concept has superior performance when compared to
conventional ailerons. It can generate the same rolling
moment but a smaller adverse yawing moment (Ajaj
et al., 2011c, 2012). However, all of the previous studies
dealt with the ATW in a static and quasi-static manner.
In contrast, this study aims to exploit the dynamic
behaviour of the concept and to estimate the actuation
forces and power required. The geometry of the UAV
(Table 1) considered here is similar to the BAE System
Herti UAV (Jane’s Unmanned Aerial Vehicles and
Targets, 2012), but it has a rectangular wing with uni-
form properties along its span.

Dynamical modelling

The variation in torsional stiffness and elastic axis posi-
tion associated with shifting the spar webs can have sig-
nificant impact on the divergence and flutter
boundaries of the wing. The objective of this study is to
assess the power requirement for shifting the spar webs
and to investigate whether the airflow assists or resists
these movements. Therefore, the wing shown in Figure 2
is modelled as an equivalent two-dimensional aerofoil
as shown in Figure 3. The equivalent two-dimensional
model is obtained using bending and torsional modal
shape functions. The bending shape, f (y), corresponds
to a uniform cantilever beam with uniformly distribu-
ted load along its length, while the torsion shape func-
tion, f(y), corresponds to a uniform cantilever beam
with linear twist along its length. Those shape functions
are given as

Figure 1. The ATW concept.
ATW: adaptive torsion wing.

Table 1. The parameters of the UAV wing.

Parameter Value

Material Aluminium
Elastic modulus (E) 72GPa
Shear modulus (G) 27 GPa
ATW depth (h) 0:1496m
Chord (c) 1:87 m
Lift curve slope ðCLa

Þ 4.40 rad-1

Mass of front web (m1) 0:17 kg=m
Mass of rear web (m2) 0:17 kg=m
Mass of aerofoil (maf ) 5:20 kg=m
Equivalent skin thickness (ts) 0:001 m
Equivalent web thickness (tw) 0:0004 m
Wing semi-span (l) 6 m
Moment of inertia (Ixx) 9:65310�6 m4

Initial web positions x1 = 0:935 m and x2 = 0:8415 m
Wingbox chord 0:8415 m

UAV: unmanned aerial vehicle; ATW: adaptive torsion wing.
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f yð Þ= y2 6l2 + y2 � 4lyð Þ
3l4

ð2Þ

and

f yð Þ= y

l
ð3Þ

where y is the spanwise position measured from the
wing root and l is the wing semi-span. Using these
shape functions, the ATW can be modelled using an
equivalent two-dimensional aerofoil whose position
coincides with the tip of the wing. The plunge and pitch
displacements at any spanwise location can be related
to the tip displacements by

w=wtf yð Þ ð4Þ

and

u= utf yð Þ ð5Þ

where w is the plunge displacement at any spanwise
position, wt is the plunge displacement at the wingtip, u

is the twist angle at any spanwise position and ut is the
twist angle at the wingtip. The full equations of motion

of the equivalent two-dimensional model (Table 1) are
developed using Lagrangian mechanics.

Conventions and assumptions

Various conventions and assumptions are adopted
throughout the derivation process. These are listed as
follows:

� Four degrees of freedom are required to govern
the system, these degrees of freedom are position
of front web (x1), position of the rear web (x2),
tip plunge displacement (wt) and the tip twist
angle (ut);

� The origin is considered to be located at the
quarter chord of the aerofoil. The shear centre
was avoided as the origin because its position
depends on the relative positions of the spar
webs, which will increase the complexity of the
analysis;

� The forces on the webs are positive when point-
ing outboard (away from the origin);

� x2 is positive when the rear web is behind the
aerodynamic centre;

� x1 is positive when the front web is in front of the
aerodynamic centre;

� Small twist angle (ut) is assumed, hence
cos (ut)’1 and sin (ut)’ut;

� The aerofoil is symmetric; hence, the aerody-
namic pitching moment at the aerodynamic cen-
tre Mo is zero during the steady-state phase;

� The front and rear webs are represented as point
masses;

� Frictional losses are neglected;
� The gravitational potential energy is neglected;
� Webs and aerofoil are rigid bodies, that is, elastic

deformations are neglected;
� The shear centre position always lies half way

between the front and rear webs. This results in a
maximum 5% error in the shear centre position;

� The aerofoil is a uniform bar where the thickness
of this bar is equal to the sum of the equivalent
upper and lower skins. The equivalent skins
include the covers, spar caps and stringers. The
thickness of the equivalent skin is equal to
the thickness of the material required to take the
bending and torsional loads;

� The torsional stiffness depends only on the
square of the area enclosed between the skins/
covers and the webs;

� Thin-wall beam theory is valid.

A schematic of the ATW equivalent aerofoil is given
in Figure 3. The equivalent aerofoil is modelled as a
uniform bar with the webs represented as point masses
that can slide along the bar to change the torsional
stiffness and shear centre position. Thus, when the

Figure 2. UAV geometry in the Tornado Vortex Lattice
Method.
UAV: unmanned aerial vehicle.

Figure 3. The schematic diagram of the ATW aerofoil.
ATW: adaptive torsion wing.
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autopilot of the UAV commands a rolling moment or
rolling rate, this is converted into translations of the
webs to provide the aeroelastic twist necessary to gener-
ate the rolling moment or rolling rate demanded.

Lagrange’s equations of motion for a system of mul-
tiple degrees of freedom are expressed as

d

dt

∂T

∂ _qi

� �
� ∂T

∂qi

+
∂U

∂qi

=Qi ð6Þ

where T and U are the total kinetic and total potential
energies of the system, respectively; qi represents the ith
degree of freedom; _qi is the first time derivative of the
ith degree of freedom and Qi is the ith applied force or
moment.

Kinetic energy

The kinetic energy per unit span of the ATW concept is
the sum of the individual kinetic energies per unit span of
the front web (T 01), rear web (T 02) and the aerofoil (T 0af )

T 0= T 01 + T 02 + T 0af ð7Þ

The kinetic energy term due to the rotation of the
webs is neglected for both the front and rear webs.

Front web. The position of the front web with respect to
the origin is

~r1 = � x1
~i+ wtf yð Þ+ x1utf yð Þð Þ~j ð8Þ

where x1 is the distance between the origin and the front
web and~i and~j are directions defined in Figure 3.

Then the velocity of the front web is

~V1 = � _x1
~i+ _wtf yð Þ+ _x1utf yð Þ+ x1

_utf yð Þ
� �

~j ð9Þ

Hence the kinetic energy per unit span of the front
web is

T 01 =
1

2
m1

~V 1

�� ��2
=

1

2
m1 _x2

1 +
1

2
m1 _wtf yð Þð Þ2

+
1

2
m1x2

1
_utf yð Þ
� �2

+m1x1 _wtf yð Þ _utf yð Þ

+
1

2
m1 _x2

1 utf yð Þð Þ2 +m1 _x1 _wtf yð Þutf yð Þ

+m1x1 _x1ut
_utf

2 yð Þ ð10Þ

where m1 is the mass per unit span of the front web.

Rear web. The position of the rear web with respect to
the origin is

~r2 = x2
~i+ wtf yð Þ � x2utf yð Þð Þ~j ð11Þ

where x2 is the distance between the origin and the rear
web.

The velocity of the rear web is

~V2 = _x2
~i+ _wtf yð Þ � _x2utf yð Þ � x2

_utf yð Þ
� �

~j ð12Þ

Hence, the kinetic energy per unit span of the rear
web is

T 02 =
1

2
m2

~V 2

�� ��2
=

1

2
m2 _x2

1 +
1

2
m2 _wtf yð Þð Þ2

+
1

2
m2x2

2
_utf yð Þ
� �2 � m2x2 _wtf yð Þ _utf yð Þ

+
1

2
m2 _x2

2 utf yð Þð Þ2 � m2 _x2 _wtf yð Þutf yð Þ

+m2x2 _x2ut
_utf

2 yð Þ ð13Þ

where m2 is the mass per unit span of the rear web.

Aerofoil. The kinetic energy per unit span of the aerofoil is

T 0af =
1

2
maf _wtf yð Þð Þ2+1

2
Iac

_utf yð Þ
� �2�1

4
maf c _wtf yð Þ _utf yð Þ

ð14Þ

where maf is the mass of the equivalent aerofoil per unit
span, Iac is the mass moment of inertia of the aerofoil
about the aerodynamic centre (origin).

The total kinetic energy of the ATW becomes

T =

ðl

o

T 0dy ð15Þ

Elastic potential energy

The elastic potential energy consists of two main com-
ponents, translational and rotational. The rotational
potential energy of the system is

Uu =
1

2
Kuu2

t ð16Þ

where Ku is the torsional stiffness of the ATW and using
the second Bredt–Batho equation for a uniform cantile-
ver wing can be expressed as

Ku =
GJ

l
=

2Gh2 x1 + x2ð Þ2

l h=tw + ðx1 + x2Þ=tsð Þ ð17Þ

where h is the average depth of the wing.
The above expression is only valid for a thin-wall

rectangular closed section where the equivalent thick-
ness of the aerofoil is equal to the thicknesses of the
front and rear webs. The translation potential energy
of the system is

Uw =
1

2
Kw wt � eutð Þ2 ð18Þ
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where e is the distance separating the shear centre and
the aerodynamic centre and is given by

e=
x2 � x1

2
ð19Þ

and the bending stiffness is

Kw =EIxx

ðl

0

d2f

dy2

� �2

dy=
16EIxx

5l3
ð20Þ

where E is Young’s modulus and Ixx is the second
moment of area of the wing (equivalent aerofoil).
Then, the total elastic potential energy of the system
becomes

U =Uu +Uw =
1

2
Kuu2

t +
1

2
Kw wt � eutð Þ2 ð21Þ

Equations of motion

After determining the expressions for the kinetic and
potential energies of the system, the four Lagrange’s
equations with respect to each degree of freedom can be
obtained. The integral of the shape functions is com-
puted and substituted in the equations of motion. The
first equation, relative to the position of the front web
(x1) is

m1€x1 l+u2
t

l

3

� �
+

13

45
m1 €wtutl+

1

3
m1x1ut

€utl

+
2

3
m1 _x1ut

_utl+
1

2

∂Ku

∂x1

u2
t +

1

2
Kwwtut�

1

2
Kweu2

t =F1

ð22Þ

where F1 is the force acting on the front spar web.
The second equation, relative to the position of the

rear web (x2) is

m2€x2 l+u2
t

l

3

� �
� 13

45
m2 €wtutl+

1

3
m2x2ut

€utl

+
2

3
m2 _x2ut

_utl+
1

2

∂Ku

∂x2

u2
t �

1

2
Kwwtut +

1

2
Kweu2

t =F2

ð23Þ

where F2 is the force acting on the rear spar web. The
third equation, relative to the tip plunge displacement
(wt) is

104

405
m1 +m2 +maf

� �
€wtl+

13

45
2m1 _x1 � 2m2 _x2ð Þ _utl

+
13

45
m1x1 � m2x2 �

1

4
maf c

� �
€utl

+
13

45
m1€x1 � m2€x2ð Þutl +Kwwt � Kweut = L ð24Þ

where L is the weighted lift force acting at the quarter
chord of the aerofoil. The fourth equation, relative to
the tip twist angle ut is

1

3
m1x1€x1 +m2x2€x2ð Þutl+

1

3
m1x2

1 +m2x2
2 +

7maf c2

48

� �
€utl

+
13

45
m1x1 � m2x2 �

1

4
maf c

� �
€wtl

+
1

3
2m1x1 _x1 + 2m2x2 _x2ð Þ _utl � Kwewt

+ Ku +Kwe2
� �

ut =Mo ð25Þ

where Mo is the weighted pitching moment at the quar-
ter chord of the aerofoil.

Aerodynamics

Theodorsen’s (1935) unsteady aerodynamic theory was
employed for aerodynamic predictions. Theodorsen’s
unsteady aerodynamics consists of two components: cir-
culatory and non-circulatory. The non-circulatory com-
ponent accounts for the acceleration of the fluid
surrounding the aerofoil, while the circulatory component
accounts for the effect of the wake on the aerofoil and
contains the main damping and stiffness terms. The work
of Theodorsen is based on the following assumptions:

� Thin aerofoil;
� Potential, incompressible flow;
� The flow remains attached, that is, the amplitude

of oscillations is small;
� The wake behind the aerofoil is flat.

According to Theodorsen, the lift per unit span and
the moment per unit span acting at the aerodynamic
centre at any spanwise location can be expressed as

L9 ¼ 1

2
rCLa

c2

4
½�€wþ V _uþ c

4
€u�

þ rVCLa

c

2
CðkÞ½� _wþ Vuþ c

2
_u� ð26Þ

M9o =
1

2
rCLa

c2

4

c

4
€w� Vc

2
_u� 3

32
c2€u

� �
ð27Þ

where r is the air density, CLa is the lift curve slope of
the wing, c is the chord of the two-dimensional model,
and C(k) is Theodorsen’s transfer function that
accounts for attenuation of lift amplitude and phase
lag in lift response due to sinusoidal motion. It should
be noted that Mo is independent of Theodorsen’s trans-
fer function C(k). In order to obtain the total lift force
and aerodynamic moment acting at the aerodynamic
centre, the principle of virtual work is used. The total
work is
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W =

ð
L9dw+M 9

odu
� �

dy

=

ð
L9dwt f yð Þ+M 9

odutf yð Þ
� �

dy

= Ldwt +Modut ð28Þ

where dw and du are the virtual plunge and twist
displacements respectively and they have the same
spatial distribution as w and u. The total weighted
Theodorsen’s lift and pitching moment about the aero-
dynamic centre for the equivalent two-dimensional
model are

L=pr
c2

4
� 104

405
€wtl +

13

45
V _utl+

13lc

180
€ut

� �

+ 2prV
c

2
C kð Þ � 104

405
_wtl+

13

45
Vutl +

13

90
c _ut

� �

ð29Þ

Mo =pr
c2

4

13

180
c€wt � Vc

l

6
_ut �

3l

96
c2€ut

� �
ð30Þ

This analysis uses the low-dimensional state-space
representation of the classical unsteady aerodynamic
model of Theodorsen developed by Brunton and
Rowley (2011). They employed a Padé approximation
of Theodorsen’s transfer function, which was used to
develop reduced order model for the effect of synthetic
jet actuators on the forces and moments on an aerofoil
(Breuker et al., 2008; Brunton and Rowley, 2011). The
transfer function C(s) is approximated by

C sð Þ’ 0:5177a2s2 + 0:2752as+ 0:01576

a2s2 + 0:3414as+ 0:01582
ð31Þ

where

a=
c

2V
ð32Þ

The lift force then becomes

L=
0:0075699

a2
u+

0:09845

a
_u+

13

45
0:5176BLVutð Þl

+
13

45
ALV +0:5176BL

c

2

	 

_utl+

13

45
AL

c

4

	 

€utl

� 104

405
0:5176BL _wtð Þl� 104

405
AL €wtl ð33Þ

where

AL =
1

2
rCLa

c2

4
ð34Þ

and

BL = rVCLa

c

2
ð35Þ

In the lift force equation, Theodorsen’s transfer
function (C(s)) has two poles, and hence, two-state
variables are required to model the transfer function in

state space. €u can be obtained from the following differ-
ential equation

€u=
�0:3414

a
_u+
�0:01582

a2
u+

13

45
BLVutl

+
13

45
BL

c

2
_utl �

104

405
BL _wtl ð36Þ

Equation (36) is treated as an equation of motion
with u as an apparent degree of freedom.

Actuation

The four governing equations of motion show that in
order for the ATW system to be stable, actuators
attached to the front and rear webs are required to lock
them once they reach their desired positions. Otherwise,
the webs are free to move and the system diverges. To
simplify the analysis and avoid the need to design and
optimise a control system, only the equations of motion
relative to the plunge displacement and twist angle are
considered. The system is now reduced to two degrees of
freedom, which are the plunge displacement and twist
angle. The inertial terms related to the webs are also
ignored because the mass of the webs is much smaller
than the mass of the wingbox, and therefore, a uniform
actuation speed is assumed for each web. The actuation
forces/powers required for each of the webs are estimated
using equations (22) and (23). The structural and geo-
metric parameters of the UAV wing are listed in Table 1.

A 10� symmetric aileron deflection at 60 m/s and
3050 m (10,000 ft) generates a rolling moment of 7250
N m, which is the largest rolling moment that can be
achieved throughout the flight envelope of the UAV.
Therefore, 60 m/s and 3050 m is the flight condition at
which this analysis is performed. In order to investigate
the sensitivity of the actuation requirement to the flight
speed, another flight condition is considered, which
corresponds to 40 m/s and 3050 m. For each flight
speed, the angle of attack (a) is adjusted to ensure that
the UAV is flying at constant altitude before it rolls. At
40 m/s flight speed, an angle of attack (a) of 0.111
radians is required, while at 60 m/s, an angle of attack
(a) of 0.050 radians is required. Previous studies
showed that shifting the front web by 60% of the wing-
box chord when the rear web is kept in its original posi-
tion is capable of generating a rolling moment greater
than or equal to 7250 N m. Similarly, shifting the front
web inward by 35% and the rear web inward by 30%
of the wingbox chord is capable of generating a rolling
moment greater than or equal to 7250 N m. In order to
assess the effectiveness of each web, and study the
dynamical behaviour of the wing, three actuation cases
are considered in addition to the case where the webs
are stationary at their original position. Table 2 sum-
marises these actuation scenarios. The actuation speed
depends on the application of the ATW and the
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mission objectives of the air vehicle. An actuation time
for each of the three cases is set to 1 s in this analysis.
Once the webs achieve the desired positions after 1 s,
the webs are assumed to be locked in their new posi-
tions. The response of the system is studied during
actuation and 1 s after actuation to ensure that the sys-
tem converges to a new equilibrium state and not
diverges or flutter.

Case 1: stationary webs

Case 1, where both the front and rear webs are station-
ary (locked), simulates the behaviour of the ATW aero-
foil when the webs are fixed in their initial positions.
Figure 4 shows that the transient phase lasts about
0.65 s for the 40 m/s case and lasts about 0.35 s for the

60 m/s case. This occurs because as the dynamic pres-
sure (airspeed) increases, the aerodynamic damping
terms increase resulting in shorter transient phase. A
twist angle of 0.0045 radians is achieved for the 40 m/s
case whereas a twist of 0.0047 radians is achieved for
the 60 m/s case. The forces on the front and rear webs
are equal and pointing towards the leading edge of the
wing. The magnitudes of the forces at 1 s are 3.5 N for
40 m/s and 3.7 N for 60 m/s.

Case 2: front web moving rearward

In Case 2, the front web is shifted inward (towards the
trailing edge) with a speed of 0.56 m/s for 1 s, while the
rear web is kept fixed (locked) in its original position.
As the front web moves rearward, the twist angle (twist)

Table 2. Actuation cases.

Cases Actuation speed (m/s) Direction Actuation time (s)

Front Rear Front Rear Front Rear

Case 1 0 0 – – 0 0
Case 2 0.56 0 Rearward – 1 0
Case 3 0 0.56 – Forward 0 1
Case 4 0.33 0.30 Rearward Forward 1 1

Forward: towards the leading edge; rearward: towards the trailing edge.

Figure 4. Dynamic behaviour when both webs are stationary.
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increases and reaches 0.032 radians at 40 m/s and 0.040
radians at 60 m/s as shown in Figure 5. Once the web
locks in its new position, the twist angle, the angle
increases further to 0.045 radians at 60 m/s. The force
on the front web increases significantly in comparison
to that acting on the rear web. The force on the front
web at 1 s reaches 106 N (forward) at 40 m/s and 165 N
(forward) at 60 m/s. In contrast, the force on the locked
rear web is 29 N (forward) at 40 m/s and 46 N (for-
ward) at 60 m/s. The response of the ATW after the
front web is shifted to its new position shows that the
system has not exceeded the divergence and/or flutter
boundaries because once the web is locked/fixed in its
new position, the changes in plunge displacement and
twist angle converge to a new equilibrium state.

Case 3: rear web moving forward

In Case 3, the rear web is shifted inward with a speed
of 0.56 m/s, while the front web is kept fixed in its orig-
inal position. Figures 4 and 6 show the large similarities
between Case 1 and Case 3. As the rear web moves for-
ward, a twist angle of 0.0040 radians is achieved for 40
m/s and a twist angle of 0.0042 radians is achieved for
60 m/s. This indicates that shifting the rear web alone

cannot provide the aeroelastic twist required for roll
control and that the system response is not very sensi-
tive to the airspeed unlike Case 2 where increasing the
airspeed from 40 to 60 m/s resulted in increasing the
twist angle by 41%. Furthermore, although shifting
the rear web reduced the torsional stiffness, it also
reduced the moment arm (distance between aerody-
namic centre and shear centre) resulting in a steady
state twist lower than that of Case 1. The forces on the
front web at 1 s are 3.3 N (forward) for 40 m/s and 3.5
N (forward) for 60 m/s. On the other hand, the force
on the rear web at 1 s are 3.3 N (forward) for 40 m/s
and 3.5 N (forward) for 60 m/s. It can be noted that
forces on the front and rear webs at 1 s are of the same
order of magnitude to the forces in Case 1. The direc-
tions of the forces on the rear web indicate that the air-
flow assist the forward movement of the rear web and
provide the required actuation force.

Case 4: both webs moving (front web rearward and
rear web forward)

In Case 4, the front web is shifted rearward towards
the rear web with a speed of 0.33 m/s while the rear web
is shifted forward toward the front web with a speed of

Figure 5. Dynamic behaviour when the front web translates inward.

Ajaj et al. 2053



0.30m/s. The plunge displacement obtained is larger
than that obtained by shifting the rear web alone but
smaller than that obtained by shifting the front web
alone. On the other hand, the twist angle obtained is
0.025 radians at 40 m/s and 0.030 radians at 60 m/s.
Figure 7 shows that the twist angle achieved in Case 4
is smaller than that obtained in Case 2 but larger than
that obtained in Case 3. The forces on each web
increases as they move closer to each other, and the
force on the rear web changes its direction. This indi-
cates that as the webs are closer, the airflow starts to
resist the movement of the rear web instead of support-
ing it. The forces on the front web at 1 s (just before
locking) are 65 N (forward) for 40 m/s and 91 N (for-
ward) for 60 m/s. On the other hand, the forces on the
rear web at 1 s are 20 N (rearward) for 40 m/s and 30
N (rearward) for 60 m/s. Once the webs are locked, the
steady state forces on the rear webs change sign and
acts forward.

The results of this study are summarised in Table 3.
The efficiency is defined as the change in twist
(achieved twist minus stationary twist) per unit power.
In Case 4, shifting the rear web is about 3 times more
efficient than shifting the front web alone at 40 m/s and
60 m/s. The airflow tends to resist the movement of the
front web regardless of the rear web positions. On the
other hand, Cases 2 and 3 show that the airflow tends

to assist the movement of rear web for a range of front
web positions. From an actuation point of view, mov-
ing the rear web is favourable; however, from a perfor-
mance point of view, moving the front web is
favourable as the rear web alone can’t provide increase
in twist. In order to have a compromise between high-
performance and low-actuation forces, a combined
shift of the webs (Case 4) is the optimum choice.

Conclusion

Dynamic modelling of the ATW was performed. The
ATW was employed in a UAV wing to replace conven-
tional ailerons and provide roll control. The wing was
modelled as an equivalent two-dimensional aerofoil
using bending and torsional shape functions. The full
equations of motion were developed using Lagrangian
mechanics. Theodorsen’s unsteady aerodynamic theory
was employed for aerodynamic predictions. A low-
dimensional state-space representation was used to
model Theodorsen’s transfer function and to allow
time-domain analysis. Four actuation cases are investi-
gated in this article: stationary webs, front web moving
inward, rear web moving inward and both webs moving
inward. It turns out that shifting the front web is more
effective as it induces larger pitch/twist angle; however,
it is associated with larger actuation requirements. The

Figure 6. Dynamic behaviour when the rear web translates inward.
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forward shift of the rear web results in slight increase in
the twist angle when compared to shifts of the front
web. Based on the expression of torsional stiffness, each
of the webs can produce equal changes in the torsional
stiffness; however, the change in the shear centre posi-
tion relative to the aerodynamic centre associated with
each of the webs is the main reason for the front web to
be more effective and to be associated with larger actua-
tion forces and instantaneous powers. Shifting the front
web alone can provide the aeroelastic twist required to

generate the desired rolling moment; however, the rear-
ward shifts of the shear centre away from the aerody-
namic centre can reduce the flutter speed significantly.
Shifting the rear web forward while keeping the front
web fixed at its original position reduces the torsional
stiffness and the moment arm resulting in a drop in the
aeroelastic twist. Therefore, a combined shift of the
front and rear webs can provide the aeroelastic twist
required without exceeding the flutter or divergence
boundaries.

Table 3. Results of the actuation study.

Actuation
scenario

Speed
(m/s)

Twist angle
(radians) at t = 1s

Plunge (m)
at t = 1s

Force (N) at t = 1s Power (W) at t = 1s Efficiency (1024 rad/W)

Front Rear Front Rear Front Rear

Case 1 40 0.0045 0.145 3.5 23.5 0 0 - -
60 0.0047 0.150 3.7 23.7 0 0 - -

Case 2 40 0.0320 0.185 106 230 60 0 4.6 -
60 0.0400 0.230 165 246 91 0 3.9 -

Case 3 40 0.0040 0.140 3.3 23.3 0 1 - 25
60 0.0042 0.145 3.5 23.5 0 1.2 - 24.2

Case 4 40 0.0250 0.170 65 20 21 6 9.8 34
60 0.0300 0.200 91 30 29 9 7.1 23

Figure 7. Dynamic behaviour when both webs translate inward.
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Appendix 1

Nomenclature

A Enclosed area
c Chord
ds Infinitesimal segment along the perimeter
e Distance from aerodynamic centre to the

shear centre
E Young’s modulus
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G Shear modulus
h Average depth of the wing
Iac Mass moment of inertia at the

aerodynamic centre
Ixx Second moment of area of the wing
J Polar moment of inertia
K Stiffness
l Wing semi-span
L Lift force
m Mass per unit span
M Pitching moment
s Laplace variable
ts Equivalent skin thickness
tw Equivalent web thickness
T Kinetic energy
U Potential energy

V True airspeed
x Distance from the origin to the spar web
w Plunge displacement at quarter chord
W Virtual work
a Angle of attack
u Twist angle
r Air density

Subscripts

t Tip
w Bending
u Torsion
af Aerofoil
1 Front web
2 Rear web
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