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1. Introduction

Concepts that enable radical shape changes to augment the 
flight performance or control aircraft were developed prior to 
the inaugural powered and controlled flight in 1903 [1]. Weis-
shaar et al. [2] state that the contributions of these pre 1903, and 
early variable geometry concepts, had little impact on the aviation 
community and its continuing development. The disappearance 
of these mechanisms in the early 1900’s coincides with the in-
creased requirement for greater structural rigidity due to the loads 
experienced (because of the greater demand for speed), which 
precluded the use of the flexible materials available during this 
era. Technological advancements have allowed renewed interest 
in mechanisms that enable significant configuration modifications, 
leading to a number of projects that have developed a number 
of morphing systems for actuating significant geometry modifi-
cations [3]. Example aircraft that deploy systems for significant 
planform changes include the F-14 and Tornado. These systems 
are used to adapt to varying flight phase or flight condition, for 
improved performance (either mission efficiency, controllability or 
manoeuvrability) through deploying ‘rigid’ body mechanisms. Re-
cently, with the development of advanced materials, and wider ap-
plication, or integration, of these more compliant materials to air-
craft systems [4,5], there has been a revived interest in developing 
flexible mechanisms and structures that are capable of enabling 
significant planform changes through large deformations. With the 
concurrent development of novel structural arrangements (such as 
the FishBAC [6–9], compliant spar [10], zig-zag wingbox [11], the 
GNAT spar [12], hybrid hinge-less trailing edge concept developed 
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at METU [13] and variable-stiffness camber morphing airfoil [14]), 
actuation methods, and multi-scale modelling and analysis tech-
niques, has made it feasible to reinvestigate deploying these sys-
tems to achieve significant modifications to the aircraft geometry, 
and an opportunity for the successful integration of these systems 
onto full-scale aircraft. Barbarino et al. [3] present a more complete 
overview/review of aerospace morphing concepts and technologies 
that have been developed.

Morphing technology generally encompasses technologies that 
enable significant geometry modifications, although there exist
several overlapping definitions of morphing in relation to aircraft. 
According to Weisshaar [2], morphing is a technology, or set of 
technologies, that allows air-vehicles to alter their characteristics 
to achieve improved flight performance and control authority, or 
to complete tasks that are not possible without this technology. 
The NATO RTO Technical Team on Morphing Vehicles suggested 
that morphing is the real-time adaptation to enable multi-point 
optimised performance [15]. A more detailed definition was pro-
vided by the DARPA Morphing Aircraft Structures (MAS) program. 
According to Seigler [16], the MAS program defines the morphing 
aircraft as a multi-role platform that changes its state substantially 
to adapt to changing mission environments, provides superior sys-
tem capability not possible without reconfiguration, and uses a 
design that integrates innovative combinations of advanced ma-
terials, actuators, flow controllers, and mechanisms to achieve the 
state change.

Much of the literature on morphing to date includes structural 
concepts, morphing actuators and mechanisms, and some morph-
ing systems analysis. Underlying the systems analysis, morphing 
structural concepts, actuators and mechanisms have generally been 
analysed as retrofitted systems to an already existing aircraft sys-
tem [17,18], comparing the effect of retrofitting a morphing system 
relative to the performance of an equivalent classic system that 
delivers the same functionality. These investigations are largely 
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Nomenclature

Es Young’s modulus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . GPa
EEq Equivalent Young’s modulus . . . . . . . . . . . . . . . . . . . . . . . GPa
ρs Material density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/m3

ρEq Equivalent material density . . . . . . . . . . . . . . . . . . . . . kg/m3

Kx Spanwise loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N/m
α Angle of attack . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . deg
β Sideslip angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . deg
Vt Relative wind velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s
p,q and r Roll, pitch and yaw rate (rads/s) respectively
φ, θ and ψ Roll, pitch and yaw Euler orientation angles . . . deg
alt Altitude . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
m Mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg
Ixx Rolling moment of inertia . . . . . . . . . . . . . . . . . . . . . . . kg m2

I yy Pitching moment of inertia . . . . . . . . . . . . . . . . . . . . . . kg m2

Izz Yawing moment of inertia . . . . . . . . . . . . . . . . . . . . . . . kg m2

Ixz Cross-product of inertia in the X–Z plane . . . . . . kg m2

AR Aspect ratio
lStab./c̄ Ratio of tail moment arm (from wing leading edge to 

tail leading edge) to reference chord
lFin/c̄ Ratio of fin moment arm (from wing leading edge to 

fin leading edge) to reference chord
SStab./Sref Ratio of tail area to reference wing area
SFin/Sref Ratio of fin area to reference wing area
CL or CLift Non-dimensional lift coefficient
C D or CDrag Non-dimensional drag coefficient
C D0 Non-dimensional zero lift drag component
Cl, Cm and Cn Non-dimensional roll, pitch and yaw moment co-

efficient
HSTAB Horizontal stabiliser angle . . . . . . . . . . . . . . . . . . . . . . . . . deg
dependent on the aircraft system, and how capable the platform 
is able to accommodate a retrofitted morphing system. This does 
not necessarily demonstrate the potential performance benefits of 
morphing, as it is limited by the chosen platform’s inherent per-
formance. Furthermore, potential integration issues may decrease 
the feasibility of morphing due to excessive reduction in perfor-
mance due to weight gain from the system, or structural issues 
with the integration itself. For concepts that modify the aerody-
namic cross-section of a lifting wing, that are used to directly 
replicate an existing systems function, such as a compliant camber 
concept to replace a trailing edge flap, this may not be so difficult. 
However, concepts that modify the planform parameters can have 
a significant impact on the structural design. This may imply that 
the optimum geometry for a particular morphing concept within 
its morphing geometry space does not resemble a fixed wing de-
signed for the same mission.

This paper shows that a retrofitted morphing concept does 
not yield the same solution as an aircraft system developed with 
morphing considered at the concept definition. This infers devel-
opment of a design philosophy that includes morphing systems 
where fewer design constraints exist (from the conceptual design 
phase), such that morphing enlarges the design space to optimise 
the aircraft system.

In summary, the main research question the paper tries to an-
swer is: Is it possible to exploit the full benefits of morphing 
technologies when they are retro-fitted to existing aircraft design 
rather than being considered early in the design process?

The research goals of this paper are to:

• Develop a novel framework for classification of morphing tech-
nology based on its functionality, operation, and the structural 
layout.

• Determine the limitations of the conventional design approach 
to exploit the benefits of the technology using representative 
examples and results.

2. Categorisation of morphing aircraft

Based on the definition of morphing outlined in Section 1, flaps, 
slats, and retractable landing gears are all forms of morphing that 
were adopted locally on conventional aircraft. These systems are 
categorised as ‘Discrete Morphing’. Discrete morphing can be re-
garded as a mature technology, as these systems have been inte-
grated onto airframes for almost 100 years. The primary reason 
for localised morphing is the need to improve operational perfor-
mance, or control authority of the aircraft, without affecting the 
structural rigidity or integrity. Advances in materials and actuation 
systems facilitated the development of novel morphing structures, 
with directional properties that allows flexibility along one vector, 
whilst ensuring structural rigidity in another orthogonal direction. 
The benefits of localised morphing in terms of performance is lim-
ited largely by the planform, and can only optimise to the baseline 
planform, implying that discrete morphing may meet the continu-
ous demand for more efficient and multi-mission aircraft.

Various categorisations of morphing have been proposed. Sofla 
et al. [19] and Barbarino et al. [3] categorise morphing based on 
geometric changes to commonly recognised parameters such as 
sweep angle, camber, twist, span and dihedral. These categorisa-
tions neglect conventional technologies such as flaps, slats and 
landing gears. Categorisations derived using this framework lack 
the generic description required to properly capture all forms of 
morphing, from classical discrete forms such as flaps and other 
trailing edge surfaces, to more contemporary compliant, or flexible 
structural concepts. The authors suggest a more generic categori-
sation of morphing system is required based on the functionality, 
operational envelope, and application. Flaps, slats, and retractable 
landing gears are integrated onto conventional aircraft typically 
for a singular function, only being deployed intermittently for a 
relatively short period of time during a mission flight phase. In ad-
dition, they are typically only applied locally in the airframe, and 
are not designed to carry the flight loads directly, but to transfer 
the load into the airframe’s primary structural components (wing 
or fuselage). Only marginal performance improvements are ex-
pected, with the ability to meet future stringent requirements [3]
questionable, due to the limited capacity for improvement in per-
formance using these systems. Ultimately, an objective for future 
aircraft is to integrate so called ‘Continuous Morphing’ systems, 
where a single system can provide multiple functions, in a con-
tinuous fashion along a mission, where these systems are capable 
of carrying the various flight loads that the airframe is exposed to. 
Table 1 summarises the definitions and differences between ‘Dis-
crete’ and ‘Continuous’ Morphing.

Continuous morphing can be observed in nature through bird’ 
wings, which can morph to adapt to multiple missions, such as 
loiter and strike, with varying functionality and requirements from 
control to flight performance. Examples of both ‘Discrete’ and ‘Con-
tinuous’ Morphing are shown in Fig. 1.

3. Morphing aircraft design

Most of today’s aircraft are designed according to Cayley’s de-
sign paradigm [1] which separates the functions required for sus-
tained flight [20,21,1], mainly the lifting and propulsive systems. 
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Table 1
Definitions of discrete and continuous morphing.

Discrete morphing Continuous morphing

• Singular functionality • Multiple functionalities
• Adopted locally on board the aircraft • Adopted distributed over the body of the aircraft
• Operated at few points of the flight envelope • Operated continuously within the flight envelope
• Suppress coupling between the aircraft axes • Exploit couplings in morphing schedules and between the aircraft axes

Fig. 1. Examples of discrete and continuous morphing.
During a classical conceptual design iteration, the geometry of 
a conventional aircraft is typically optimised for a single flight 
segment/phase (cruise for a transport aircraft), compromising the 
performance at other conditions [22]. To overcome this penalty, 
discrete surfaces, such as flaps and slats, are deployed to allow 
modifications to the wing profile, in order to adapt to off-design 
flight phases, for improved flight characteristics and performance. 
Conversely, morphing aircraft can modify their geometry instanta-
neously in response to changes in the flight conditions, to optimise 
the mission flight characteristics and performance. The ability to 
adapt their geometries enables morphing vehicles to be considered 
for multiple missions with a single morphing aircraft system.

3.1. Multi-axis effectors

Most of the studies in literature have focused on using morph-
ing systems that replace conventional systems. However, conven-
tional systems are almost 100 years old, have undergone significant 
optimisation and accrued many operational hours service. They are 
a recognised trusted technology in terms of safety and airworthi-
ness (see JAR-23 and JAR-25). The way conventional systems are 
operated depends on the system itself and its technology. Operat-
ing morphing systems, which is inherently a different technology, 
in the same way as conventional systems potentially occludes the 
benefit of integrating a morphing system, and results in it being 
rendered an inferior candidate.

For illustration, consider a roll manoeuvre for a Medium Alti-
tude Long Endurance (MALE) Unmanned Air Vehicle (UAV). A com-
parison between conventional ailerons and asymmetric span mor-
phing is performed. The conventional ailerons are deflected asym-
metrically, and the rolling moment generated is a function of the 
aileron size, spanwise position of the aileron, deflection angle, 
and the dynamic pressure. The rolling moment generated by the 
ailerons is independent of the Angle of Attack (AoA) (assuming a 
linear aerodynamic regime). For asymmetric span morphing, the 
rolling moment generated is dependent on the change in wing 
span, dynamic pressure, and the instantaneous AoA. For illustra-
tion, Fig. 2 shows the variation of rolling moment with the AoA 
for both ailerons and span morphing at the same dynamic pres-
sure of 815 N/m2 presented by Ajaj et al. [23,24].

It should be noted that the UAV wing is unswept and hence 
asymmetric span extension or retraction mainly affects roll and 
yaw (and not pitch). By examining Fig. 2(a), the roll moment due 
to the span morph is very sensitive to the operating Angle of 
Attack, which is not the case for conventional ailerons. If this sen-
sitivity is neglected, then from a structural and actuation point of 
view, conventional ailerons are a superior choice to provide roll 
control, due to there lighter weight, lower actuation power, and 
simplicity. However, if the coupling between pitch and roll is con-
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Fig. 2. Variation of rolling and yawing moment coefficients from span morphing and aileron angle with the AoA at Mach No. 0.16, altitude of 20,000 ft [23,24].

Fig. 3. Moments attainable by folding up or down the right winglet while the left winglet remains planar [25].
sidered, then span morphing is potentially a superior option, due 
to the large level of manoeuvrability that can be achieved for a 
wide range of flight conditions.
Similarly, Bourdin et al. [25] demonstrated that significant cou-
pling effects can be achieved using morphing winglets (by varying 
cant angle), when actuated asymmetrically. Fig. 3 shows represen-
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Fig. 4. Operational performance improvements with symmetric span morphing [23,24].
tative aerodynamic rolling moment coefficients for a flying wing 
with integrated morphing winglets. The large coupling between 
roll, yaw, and pitch allows coordinated turns with increased agility.

The classical design approach to the flight control system is to 
minimise inherent coupling, thereby simplifying the control law. 
However, recent advances in computing power, and the continu-
ous expansion of the UAV and Radio Controlled (RC) aircraft mar-
kets, creates a viable environment to exploit the coupling through 
integrating morphing systems, to enhance the agility or the opera-
tional performance of an aircraft.

3.2. Functionality

Conventional systems are generally designed to provide a sin-
gle function. Slats and flaps are a good example of this, because 
they are used to reduce the stall speed during take-off and land-
ing, serving no function outside of these flight phases. Integrating 
cumbersome systems generally restricts their deployment to ac-
tuate configuration modifications to a limited number of flight 
phases, thereby they are only actuated for a small period of the 
flight mission. One reason for integrating numerous single func-
tion systems, such as high lift devices, concerns safety and to 
meet minimum criteria for reliability and redundancy.1 Much of 
the literature generally compares a morphing system to a conven-
tional system that performs the same singular function. This type 
of study cannot fully capture the potential benefits of morphing, 
where the primary focus of the investigation is to replace a cur-
rent system function, rather than exploiting the potential of the 
technology, possibly unlocking the full advantages of integrating it 
for performance and potentially expanding the mission capability.

It is proposed that morphing systems should be designed to 
be multi-functional, and not simply to replace the function of a 
conventional system. For instance, asymmetric span morphing (dis-
cussed briefly in Section 3.1 as a replacement for ailerons) that is 
used for roll control can also be used to enhance aerodynamic ef-
ficiency (drag reduction) during steady flight phases and enhance 
operational performance during transitional flight phases (reduced 
take-off and landing distances) when actuated symmetrically. As 
stressed before, if only the roll control functionality of span mor-
phing is considered, then ailerons are a more effective roll device 
in terms of weight, actuation, complexity, and knowledge. How-
ever, ailerons have little potential to enhance aerodynamic effi-
ciency or operational performance, and in order to enhance aero-
dynamic efficiency or operational performance, other conventional 
systems are required which increases overall weight and reduces 
efficiency. Fig. 4 shows the improvement in endurance and the re-
ductions in Take-off Field Length (TOFL) and Lift-to-Drag Ratio (LD) 
that can be achieved with symmetric span morphing (extension).

1 Flight reliability and redundancy in JAR 25 is covered by JAR 25.1309.
Table 2
Scalability of compliant structures.

Parameter AR4 Herti

MTOW (kg) 5 800
Wing loading (kg/m2) 12 36
c (m) 0.24 1.87

In addition, symmetric span retraction allows the UAV to be 
more agile to perform a dash flight. Similarly, Smith et al. [17] used 
the morphing winglet symmetrically on the wingtip of a commer-
cial transport aircraft similar to the Airbus A320-200. They quoted 
about 4% improvements in Specific Air Range (SAR) during the mid 
and final cruise flight segments.

With a design approach that focuses on morphing systems pro-
viding multiple functions, Figures of Merits (FoMs), such as power 
or weight, become inappropriate. This implies that a new set of 
FoMs should to be developed to allow a fair comparison between 
conventional and morphing systems. For instance, instead of us-
ing weight or power as the FoM, weight or power required per 
function delivered provided could be a better alternative. Without 
introducing new FoMs, then fair assessment of the benefits of mor-
phing becomes difficult.

3.3. Compliance vs. mechanisms

Another important factor in morphing systems is the scale of 
the air-vehicle on which they are to be integrated. All of the mor-
phing concepts available in the literature can be categorised as 
either compliant, a mechanism, or hybrid (mixture of compliant 
and mechanism). Compliant structures are promising solutions due 
their low weight and maintenance costs (no rigid body motion). 
Compliant structures that have been proposed usually employ flex-
ible skins to maintain the aerodynamic shape of the wing before, 
during, and after morphing. There is a wide range of flexible skins 
ranging from corrugated skins, to fibre reinforced elastomer. Thill 
et al. [26] provided an extensive review of the state-of-the-art mor-
phing skins. The drawback of the state-of-the-art flexible skins is 
that they cannot work as main load carrier members. Their main 
purpose is to maintain the aerodynamic profile of the wing, and 
transfer the pressure loads to the inner main load carrying struc-
ture. Compliant structures appear to perform adequately for small, 
lightly loaded, UAVs and RC aircraft. These approaches can also be 
applied to wind turbine blades of various sizes, due to the rela-
tively low operating dynamic pressure. However, as the size and 
weight of the vehicle increases, and hence the aerodynamic loads 
increase, it becomes prohibitive to employ compliant structures 
due to their relatively low stiffness and strength.

For illustration purposes, two representative UAVs are consid-
ered: the Tekever AR4 and the BAE Systems Herti. The UAVs’ design 
parameters and span loadings are listed in Table 2. To demonstrate 
the scalability issue of compliant structures, hexagonal honeycomb 
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Fig. 5. Design parameters of the honeycomb.

is assumed to be filling the entire wing for each of the UAVs to 
resist the aerodynamic loads and to allow shape variations. The 
honeycomb is assumed to be the main load carrying component 
of the wing and to be made of Aluminium 2024 (Es = 72 GPa and 
ρs = 2780 kg/m3).

During 1-g level flight, the maximum allowed out-of-plane tip 
deflection of the wing must not exceed 10% of the wingspan for 
each UAV. It should be noted that the height and width of the 
honeycomb is limited is wing depth and chord respectively and 
therefore they are fixed for each UAV. Assuming the aerodynamic 
loads on the wing are uniformly distributed, the equivalent Young’s 
modulus (Eeq) of the honeycomb required to satisfy the deflection 
constraint can be estimated. Using Equation (1) from Gibson and 
Ashby [27] and Eeq obtained from the deflection constraint, t/l ra-
tio of the honeycomb can be obtained:

Eeq

Es
=

(
t

l

)3 cos θ(
h
l + sin θ

)
sin2 θ

(1)

It should be noted that in this study, the honeycomb angle is 
fixed to be 30 degrees and h/l ratio is fixed to 1. Fig. 5 defines the 
design parameters of honeycomb.

By substituting t/l in Equation (2) from Gibson and Ashby [27], 
the equivalent density of the honeycomb (ρeq) can be obtained:

ρeq

ρs
=

(
t

l

)
1 + 2 cos θ + h/l(

h
l + sin θ

)
cos θ

(2)

The ratio between the wing weight of the Herti and the wing 
weight of the AR4 is about 500, while the ratio of the MTOWs is 
about 160 and the ratio of span loading is about 24. This clearly 
shows that compliant morphing structures are very scale depen-
dent and the use of these structures becomes prohibitive as the 
scale of the aircraft become large making mechanisms a favourable 
option.

The design of flexible skins is challenging and has many con-
flicting requirements. The skin must be soft enough to allow shape 
changes but at the same time it must be stiff enough to withstand 
the aerodynamic loads and maintain the required shape/profile. 
This requires thorough trade-off design studies between the re-
quirements. In addition, the type of flexible skin and the way it is 
reinforced depend on the loading scenario and the desired change 
in shape (one-dimensional or multi-dimensional). Therefore, the 
design of flexible skins is very application and scale dependent.

3.4. Design with morphing

One drawback with most studies of morphing aircraft is that 
morphing is retrofitted to an existing aircraft system. This ap-
proach directly eliminates some major benefits of the morphing 
technology and constrains the potential to be applied for multiple 
functions. With morphing systems, the structure is strongly cou-
pled to the actuation, and sensor systems. However, some systems 
deploy the morphing structure as an actuator and concurrently 
a sensor. The GNAT spar is an example of this, where the spar 
is an actuator, and the main structure, and can concurrently act 
as a sensor for determining position [12]. This coupling does not 
typically exist for conventional aircraft systems. Therefore adding 
morphing to an existing aircraft generates different outcomes (in 
terms of benefits) when considering morphing early in the design 
process of the aircraft.

3.4.1. Multi-functional design optimisation example
Following the previous example which deploys asymmetric 

span morphing to provide roll control, this section shall present 
an example of deploying span morphing both symmetrically for 
performance and asymmetrically for lateral trim and control. The 
UAV used is based on a 25 kg platform, tail-aft configuration with 
cruciform empennage and a straight untapered, unswept wing of 
moderate unmorphed aspect ratio. The representative mission pro-
file is a loiter mission, where the UAV is required to complete a 
high speed dash phase. Results presented show the variation in 
trim properties and aerodynamic performance, in addition to some 
lateral trim and control results. The investigation focuses on the 
effect in variation in the span, both symmetric and asymmetric.

Mission specification The example geometry selected for the fol-
lowing investigation is based on a UAV developed to loiter. Fig. 6
presents the representative mission profile that will be used.

The reference aircraft is based on an extended, larger version 
of the Tekever AR4 (illustrated in Fig. 7). The mass is estimated 
as 25 kg. Fig. 7(a) presents an illustration of the platform used in 
this investigation, and Fig. 7(b) shows the limits of the morphed 
geometry relative to the baseline geometry. A morphing concept 
is implemented that enables spanwise contraction through a tele-
scopic actuation arrangement, allowing up to 50% span reduction 
on an outboard partition, accounting for 50% of the total span (25% 
reduction of the total span).
Fig. 6. Mission profile.
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Fig. 7. Representative model of the Tekever AR4.
Table 3
Geometric parameters of the reference UAV.

Parameter Value

AR 6.67
lStab./c̄ 2.43
lFin/c̄ 2.43
SStab./Sref 0.0848
SFin/Sref 0.0607

Table 4
Mass properties of the reference UAV.

Parameter Value

Mass (kg) 25
CoG X Pos (% MAC) 30.32
CoG Z Pos (% MAC) 29.20
Ref. Pos [0 0 0]
Ixx (kg m3) 7.5942
I yy (kg m3) 6.5749
Izz (kg m3) 12.7329
Ixz (kg m3) −0.0217

Table 3 presents some of the relevant nominal geometric char-
acteristics, and Table 4 the mass properties.

AVL, an aerodynamic solver written by Drella et al. at MIT, 
was used to generate the aerodynamic data. AVL is a vortex lat-
tice code, which uses boundary element method, derived from 
potential theory. This code is only suitable to generate the data 
for low angles of incidence, incompressible, inviscid flows. Further-
more, constraints to the geometry imposed by this method include 
those on the amount of camber and thickness of a body that can 
be modelled. In this analysis, only lifting bodies are modelled us-
ing this aerodynamic method (i.e. the main wing, horizontal and 
vertical tail planes). To account for the viscous drag component, 
an empirically derived bulk skin friction coefficient is used, based 
on the wetted area and Reynolds Number, obtained from Gund-
lach [28].

In the loiter condition, the aircraft is required to hold an 
altitude of 500 m (approximate air density 1.16727 kg/m3) at 
55 km/h. The aircraft is expected to perform a series of coordi-
nated turns, requiring an achievable radius of 200 m. A platform 
that deploys span morphing for performance, has less span avail-
able to integrate a traditional effective roll control system. The 
investigation will highlight that the demands on the rudder to pro-
vide roll control are excessive, and a strategy that incorporates the 
span morph delivers more feasible and effective roll control. The 
UAV is also required to dash at 110 km/h. At this speed, the aero-
dynamic efficiency can be increased by reducing the wing wetted 
area through decreasing the span, and therefore the skin friction 
drag, since the skin friction dominates the drag at high speed.

Trims are performed about steady or quasi-steady conditions 
(i.e. where state derivatives are constant or zero). For straight and 
level flight, which is used in both dash and loiter conditions, the 
aircraft model is trimmed for a given altitude and wind veloc-
ity. The parameters chosen to vary were the angle of attack, pitch 
angle, thrust setting and elevator angle, using the derivative equa-
tions α̇, V̇ t , q̇ and Ȧlt. For the coordinated turn, because lateral 
states are now included, the variables are α, β , p, q, r, φ, θ , ψ , el-
evator angle, throttle setting and rudder angle (or span morphing 
parameter depending on the trim law). The derivative equations 
used to trim for these parameters are α̇, β̇ , V̇ t , ṗ, q̇, ṙ, φ̇, θ̇ , ψ̇ , Ẏ
and Ȧlt. To compute the trim parameters, a cost function is formed 
using the sum squares of the output error of the derivative equa-
tions, and using the MATLAB fminunc, a steady-state can be found.

In the following results sections, colourmaps with contours are 
presented. The solid contours are the colourmap contours, where 
dashed contours refer to a parameter of interest.

Symmetric span morphing results The results included in this sec-
tion are for the loiter, climb and decent flight phases. These include 
variations in speed and the symmetric span morphing parameter. 
The plots presented are over a range of relative wind velocities 
and span (or absolute Aspect Ratio (AR)). The AoA is presented 
as an absolute value, as is the stabiliser angle. Symmetric span 
morphing primarily affects the aircraft system performance, and 
hence aerodynamic efficiency is used as a performance indicator. 
The aerodynamic efficiency is normalised to the maximum aero-
dynamic efficiency at the nominal mass properties.

Span retraction trim results The trim law used in this inves-
tigation computes the required AoA, stabiliser angle and throttle 
input for a steady state, constant velocity, constant altitude straight 
and level flight [29]. Fig. 8 presents the relevant trim information 
for the range of parameter variations used. These results are pre-
sented at the nominal Centre of Gravity (CoG) position presented 
in Table 4 relative to the aircraft geometry presented in Fig. 7
(whilst varying the aspect ratio through morphing).



R.M. Ajaj et al. / Aerospace Science and Technology 49 (2016) 154–166 161
Fig. 8. Trim parameters for variable span using nominal mass properties.

Fig. 9. Aerodynamic efficiency using span retraction at the nominal mass properties.
Table 5
Effect of velocity and span retraction on the required lift coefficient sensitivity to 
velocity and wing area.

Parameter Low speed (55 km/h) High speed (110 km/h)

Full-span Retracted-span Full-span Retracted-span

CLift 0.75013 1.00017 0.18753 0.25004
−∂CLift/∂ S 0.001861 0.003308 0.000465 0.000827
−∂CLift/∂V 0.000045 0.000060 0.000006 0.000008

CLift = FLift

1/2ρV 2 S
(3)

where,

∂CLift

∂V
= −2FLift

qV S
,

∂CLift

∂ S
= − FLift

qS2
(4)

and q = 1/2ρV 2.
The trim AoA presented in Fig. 8(a) shows the variation with 

relative total wind velocity and span. Equation (3) shows the rela-
tionship between required lift coefficient, velocity and wing area. 
A finite difference of Equation (3) is shown in Equation (4), assum-
ing constant density (or altitude). The sensitivity of CLift to both 
velocity and area (or AR) is shown to depend on their respective 
initial values (i.e. −1/q0 S0). For sensitivity to velocity an additional 
velocity 2/V 0 is multiplied by the −1/q0 S0, where sensitivity to 
wing area (or AR) requires an additional 1/S0 term.

From these equations, Table 5 presents the values for required 
lift coefficient, sensitivity of lift coefficient to both velocity and 
wing area (or AR), at low speed and high speed, for full span and 
span retracted.

This table shows that retracting the span by 25% (from AR of 
6.67 to 5) leads to an approximate 33% increase in the required lift 
coefficient for both low and high speed, and for a 50% increase in 
velocity (from 55 km/h to 110 km/h) requires a 75% decrease in 
the required lift coefficient. More interestingly is that although the 
absolute change in AoA (or CLift as CLift ∝ α) is greater over the 
speed range, it is more sensitive to changes in wing area (or AR 
due to span) per m2, when compared to the sensitivity to velocity 
per m/s. This has implications on any trim or control system in 
terms of scheduling gains to span change and velocity.

Fig. 8(b) presents the stabiliser angle required to trim over a 
range of velocities and ARs. The primary observation is that the 
model generally predicts that the required stabiliser angle becomes 
more positive as speed increases, generating greater nose down 
pitching moment. This corroborates the theory that CLift ∝ −CM

for a stable aircraft, and hence as velocity increases (and there-
fore the required CLift decreases) then the required stabiliser angle 
decreases.

Span retraction aerodynamic efficiency nominal results
Fig. 9(a) presents the variation in lift-to-drag ratio, where an op-
timum between 65–70 kph at maximum aspect ratio (maximum 
wing area), or span, is observed. As the span is retracted, the max-
imum aerodynamic efficiency decreases. Furthermore, as the span 
is retracted, the optimum operating velocity increases marginally. 
The results indicate that between 105 and 110 kph, the increase 
in induced drag matches the decrease in profile drag component 
whilst retracting the span. Beyond this speed, the profile drag is 
dominant, and so with span retraction, a marginal increase in aero-
dynamic efficiency is observed. For this range of span morphing, 
with a variation in span of between 3 and 4 m (or AR between 
5 and 6.67), the aerodynamic benefits in terms of efficiency are 
minimal. The aerodynamic efficiency shown in Fig. 9 implies that 
the optimum speed for maximum range and endurance increases 
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Fig. 10. Normalised spanwise loading of wing for variable angle of incidence (or lift coefficient).
with span retraction, due to the proportional relationship of aero-
dynamic efficiency to the range and endurance of an electrically 
powered propeller driven UAV [30,31].

Fig. 9(b) shows the same results, but plotted relative to the 
maximum value at the maximum span. The solid contours are re-
lated to the respective parameters indicated by the colour map, 
where the dashed contours plot the root bending moments, which 
are normalised to the maximum root bending moment at the max-
imum span. These plots show that as velocity is increased, the root 
bending moment increases. This suggests that as velocity increases 
(and thus decreasing the required CLift , with constant dimensional 
lift), the centre of lift migrates outboard, increasing the moment 
arm, and therefore increasing the root bending moment. This can 
be observed by inspecting the spanwise lift distribution in Fig. 10.

Fig. 10(a) highlights the differences in the lift distributions, 
where for the lower lift coefficient, a pronounced change in the 
lift distribution showing the increase outboard and decrease in-
board for decreasing lift-coefficient. The centre of lift is marked for 
three different angles of incidence in Fig. 10(b), where the lower 
lift coefficient indicates that the centre of lift does move outboard. 
Aerodynamically, this may affect the optimum, but the optimum 
CLift is largely dependent on Equation (5) from Vinh [32], for a 
given planform maximum aerodynamic efficiency:

C∗
Lift =

√
C D0

K
(5)

CLift

CDrag

∗
= 2

√
KCD0 (6)

V ∗ =
√√√√2W

ρS

√
K

C D0
(7)

where K ≈ 1/(πAR).
As span is retracted, these results indicate that the bending 

moment also decreases. This implies that as speed is increased, 
bending moments can be reduced with no significant loss in aero-
dynamic efficiency. Generally, as the span is retracted, the required 
lift coefficient relative to planform area increases. The spanwise 
centre of lift in absolute terms shifts inboard and thus reducing 
the root bending moment, as shown in Fig. 10(b). However, less 
than a 1% of semi-span shift in the centre of lift occurs for these 
loading conditions. This would not account for the near 5% change 
in bending moment observed over these angles of incidence. The 
bending moment is only a function of the operating lift on the 
wing. The reason for the greater reduction is deduced as follows:
1. For a given mass and velocity, the vehicular CLift can be com-
puted.

2. In order to achieve this, the wing and stabiliser operating CLift
must be computed.
• For increasing velocity, generally reduces the required nega-

tive CLift on the tail.
3. Finally, the thrust component that contributes toward the lift 

due to pitching the aircraft.

Comparing flight condition that these three spanwise loadings 
are produced, reveals that for increasing flight velocity, an increase 
in CLift on the wing is required over the nominal vehicular CLift . 
This would imply that although for higher velocities, generally the 
negative CLift contribution from the tail diminishes, the additional 
‘lift’ provided by the thrust as angle of attack increases is greater 
for decreasing velocity. This decreases the relative wing lift to ve-
hicular lift required, along with the lift vector shifting inboard, 
decreases the bending moment at lower velocities.

The span morphing results showed that the variation of aero-
dynamic efficiency with speed generally increased rapidly to the 
optimum, and then decreased slowly beyond this point. As span is 
retracted, the optimum speed for aerodynamic efficiency increases 
marginally, also decreasing the maximum lift-to-drag ratio by ap-
proximately 8% over the full span condition. These observations 
are largely predictable by the simple performance equation (Equa-
tion (6)) for reduction in aerodynamic efficiency, and the optimum 
speed is approximately governed by Equation (7). Although a de-
crease in the aerodynamic efficiency is observed, there is also a 
decrease in root bending moment of up to 15%. It is observed 
that as the trim speed is increased, the trend with span retraction 
changes. At lower speeds, up to approximately 108 kph, it is the 
lift induced drag component that dominates the drag equation. As 
the trim speed is increased up to and beyond 108 kph, the para-
sitic drag component dominates. The model used to represent this 
component is an inverse function of Reynolds number, and so its 
value decreases with speed. In this region, retracting the span in-
creases the lift-to-drag ratio, as the lift induced component is no 
longer the dominant term.

Varying the AR within this range yields marginal aerodynamic 
benefits for the speed range used. This is in part because the base-
line AR is not aerodynamically optimal for the loiter condition 
with this model; the allowable span reduction and speed range 
are incompatible with any aerodynamic benefit according to this 
analysis. Additionally it is worth noting that the spanwise lift dis-
tribution, is operating in an unfavourable regime generally associ-
ated with low AR wings, far from the optimal elliptical distribution 
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Fig. 11. Aerodynamic efficiency using span retraction with variable mass.

Fig. 12. Aerodynamic efficiency using span retraction with variable CoG position.
which is generally desired. Hence further reducing the span forces 
the flow further into this regime, possibly negating any potential 
aerodynamic benefits.

Span retraction aerodynamic efficiency sensitivity to mass 
penalty To investigate the sensitivity to the increase in mass due 
to implementation of a structural morphing concept, the mass is 
varied from −10% to +10% of the nominal mass. Mass is assumed 
to increase at the CoG with no change in other inertial proper-
ties. No significant change in the functional relationship/trends 
between trim parameters (AoA and stabiliser angle) and mass was 
observed. As required lift coefficient increases, the required AoA 
increases.

Fig. 11 shows the effect on the aerodynamic efficiency. Gen-
erally, these results suggest that as the mass increases, the root 
bending moments also increases, as does the optimum speed for 
maximising each of the parameters. With increasing mass, the 
required lift coefficient, and hence lift, increases. Although the 
bending moment was observed to decrease with increasing re-
quired CLift , this was at constant mass. Thus a fixed CLift at a 
higher velocity, yields the increase in root bending moment experi-
enced in this model. The change in optimum speed is supported by 
Equation (7). The optimum aerodynamic efficiency is observed to 
increase marginally for a decrease in mass, where at higher speeds 
beyond the optimum, the aerodynamic efficiency improves for an 
increase in mass. Assuming that the optimum CLift is unchanged, 
then for an increase in mass, the velocity must be increased to 
maintain this CLift . Based on the lift induced drag alone, the max-
imum is observed to remain constant, but the zero lift drag com-
ponent, C D0, decreases with increasing velocity (C D0 ∝ 1/Re), thus, 
as the optimum speed increases so does the lift-to-drag. Although 
the lift-to-drag ratio increases with increasing mass, this does not 
necessarily lead to an increase in range and endurance, as these 
parameters are also both inversely proportional to mass, and so 
may reduce the maximum range and endurance.

The root bending moment increase is approximately propor-
tional to the mass for a given dynamic pressure (and Mach num-
ber) related through the required vehicular lift coefficient. The root 
bending moment and mass are materially dependent, and approx-
imately proportional, where the increase or decrease in mass re-
sults in a corresponding increase or decrease in bending moment. 
It must be recognised that where the aerodynamic efficiency is ob-
served to increase in the case of increased mass, this cannot be 
used in isolation to conclude that range and endurance increases at 
these speeds. An increase in mass applied to range and endurance 
equations requires greater power to trim, which in turn leads to a 
decrease in both range and endurance. Although the maximum lift-
to-drag increases marginally, and is greater for a range of speeds 
above the optimum, the parameter values for a decrease in mass 
are larger at lower speeds.

Span retraction aerodynamic efficiency sensitivity to CoG po-
sition The CoG is migrated along the X-axis. Results for trim 
AoA show that whilst increasing static stability through migrat-
ing the CoG towards the nose, the AoA was observed to increase 
marginally. Although effectiveness of the tail increases, due to 
the greater nose down pitching moment generated by the wing, 
a more negative stabiliser angle is required to trim. This results in 
a decrease in the vehicular lift, and so as was stated earlier, the 
angle of incidence on the wing is required to increase in order to 
compensate. Decreasing the static stability, by migrating the CoG 
aft, leads to the opposite trend, where a decrease in required an-
gle to trim, and a positive increment to the stabiliser angle.

The results in Fig. 12 show the effect of migrating the CoG in 
the X-axis on the aerodynamic efficiency (and hence range and 
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Fig. 13. Static margin over velocity and various spans.
endurance). In general, decreasing static stability increases the op-
timum aerodynamic efficiency, whilst also decreasing the speed 
at which it occurs. Also the aerodynamic efficiency is increased 
over the range of speeds considered. Another benefit to reduc-
ing the static stability is the measurable reduction in root bending 
moment. This occurs as the required lift generated on the wing 
decreases, due to the positive increment in the tail lift.

The effect of span retraction on stability Retracting the span 
symmetrically effects both the longitudinal and lateral stability 
through aerodynamic and inertial changes. For static stability, mass 
does not typically effect the static margin. Marginal variations can 
be observed as the data is not perfectly linear with angle of in-
cidence, therefore as the trim angle changes, the static margin 
varies slightly. The longitudinal position of the CoG reduces the 
static margin directly, where changes in trim angle vary this a lit-
tle. Fig. 13 presents the static margin available for ±10% MAC from 
the nominal CoG position.

For a stable planform, as is the case for the results in Fig. 13(a), 
when speed is increased, the planform static margin decreases. 
This is most notable where the angles of attack above 5 degrees, 
from 40–60 kph, where a significant decrease in static margin is 

observed. This suggests that the ratio 
dCm
dα

dCLift
dα

decreases with increas-

ing speed (or decreasing AoA). Generally the lift curve slope, dCLift
dα

decreases with increasing AoA which would account marginally to 
an increase in static margin as AoA increases. The stability deriva-
tive will also contribute toward this, where the data suggests that 
this increases with increasing AoA for a stable configuration. As 
the moment arms are constant, contributions from moment wing 
and tail per increment in angle of incidence, increase with increas-
ing AoA. As wing span decreases, the effect of reducing lift curve 
slope relative to the change in stability derivative leads to an over-
all increase in static margin.

This relationship is slightly modified where the configuration is 
unstable, that for increasing AoA with constant span, the stability 
is observed to decrease. This suggests that although the vehicular 
lift coefficient decreases, the stabiliser is less effective as angle of 
attack increases, and the wing, which now contributes to instabil-
ity, is more effective than the tail.

Coordinated turn at the loiter condition UAV loiter missions may in-
volve tracking a static target point on the ground plane in an 
inertial frame of reference. This may require a loiter pattern that 
is cyclic/periodic, allowing the UAV to remain below a threshold 
or constant distance from the target. A simple cyclic pattern that 
allows a constant distance to be maintained can be a circle of con-
stant radius, centred at the target point. In still atmospheric con-
ditions, it is possible to achieve this by a steady state coordinated 
turn. The requirements for this example require a coordinated turn 
that maintains a radius of 200 m in the loiter condition.

With morphing, integration of the systems required to actuate 
the mechanisms, or deform the structure, has a large impact on 
the underlying structural topology. This can reduce the usable vol-
ume for other systems, such as control surfaces, in the morphing 
section. Two span morphing concepts that can be considered in-
clude a sliding skin and a compliant skin concept. Both have their 
comparative advantages and disadvantages in terms of structures 
and aerodynamics, weight and impact on performance. What they 
have in common are the difficulties in integrating an effective con-
trol system, especially in terms of roll control. In this UAV example, 
it is exacerbated by the span morphing rendering the most effec-
tive region of the wing unusable for roll control. For sliding skins, 
this region slides internally to another section, and so both sec-
tions cannot integrate a roll control system that is effective over 
the outboard portions entire range of motion. The compliant skin, 
similar to the Adaptive Aspect Ratio (AdAR) concept, has the dif-
ficulty because ribs are free to slide on a spar, and the lack of 
structure to effectively integrate and support a trailing edge de-
vice.

This results in a platform where the rudder is the sole lateral 
controller where the span is retracted symmetrically only. This not 
only limits the lateral control, but potentially overloads the rudder, 
as it is the only effector capable of augmenting rolling and yawing 
moments. This investigation addresses the use of asymmetric span 
retraction to trim the UAV laterally for a level banked turn.

Coordinated turn trim results Coordinated turns require an 
aircraft to maintain a radial distance from a point in the X–Y
plane of an inertial frame of reference. For conventional aircraft, 
generally this requires multiple control inputs, to trim for a pre-
determined coordinated turn state. A pilot may apply control in-
puts to elevator, aileron, rudder and throttle to initiate and main-
tain a desired turn state, for example maintaining heading, veloc-
ity, bank angle and turn radius. For a aircraft that has integrated 
span morphing has potential difficulties trimming for this condi-
tion, due to the lack an effective roll control system. This leads to 
two potential options for a level banked turn: to free additional 
flight dynamic state variables such that a solution can be found, or 
to apply asymmetric span retraction (thereby utilising the span re-
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Fig. 14. Coordinated turn trim results.
traction to function as ailerons) in order to maintain a level banked 
turn.

The following results present trim results for the model to 
maintain a coordinated turn. The results present the variation in 
states and inputs in order to trim for varying velocity and turn 
radius. Fig. 14 shows the required sideslip and control input for 
either rudder or span retraction (Fig. 14(a) and Fig. 14(b) respec-
tively).

In general, the results in Fig. 14 show that a tighter turn ra-
dius requires larger control inputs. When using the rudder, the 
results suggest a deflection of 5 to 45 degrees for turn radii of 
100 to 500 m and velocities of 50 to 70 kph is required. In real-
ity, the model is not valid for such high rudder deflection angles, 
with typical rudder actuation systems only allowing up 30 degrees 
deflection. Fig. 14(a) suggests that rudder deflection limits would 
firstly increase the minimum radius of turn, with the maximum 
turn velocity decreased. The side-slip angles required by employ-
ing the rudder control strategy produce are worryingly high, from 
−1 to −20 degrees. Beyond side-slip angles of 5 degrees, the mod-
elling techniques used to generate the aerodynamic data may not 
be applicable.

For the required minimum turn radius of 200 m at 55 kph, the 
side-slip requires is approximately 5 degrees, with application of 
15 degrees rudder deflection. This is both on the limit of the tech-
niques used to model the aerodynamics, and also uses a majority 
of the rudder control capacity. When comparing the result from 
Fig. 14(a) to Fig. 14(b), the required side-slip angle is reduced, and 
the opposite sign, varying from 2 to 12 degrees. The sensitivity 
of the required side-slip angle appears to decrease with increas-
ing velocity, where it was observed to increase when using the 
rudder. The required span retraction varies from 5% for low speed 
large turn radius, to 55% at high speed and small turn radius. In 
general, for the range of velocity and turn radii, the required span 
retraction is more sensitive to changes in turn radius, where the 
sensitivity increases as turn radius decreases. At the design point 
of 200 m radius turn at 55 kph, the required side-slip is marginally 
over 5 degrees, and a 25% span reduction.

Advantages of the span retraction control strategy is that, given 
the results presented, a wider range of turn radii and velocities can 
be achieved for a coordinated turn. Because of the much greater 
reduction in sensitivity of the flight condition (through side-slip) 
for this control strategy, and relatively modest change in control 
inputs to trim for increased velocity or decreased turn radius, span 
control appears to be more favourable control effector to trim for 
a coordinated turn. It is worth noting that a coordinated turn is 
expected to require greater use of the roll control effectors, where 
this platform could only afford a rudder as a lateral control effec-
tor. The rudder is primarily used for directional control, and so is 
designed sub-optimally for controlling a coordinated turn, requir-
ing large control deflections for even modest turn radii at loiter 
speeds. Moreover, where the side-slip was used to trim, to com-
pare results of control strategy, the trimmed state can be changed 
such that no side-slip is required, using the rudder to generate the 
required side-force and yawing moment to trim.

Summary of results. This section has presented trim and perfor-
mance results for a span morphing concept at straight and level 
and coordinated turn conditions.

Straight and level results show the effect of adopting a span 
morphing concept. In this example, the aerodynamic benefits are 
limited, and marginal improvements are observed for the high 
speed condition applying full retraction. The aerodynamic benefits 
could be improved by optimising the span range to be appropriate 
to the mission, defining the minimum and maximum span re-
quired to improve the aerodynamic performance of the platform. 
The results, however, do consistently show that span reduction 
leads to a reduction in the root bending moment, which can lead 
to a lighter airframe by providing a light morphing structure and 
actuation system with sufficient stiffness to resist the loads.

The impact of integrating a span morphing concept onto the 
airframe modifies the potential to integrate other systems into the 
wing. For example, the span morphing system may prohibit inte-
grating trailing edge control devices, such as those used for roll 
control. As such, a modified approach to development of the con-
trol system must be adopted. Analysis of the coordinated turn 
results presented two potential control strategies to perform a sus-
tained level banked coordinated turn. The alternative roll control 
method proposed were: 1. The rudder is used to provide both yaw 
and roll moments, where other states, such as sideslip, are used to 
trim the aircraft for lateral manoeuvres, or 2. The span retraction 
is used asymmetrically as a roll control effector. The first strategy 
places the roll and yaw workload onto the rudder, which is re-
flected in the results. As speed increases and turn radius decreases, 
the required rudder deflection increases, with the design point at 
15 degrees and limit at 30–35 degrees, which would likely satu-
rate the control effector, leaving no control authority to perform 
other lateral tasks. Alternatively, using asymmetric span retraction 
for the same task uses up to 55% of the total allowable change for 
the same manoeuvre.

Both of these methods require sideslip as a parameter to main-
tain the turn. The first method requires greater angles of sideslip, 
although this angle acts in the opposite sense to the asymmet-
ric span retraction, and so must be considered when developing 
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a controller or performing the manoeuvre. The method deploying 
the rudder requires larger sideslip angles to achieve the steady 
state, with a strong functional relationship of trim parameters to 
both velocity and turn radius, whereas the span retraction is pri-
marily sensitive to turn radius. Another potential strategy would 
be to omit the sideslip, using both rudder and span retraction to 
perform a coordinated turn with zero sideslip.

All of these strategies place varying demands on the systems 
used for flight control, whether being used only to trim, to stabilise 
or to control the aircraft. The mission specification and flight con-
trol strategy will each affect the optimisation of planform, control 
surface sizing and suitable morphing range. Not considering the 
morphing potential prior to optimisation may negate any potential 
aerodynamic benefits, and produce unsuitable control surface siz-
ing depending on the strategy pursued. Furthermore, considering 
the actuation systems, if a methodology that uses span retraction 
for control is used, this can impact on both the system designed 
and power requirements for actuation of the span retraction. The 
impact of this system potentially cascades through not only the 
structure, but also the empennage sizing, control system design 
and the overall optimisation of the aircraft system to perform a 
mission. This may require modification of the traditional aircraft 
design philosophy, to a contemporary version that accounts for as-
pects that uniquely effect a morphing design candidate.

4. Conclusions

The comparison between morphing and conventional aircraft 
requires new figures of merit that can account for the multi-
functional and scale-dependent natures of morphing. This implies 
that the conceptual design approach has to be modified to allow 
for morphing to be parameterised and optimised early in the de-
sign process rather than being retrofitted. In future work, the inte-
gration of the morphing parameters with the conventional concep-
tual design will be performed. In addition representative examples 
for the conceptual design of morphing aircraft will be included.
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