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This work introduces a new aircraft wing span morphing concept. Known as the Adaptive Aspect 
Ratio wing, this concept couples a compliant skin to a mechanism based internal structure to create 
a morphing wing capable of significant changes in span and aspect ratio. The technologies of the concept 
are first introduced and discussed. The compliant skin is established to be the dominant component in 
the design of this concept, requiring balancing of in-plane and out-of-plane stiffnesses. An initial skin 
design optimization exercise is performed using analytical models, providing insight into the interplay 
between the various parameters of the skin design.
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1. Introduction

The Adaptive Aspect Ratio (AdAR) wing is a compliant skinned 
morphing wing concept under development at Swansea University. 
The word “adar” is Welsh for “bird”, and connects this concept to 
its inspiration; the smoothly adaptive aspect ratio and span change 
achievable by bird wings. As with the case of avian flight, it is use-
ful in manmade craft to be able to change the aspect ratio of a 
wing to find the optimal tradeoff between induced drag and wet-
ted area drag. While the flight speeds and Reynolds numbers of 
birds and aircraft are significantly different, the driving forces are 
the same. Operation at high lift coefficients, for example during 
low speed flight or maneuvering, leads to significant lift-induced 
drag, which is best mitigated by increasing the aspect ratio of the 
wing. However, in direct contrast to this, operation at low lift co-
efficients, for example at higher flight speeds or lower operating 
weights, leads to significant profile drag on the wing, which is best 
mitigated by reducing the wetted area of the wing, through reduc-
tion in the span for example. Currently, aircraft wings are designed 
with a shape which provides a compromise between these com-
peting considerations given the particular mission profile expected 
of that aircraft. Generally speaking this approach works well, par-
ticularly for aircraft such as long haul commercial airliners which 
spend most of their flight time in one particular operating condi-
tion. For these aircraft a compromise wing design weighted heavily 
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towards the cruise portion of the flight will provide good overall 
performance. However, there are many aircraft which are expected 
to operate over a more widely varying set of conditions. One ex-
ample is aircraft that are used for surveillance type missions where 
it is desirable to travel between locations at a maximum possible 
speed and then slow down once on station to a more efficient 
loiter speed to increase time on station. There are many other 
mission profiles which also require changes in operating condi-
tion, and indeed the use of morphing may allow for entirely new 
mission types not currently possible. However, the dash and loi-
ter conditions of a surveillance aircraft provide a useful range of 
operating conditions for the current discussion.

2. Adar wing concept overview

The AdAR concept combines four key technologies to create a 
span morphing concept capable of a 100% increase in the span 
of its morphing section; a compliant skin made from elastomeric 
matrix composite (EMC), a telescopic rectangular box spar, slid-
ing ribs, and a strap drive system. While other span morphing 
wings have been built and tested in the past [2,3,6,7], the AdAR 
wing has a unique combination of technologies and properties. 
First and foremost, the change in length required of the skin sur-
face is achieved in this concept through material compliance. The 
elastomer matrix of the EMC composite is capable of achieving 
the high levels of strain required with a single continuous skin 
surface, removing the steps and discontinuities found with rigid 
sliding skin designs. A mechanism based solution consisting of 
a telescopic sliding spar is chosen for the primary load bearing 
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Fig. 1. Isometric view of preliminary AdAR wing design – span retracted.

structure due to its simplicity and low impact on actuation re-
quirements. Furthermore, if carefully designed, the discontinuous 
geometry of a telescopic spar does not have the same negative im-
pact on aerodynamic performance as a discontinuous skin surface. 
In order to provide an effective interface between the compliant 
skin, which strains continuously along its length, and the tele-
scopic spar, which increases its length in a more discontinuous 
manner, the AdAR wing concept incorporates sliding ribs. These 
ribs are bonded to the skin surface at regular intervals, creating 
a distributed network of support for the skin. However, the ribs 
are free to slide over the outboard portion of the telescopic spar, 
allowing them to maintain equal but increasing spacing as the 
spar extends. The sliding ribs of this concept incorporate features 
intended to increase the reliability and safety of their actuation, 
namely spaced bearing surfaces and mechanical separation limits, 
which will be discussed in more detail below. The final aspect of 
the concept is a strap drive system. This is a tension driven ac-
tuation system which connects the inner moving portion of the 
telescopic spar to the outer fixed portion using a high strength 
fabric strap traveling around redirection pulleys in a manner which 
produces extension of the spar using tension in the strap. This ap-
proach has several benefits, including the mitigation of buckling 
concerns which would exist with a compression based actuation 
system (such as a lead screw or a telescoping piston), and the abil-
ity to spool the strap onto an actuated drum with a high degree of 
packaging efficiency.

The specifics of these four design aspects and their integration 
into the AdAR wing design will be discussed further in turn. A pre-
liminary design model, seen in Fig. 1, has been created to show 
how these different components integrate. In this example, the 
compliant skin in its retracted state covers 33% of the span of the 
wing. The fixed inboard portion of the telescoping spar also forms 
the main spar for the rest of the wing while the moving outboard 
portion of the spar slides inside of it. The specifics of the wing 
geometry seen here are given in Table 1. Note that the specifics 
of the dash and loiter conditions are listed here as well, including 
the maximum aerodynamic pressures predicted to exist in these 
two conditions. These values are taken from computational fluid 
dynamics analysis of the wing, as discussed further in Section 3.3.1
below.

The same design model is shown from above in Fig. 2 in its ex-
tended state. Here the overall length of the compliant skin portion 
has increased by 100%, which represents a 33% increase in total 
span. Given the fixed chord, this is also a 33% increase in aspect 
ratio. Note that the compliant skin in this state covers 50% of the 
total wing span. It can be seen in Fig. 2 that the moving portion of 
the spar still retains some overlap into the fixed spar even at maxi-
Table 1
Wing geometry and operating conditions.

Parameter Value Units

Retracted semispan, h0 1.5 m
Max extended semispan 2 m
Initial morphing length, Lm0 0.5 m
Chord 0.6 m
Airfoil NACA 6510 n/a
Dash velocity 30 m/s
Loiter velocity 15 m/s
Max aero pressure (dash) 521 Pa
Max aero pressure (loiter) 129.5 Pa

Fig. 2. Top view of AdAR wing design – span extended.

mum span extension to allow for effective transfer of the outboard 
loads into the inboard spar.

2.1. Elastomeric matrix composites

Elastomeric matrix composites consist of fiber reinforcement, 
typically carbon fiber, embedded in an elastomer matrix, typically 
silicone or polyurethane. With careful material selection, these 
composites are able to achieve over 150% recoverable in-plane 
strains. Furthermore, a very small volume fraction of unidirectional 
fiber reinforcement perpendicular to the primary strain direction 
(called transverse fibers here) allows the large Poisson’s ratio of 
the elastomer matrix to be effectively eliminated. Due to Pois-
son’s ratio effects, large levels of strain in a compliant skin without 
transverse fiber reinforcement lead to highly undesirable necking-
in in the chordwise direction, creating variations in chord along the 
span and an undulating skin surface which suffers from a higher 
drag penalty. Previous work has shown experimentally that small 
amounts of transverse fiber will virtually eliminate necking in of 
the skin, resulting in constant chord with span extension [7].

The EMC technology used here is a further development of that 
used in previous work [4]. The EMCs are made in-house using an 
improved laminating process which provides better control over 
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Fig. 3. Elastomeric matrix composite specimen.

Fig. 4. Typical in-plane tensile response of elastomeric matrix composite materials.

the quantity and alignment of the carbon fibers. A test coupon of 
the EMC manufactured for this work is shown in Fig. 3. Note that 
the unidirectional carbon fiber reinforcement is aligned vertically 
in the picture; the faint horizontal lines visible in the figure are 
artifacts of the binder material used to hold the dry carbon fibers 
together. The matrix material in this specimen is a silicone rubber.

Due to the high levels of strain used and the nature of elas-
tomeric materials, the EMC skins display hyperelastic stress versus 
strain curves. This can be seen in Fig. 4, which shows the response 
of the material shown in Fig. 3 (EMC #1) under uniaxial tensile 
loading and that of two other EMC materials used in previous work 
(known here as EMC #2 and EMC #3) [5].

One important aspect of the EMC skins in the AdAR wing is 
the use of pre-strain, which in this application refers to stretching 
the skins by some initial strain before bonding them to the wing 
structure. While thin elastomer skins of this type have low inher-
ent bending stiffness, even small amounts of pre-strain will create 
sufficient internal tension to significantly increase the resistance to 
out-of-plane loads. This effect is well known in tensioned mem-
brane analysis and causes a stiffening effect due to the rotation of 
the internal tension vector with displacement, which creates a ver-
tical component of tension which acts to offset the applied load. 
The mechanics of this will be shown later in this paper through a 
simple analytical model. The increase in out-of-plane stiffness due 
to pre-strain has been successfully used in related work by the au-
thors on the Fish Bone Active Camber (FishBAC) morphing concept 
[8,9]. In the case of the AdAR wing, the skin will be bonded to the 
ribs in a manner which creates a prescribed amount of pre-strain 
even when the span is fully retracted. As the span extends, the 
tension present in the skin will automatically increase due to the 
in-plane stiffness of the skin.

While pre-tensioning the skin significantly reduces the out-of-
plane deflections under aerodynamic load, it comes at the cost 
of increased overall skin strain required to achieve a certain span 
morph, and correspondingly an increase in actuation forces. Care-
Fig. 5. Telescoping spar geometry.

Fig. 6. Size and location of telescoping spar.

ful design and optimization is therefore required to determine the 
best pre-tension for a given operating condition.

2.2. Telescoping spar

The primary load bearing structural member of the AdAR wing 
is a single stage telescoping rectangular box beam. An inner mov-
ing portion of the spar slides inside of a fixed outer portion, with 
the fixed portion being mounted inboard of the span morphing 
portion of the wing. Fig. 5 shows the preliminary configuration of 
this component, where the inner moving spar can be seen to the 
left and the outer fixed spar is on the right. The size and location 
of the spar relative to the airfoil can be seen in Fig. 6.

The use of a rectangular single stage telescoping design was 
chosen due to a combination of simplicity, structural efficiency, and 
versatility. While multi-element telescoping structures can produce 
larger extensions and can be designed to require less overlap into 
the non-morphing portion of the structure, they are significantly 
more complex and have higher levels of risk with regard to friction 
and jamming. Compliant morphing spars have been proposed [1], 
but to date remain untenable for the levels of extension and load 
carrying capability required here. Other cross-sectional geometries 
were considered, including circular and “airfoil” shaped. In the case 
of circular cross sections, the design of the bearing interfaces is 
simplified, but the bending and torsional stiffness are significantly 
reduced, even if multiple spars spaced along the chord are used. 
Extending the profile of the spar to more closely match that of the 
airfoil can increase bending stiffness to some degree, but comes 
at the cost of significantly more complex geometries which would 
preclude the use of off-the-shelf components and add significantly 
to the cost.

The bearing surfaces along which the sliding motion of the spar 
occurs are crucial to the success of this component. The AdAR wing 
uses two sets of discrete planar bearing surfaces, one at the out-
board end of the fixed spar and one at the inboard end of the 
moving spar. Each of these bearing sets has a spanwise length on 
the order of 10–20 mm, and wraps completely around the spar 
profile. The bearing set attached to the fixed spar slides on the 
outside of the moving spar, while the set attached to the moving 
spar slides on the inside of the fixed spar. In this manner, a sim-
ple bearing system provides two areas of contact spaced, in the 
spanwise direction, at the maximum possible distance for a given 
span extension. This creates the longest possible bearing spacing 
over which to resolve the bending moments and torsional loads 
generated by the outboard wing section. Material choice is im-
portant for such bearing systems of course, with low friction and 
good wear resistance being the primary objectives. High perfor-
mance polymers such as Polytetrafluoroethylene (PTFE) and ultra-
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Fig. 7. Sliding rib configuration.

high-molecular-weight polyethylene (UHMWPE) sheets are there-
fore preferred options.

2.3. Sliding ribs

In order to transfer the aerodynamic loads generated over the 
compliant skin surface into the telescoping spar, a series of sliding 
ribs are used. These ribs are built up from metallic or compos-
ite materials and consist of a thin, lightweight airfoil cross sec-
tion component which establishes the shape of the skin and a 
lightweight outrigger extension which creates two spaced bear-
ing surfaces for the rib to slide over the spar, as seen in Fig. 7. 
A thin bonding flange is present around the perimeter of the rib 
to provide sufficient area for bonding to the EMC skin. As with 
the telescoping spar, thin planar bearing sheets are used at the ex-
tents of the outrigger extension to provide a good combination of 
low friction and wear resistance. The spanwise length of the out-
rigger also serves to reduce the amount of angular slop present for 
a given amount of translational slop in the bearings, which has the 
effect of reducing the likelihood of rib jamming.

Another important feature of the sliding ribs in the AdAR wing 
is the use of mechanical limit stops to set the minimum and max-
imum distance between any two adjacent ribs. Taken together, the 
limit stops between all of the ribs define the overall maximum 
and minimum span of the morphing wing. This has several bene-
fits from a structural and safety of operations standpoint. Firstly, it 
means that if one of the ribs were to jam, then as the wing con-
tinues to extend, the skin panel adjacent to the jammed rib would 
not be forced to take the entire change in span length, which could 
easily exceed the maximum change in length obtainable by the 
skin material, leading to failure. With the maximum rib spacing 
set by the mechanical limit stops, the skin adjacent to the jammed 
rib would merely extend to its normal operating length, as would 
the other non-jammed sections. The forces created by the limit 
stops would also create a restoring moment on the jammed rib 
which could potentially free it. Setting the minimum length be-
tween ribs has a similar advantage during contraction of the wing. 
Furthermore, setting the overall minimum span allows the force 
associated with the pre-strain in the skin to be carried by the limit 
stops, offloading the actuator when it is in the fully contracted 
state. In the current embodiment of the AdAR wing, the minimum 
length limit stop is formed by the outrigger itself. The maximum 
length limit stop is formed by a series of flexible high strength fab-
ric (e.g. Kevlar®) straps embedded with elastomer. Two straps are 
spaced along the chord between each pair of ribs, with one on ei-
ther side of the spar, as can be seen in Fig. 1 and Fig. 2. These 
straps are designed with a length equal to the maximum length 
between ribs. When the wing is at its maximum span, the straps 
are therefore stretched tight, as visible in Fig. 2. However, as the 
span is reduced the very low bending stiffness of the straps al-
lows them to simply bend out of the way, easily accommodating 
the reduction in rib spacing. They therefore provide a simple and 
structurally efficient solution to setting the maximum distance be-
tween any two ribs.
Fig. 8. Cutaway showing integration of strap drive into spar.

2.4. Strap drive

The fourth and final key technology of the AdAR wing is the use 
of a strap drive system to actuate the span morph. This strap drive 
is a tension driven mechanism which attaches a lightweight, high 
strength fabric strap between the moving and fixed portions of the 
spar in a manner which causes the moving spar to extend out-
wards as the strap is pulled in. The traditional means of actuating 
a telescoping spar of this type would be a lead screw, a piston, or 
a rack and pinion. These approaches typically require a separate 
piece of structure which is loaded under compression to create 
the axial extension forces. While this may work well for lightly 
loaded applications, the considerable skin tension forces which are 
required to be generated in the AdAR wing mean that a compres-
sion based approach would have to be designed around buckling 
limitations. Generally speaking, buckling dominated structures are 
significantly less structurally efficient than those used for tension, 
and specifically for the case of the AdAR wing, a lead screw or 
piston long enough to effect the required length change and stiff 
enough to avoid buckling would be excessively heavy. It is for 
this reason that a strap drive was instead used here. The strap 
has negligible buckling stiffness, but very high tensile stiffness and 
strength. This strap, as seen in Fig. 8, is anchored to the inboard 
end of the moving spar. From here it runs outboard until the end 
of the fixed spar, at which point it wraps around a small turning 
pulley (fixed in space but free to rotate) such that it can run back 
towards the root of the wing. As visible in Fig. 2, once it reaches 
the wing root the drive strap is twisted with appropriately aligned 
redirection pulleys so that it may spool around a small drum. In 
order to actuate the span morph, a rotary actuator (electric motor, 
hydraulic motor, etc.) turns the drum, drawing in the strap and 
thereby pulling the inboard end of the moving spar towards the 
outboard end of the fixed spar. The strap only ever carries tension, 
and the compressive loads created by the strap tension on the spar 
elements are easily carried with minimal concern for buckling due 
to the high flexural rigidity of the telescoping spar members.

The strap drive also benefits from a compact overall design 
that allows for the primary actuation components (motor, gearbox, 
drum) to be located in a fixed location at the root of the wing 
or even in the fuselage. Due to its operating principle, it is neces-
sary for the strap to travel along the interface between the fixed 
and moving spars. While the strap is quite thin, it still requires 
that some space be made in the cross section of the spar. This is 
achieved in the current design by having the upper horizontal por-
tion of the moving spar bow slightly downwards, as seen in Fig. 5
and Fig. 6.

Another aspect of the strap drive is that due to the light weight, 
high strength and compact size of the fabric straps, it is feasible 
to build in redundancy with minimal weight penalty. Two straps, 
each of which is strong enough to carry the full design loads, could 
be stacked or placed side by side to provide higher stiffness during 
normal operation and redundancy in the case of a strap failing. The 
AdAR wing could also include mechanical locks built into the spar 
to hold the extended and retracted positions (or indeed a number 
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of positions in between) and to therefore allow the strap drive to 
be offloaded when not in use.

3. Skin design and optimization

The EMC skins represent the most critical technology used in 
the AdAR concept because not only is it the aspect which allows 
for the smooth and continuous span change which underlies the 
concept, but also it creates the dominating design tradeoff in the 
system. The skin has two very strongly competing objectives; it 
needs to provide stiffness out-of-plane to resist deformation un-
der aerodynamic pressure while simultaneously being compliant 
in-plane to minimize actuation requirements. Generally, stiffness 
out-of-plane is provided by thicker skins made from stiffer mate-
rials, while conversely compliance in-plane comes from thin skins 
and softer materials.

This fundamental tradeoff in the design of the skin cascades 
down into all other aspects of the AdAR wing. The size and weight 
of the actuation system are directly driven by the in-plane force 
requirements of the skin. While friction, misalignment, and iner-
tial loads also increase the actuation requirements, for the lower 
bandwidth motions desired in this system the loads due to skin 
elasticity are likely to dominate. The design of the sliding ribs is 
also directly bound to the skin design, as the number of ribs de-
termines the unsupported skin length, which has a strong impact 
on the out-of-plane deformations of the skin. This would seem 
to motivate solutions with densely packed ribs, but increasing the 
number of ribs ad hoc will increase system mass and, importantly, 
the amount of actual strain required from each skin portion be-
tween the ribs will also increase, as the finite spanwise width 
of the rib reduces the overall length of skin available to provide 
the span change required. The design of the telescoping spar is 
also beholden to the skin, as it needs to be able to withstand the 
compressive loads generated by the in-plane skin tension without 
buckling, although this is likely to be a lower order concern.

It can therefore be seen that the AdAR wing requires a care-
ful system level optimization in order to properly design each of 
its components. What is ultimately needed is a thorough under-
standing of all the relevant interactions and a set of tools with 
appropriate levels of fidelity (to provide accurate enough answers 
without excessive computational cost or over-prescription of the 
design space) to allow for the specific dimensions, materials, and 
other parameters of each of the four main design technologies to 
evolve and optimize together in a manner which provides the best 
overall solution. Such an approach requires a deep level of knowl-
edge about the system, and is therefore very difficult to undertake 
at the opening stages of the concept’s development. Despite our 
inability at this stage to undertake a completely integrated high-
fidelity system optimization, we can still perform a more limited 
optimization which, while ignoring the knockdown effects of the 
skin design on other components, can nevertheless incorporate the 
primary design variables for the skin and provide valuable insight 
into the AdAR wing concept.

To this end, the objective of the analysis presented here is to 
develop low-fidelity models for the out-of-plane and in-plane be-
havior of the EMC skin within the context of a specific AdAR wing 
configuration and to use those models in a multi-objective design 
optimization. This initial analytical optimization work is intended 
to illuminate the primary drivers of the skin design and to provide 
a basis for the detailed design of an initial technology demonstra-
tor.

3.1. In-plane skin force requirements

The in-plane behavior of the EMC skin can be modeled in a 
simple manner by considering it to act as a non-linear extension 
spring using experimentally measured stress versus strain behav-
ior. To determine the stress and then force at a given span ex-
tension, we must first determine the amount of strain present in 
the skin at that span. For a wing semispan, h, with the baseline re-
tracted semispan of h0, the skin strain εs , present at a certain span 
length can be found from:

εs = �Ls

Ls
+ ε0 = h − ho

Lm0 − Nsr Lsr − 2Lar
+ ε0 (1)

where Ls is the total active length of compliant skin, which is 
found from the initial length of the morphing portion of the span, 
Lm0, minus the width of the sliding ribs, Lsr , times the number of 
sliding ribs, Nsr , and the width of the anchor ribs, Lar , of which 
there are two. Note that ε0 is the initial pre-strain present in the 
skin in the retracted state.

Once the skin strain at a particular span length is known, the 
force required to hold the skin at that length can be determined 
from the definition of stress and the hyperelastic material charac-
terization curves which relate skin stress, σs , to skin strain (as seen 
in Fig. 4):

Fs = σs As (2)

where the skin cross-sectional area, As , is found from the skin 
thickness, ts , and airfoil perimeter arc length, Ss , as:

As = ts Ss (3)

This analytical formulation does not consider the local effects 
of the bonded ribs (beyond their effect on reducing active length) 
or any three dimensional effects, but is still useful for an initial 
low-fidelity analysis. Note also that the effects of changes in skin 
thickness with extension are inherently accounted for as the exper-
imental data used here determined tensile stress using the initial 
skin thickness and not the current skin thickness. Therefore, if ini-
tial skin thickness is used in the analysis the evolution of tensile 
force with axial strain will be properly recovered.

It is useful here to briefly consider the effect that the number 
of support ribs has on the skin strain requirements. If we consider 
an initial length for the morphing portion of Lm0 = 0.5 m, which 
doubles to a maximum span length Lmax = 1 m, and we set slid-
ing rib width to Lsr = 5 mm and anchor rib width Lar = 25 mm, 
then the amount of skin strain required can be plotted as a func-
tion of the number of sliding ribs, as in Fig. 9. Given the strong 
increase in strain requirements with number of ribs, it is clear that 
from the perspective of in-plane force requirements fewer is bet-
ter. Note also the more benign impact that pre-strain has. While 
the anchor rib and sliding rib widths used are nominal, they are 
expected to be reasonable based on previous work [7]. Further 
work would benefit from more detailed design of the bonding in-
terfaces and consideration of the effects of strain gradients in the 
skin over these interfaces, but for the purposes of this preliminary 
sizing work it is useful to fix the rib widths.

3.2. Out-of-plane skin stiffness modeling

The out-of-plane behavior of the AdAR wing’s tensioned EMC 
skin is similarly important from a design perspective, and can also 
be studied using low-fidelity analytical models. A tensioned mem-
brane model with bending stiffness which has been successfully 
used in previous work on tensioned EMC systems is adapted here 
[9]. This formulation solves for the distribution of out-of-plane 
displacement, w(x), for a skin segment between two ribs with un-
supported length, lsu , under a constant pressure loading, p, along 
the distance in between sliding ribs, x:

w(x) = C1
e−√

αx + C2
e
√

αx + C3x + C4 − p
x2

(4)

α α 2Fs
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Fig. 9. Example of skin strain requirements versus number of ribs (Lm0 = 0.5 m, 
Lmax = 1 m, Lsr = 5 mm, Lar = 25 mm).

where the coefficients C1–C4 are:

C1 = p
e
√

αlsu − 1

Fs(e
√

αlsu − e−√
αlsu )

(5)

C2 = p
1 − e−√

αlsu

Fs(e
√

αlsu − e−√
αlsu )

(6)

C3 = p
lsu

2Fs
(7)

C4 = −p
1

Fsα
(8)

with

α = Fs

Es Is
(9)

and the second moment of area of the skin sheet, Is found from:

Is = 1

12
Sst

3
s (10)

Note that the skin is modeled here as a tensioned flat plate 
with linear elasticity. Modeling the skin as a flat plate is conser-
vative, as the curvature present in the airfoil shaped skin surface, 
particularly at the leading edge, will add geometric stiffness for 
out-of-plane loading. The assumption of linear elasticity greatly 
simplifies the model, but it is not immediately clear if this is a 
conservative or non-conservative approach. As it turns out, in the 
operating condition studied below the maximum out-of-plane de-
flections occur in the retracted state where the tension is lower 
and the dynamic pressure is higher. In this case the material 
strains are less than 15%, even with 10% pre-strain. Given the low 
strain levels, linear fits to the stress strain curves from 0% to 15% 
strain are found to provide a sufficiently accurate description of the 
elastic behavior. This may not generally be the case however with 
other flight conditions and so validation of this low-fidelity model 
with high-fidelity finite element analysis is currently underway.

In order to appreciate the impact of pre-strain on out-of-plane 
displacement, it is useful here to consider an example. Using the 
wing geometry and dash flight condition outlined in Table 1, we 
can study the effect that pre-strain has on the maximum value of 
w present between two sliding ribs given the distribution of dis-
placement found with Eq. (4). In Fig. 10 we see that adding small 
amounts of pre-strain leads to a very rapid reduction in out-of-
plane displacements. The effect saturates with larger amounts of 
pre-strain however, such that amounts beyond 10% lead to minimal 
reductions in displacement. Work is currently underway to study 
the detailed aero-structural interactions using high-fidelity tools, 
Fig. 10. Example of the effect of pre-strain on out-of-plane displacement.

but for the purposes of this current work it is generally desirable 
to simply minimize the magnitude of pressure induced deflection 
in the skin.

It can be seen from this example and the previous example of 
the connection between skin strain and number of ribs that there 
are complex interactions between the various geometric and ma-
terial parameters of the AdAR wing. This is compounded when we 
consider that there are in fact two different objectives, namely low 
in-plane force requirements and high out-of-plane stiffness, which 
we are trying to achieve simultaneously and which are strongly 
competitive. Thus a multi-objective optimization is required to find 
the optimal design configuration.

3.3. Skin optimization

In this section a multi-objective optimization will be presented 
which uses the analytical models presented above to try and find 
the optimal balance between the two competing objectives of min-
imizing the in-plane force requirements which the actuator must 
overcome while also minimizing the out-of-plane deformations 
caused by aerodynamic loading.

3.3.1. Wing geometry and operating conditions
As the skin forces are very dependent on geometry and material 

choice, and the out-of-plane deflections are dependent on pressure 
loading, it is necessary to first define a specific wing configuration 
and operating point for this initial study.

A useful baseline configuration is provided by the CHANGE 
morphing wing project, which is a consortium project with nine 
partners currently funded under the EU 7th Framework Program 
(see Acknowledgements). The vehicle studied in this project is a 
medium scale (25 kg gross weight) UAV which operates at fairly 
modest speeds. It is essentially a scaled up version of the AR4 
UAV manufactured by Tekever Autonomous Systems which will be 
modified to allow for various morphing mechanisms. The parame-
ters of this wing are shown in Table 1.

For the purposes of this study, the full distribution of aerody-
namic loading over the wing is not needed. Instead, the maximum 
pressure experienced anywhere on the morphing portion of the 
wing is applied to the section of skin between two ribs, and the 
maximum resulting deflection is used. High-fidelity, three dimen-
sional CFD results of the flow over the rigid wing were available for 
this initial optimization effort from the Aerospace Research Associ-
ation (ARA) within the context of the CHANGE project. While the 
AdAR wing varies slightly in geometry to the CHANGE wing, and 
the deformations of the skin would of course affect the aerody-
namic performance and pressure distributions, the results supplied 
by ARA provide a general idea of the loads anticipated, and there-
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Table 2
Design variables and bounds.

Design variable Lower 
bound

Upper 
bound

Units

# of sliding ribs, Nsr 0 30 n/a
Skin thickness, ts 0.5 5 mm
Skin material index 1 3 n/a
Pre-strain, ε0 0 10 %

fore can be used in this initial analysis to help understand the 
mechanics and interaction of the AdAR skin design. When in the 
dash configuration, the UAV is flying at 30 m/s and the wing is 
at its minimum semispan of 1.5 m. During loiter the flight speed 
drops to 15 m/s and the span extends to 2 m. The resulting maxi-
mum aerodynamic pressures from the CFD are 521 Pa for dash and 
129.5 Pa for loiter.

3.3.2. Design parameters
Having established the configuration and operating point of the 

wing, we now must define the relevant design variables of the 
AdAR wing, and establish appropriate upper and lower bounds. 
For this initial low-fidelity skin model, there are four different 
variables which define the skin; number of ribs, skin thickness, 
skin material, and pre-strain, as outlined in Table 2. Note that two 
of these variables are continuous (skin thickness and pre-strain), 
while the other two (number of ribs and material index) must 
be integers. We currently have three candidate materials available 
(as seen in Fig. 4), although work is underway to develop more. 
A lower bound of 0.5 mm was established for the skin thickness, 
as anything thinner would likely not be practical from a handling 
and robustness standpoint

3.3.3. Optimization methodology
This multi-objective, mixed integer optimization problem was 

solved in Matlab using the multi-objective Genetic Algorithm func-
tion “gamultiobj”. The two objective functions were the force re-
quired to stretch the skin to the maximum extended semispan, 
found using Eq. (2), and the maximum out-of-plane deformation 
under aerodynamic loading, found using Eq. (4). Note that for all 
individuals, the skin deformation for the dash condition (with the 
relevant pressure, unsupported length, and skin tension) and for 
the loiter condition were both found, and the higher of the two 
was recorded as the maximum out-of-plane displacement.

For the genetic algorithm, 1500 individuals were used and the 
optimization was run for 50 generations, with convergence usu-
ally occurring within 25 generations. This rather large number of 
individuals was used to allow the solver to densely populate the 
Pareto frontier. A crossover fraction of 0.4 and a Pareto fraction of 
0.75 were used to encourage mutation into unexplored regions of 
the parameter space and dense population of the Pareto frontier. 
Given the simplicity of the analytical models used overall solution 
time was low, typically less than two minutes on a single worksta-
tion.

4. Results

The results of the multi-objective skin optimization are pre-
sented here. First, consider Fig. 11 which shows the Pareto frontier 
for the two chosen objectives. The steepness of the asymptotes and 
the sharpness of the corner show just how strongly the two ob-
jectives compete. The presence of a clearly defined corner does 
suggest, however, that a careful balance can be found which pro-
vides a useful combination of low skin deflection (less than 1 mm, 
which is 0.17% of the airfoil chord) and moderate force require-
ments (∼900 N). Fig. 11 also highlights the number of ribs present 
Fig. 11. Pareto frontier showing the effect of number of ribs.

Fig. 12. Pareto frontier showing the effect of skin thickness.

in the different Pareto optimal solutions. The behavior here is in-
teresting and shows a clear trend; increasing the number of ribs 
leads to reduced out-of-plane displacement but at the cost of in-
creased actuation force. This is a logical result given the reduction 
in unsupported skin length provided by an increased number of 
ribs, at the cost of increasing strain requirements, shown previ-
ously in Fig. 9. It is useful to consider this same Pareto frontier 
with respect to the other design variables to allow for a physical 
understanding of this design problem.

Consider the effect of skin thickness, visible in Fig. 12. Here we 
see that thicker skins lead to lower deflections and higher actua-
tion forces. This result is physically easy to interpret, as a thicker 
skin will have higher inherent bending stiffness as well as higher 
tension levels at a given length (leading to higher tension induced 
bending stiffness). However, it will also have a larger cross sec-
tional area, increasing the force requirements as per Eq. (2). Note 
also that the optimizer is hitting the lower bound of skin thick-
ness (0.5 mm) for a significant portion of the frontier, including 
the corner which is of particular interest as the region of best com-
promise. As work continues on this concept, it is possible that the 
somewhat arbitrary value of 0.5 mm may be able to be relaxed (or 
indeed it may have to be increased), but it is likely that the limit 
may be dictated by practical concerns which are outside the scope 
of these low fidelity models.

In Fig. 13 we see the materials chosen at different points along 
the frontier. There are several interesting observations to be made. 
Firstly, note that material #1 is never chosen. As can be seen in 
Fig. 4, this material is significantly stiffer than the other two. For 
the operating conditions used here, its higher stiffness under aero-
dynamic loading is not worth its greatly increased actuation forces, 
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Fig. 13. Pareto frontier showing the effect of skin material.

Fig. 14. Pareto frontier showing the effect of pre-strain.

and so it is not a preferred solution. Secondly, note that material 
#2 is chosen for the low displacement region and material #3 is 
chosen for the low force region. This is a logical result given that 
material #3 is softer. Finally, a distinct kink occurs in the frontier 
at the point where preferred material changes. This indicates that 
the available materials are limiting the design to some degree. It is 
for this reason that work is currently underway to build and char-
acterize new EMC materials.

Finally, we can consider the Pareto frontier with respect to the 
amount of pre-strain applied to the skin. These results, shown in 
Fig. 14, show a more complex relationship that the other design 
variables. There is a general trend of increasing pre-strain leading 
to lower displacement but higher force (as would be expected), 
but superimposed on this are local variations. This phenomenon is 
best understood by considering Fig. 11 and Fig. 14 together. The 
discrete nature of the number of ribs as a design variable couples 
to the continuous nature of pre-strain. For a given number of ribs, 
a range of pre-strains can be applied to give a solution along the 
frontier, however at some point as you travel left along the frontier 
it is better to increase the number of ribs and to go back to a 
lower amount of pre-strain. It is this relationship that creates the 
localized variations seen in Fig. 14.

Another important result which is not directly shown in these 
plots but which was observed during the running of the opti-
mization is that the limiting case for out-of-plane displacement 
is always the dash case. This is likely due to the particular spans, 
velocities, and aerodynamic pressures used in this study, but gen-
erally speaking the loiter case will have much higher tension levels 
than dash and therefore an increase in tension stiffening which 
Fig. 15. Effect of dash speed on Pareto frontiers.

more than out-weighs the increase in unsupported length of the 
skin.

We now consider the effect of increasing the dash velocity on 
the behavior of the AdAR skin. This is done by roughly scaling the 
applied aerodynamic pressure using a V 2 scaling to account for the 
quadratic relationship between velocity and dynamic pressure. This 
of course will not fully capture the effects of changing the flow 
velocity, but it does provide a simple, low-fidelity means of con-
sidering the effect of this important design variable on the AdAR 
wing skin. To this end the optimization was re-run for a range of 
dash speeds from 15–60 m/s, and the results are shown in Fig. 15.

In Fig. 15 it can be seen that increasing speed, and there-
fore increasing aerodynamic pressure, leads to both increased out-
of-plane deformations and increased actuation requirements, as 
would be expected. Considering that the increase in speed from 
15 m/s to 60 m/s leads to a 16 fold increase in dynamic pres-
sure (using V 2 scaling), the amount of upwards movement seen 
with the Pareto frontiers seems quite reasonable, with the force re-
quired at the corner of the frontier increasing by less than a factor 
of 2, and the displacements at the same corner points increasing 
by less than a factor of 3. Also note that the “kink” seen in Fig. 13
due to material choice can be seen in different places at the dif-
ferent dash speeds, indicating that the choice of material is also 
very dependent on operating conditions. There is also a discrete, 
step like nature to the frontiers of the higher speed cases. This is 
not an indication of unconverged results (as runs with significantly 
more generations and individuals produced equivalent results), but 
is again a result of the discrete nature of the number of ribs. The 
30 m/s line is in fact the same result shown in Fig. 11 to 14, but 
the steps are more visible when plotted with a sharp line instead 
of points.

Taken together, these results provide significant insight into the 
mechanics of this highly coupled and competing multi-objective 
design problem. It is clear that as work continues on the AdAR 
concept, it will be important to consider the design in a coupled 
manner.

5. Conclusions

In summary, this work has introduced a new compliant skin 
span morphing concept under development at Swansea Univer-
sity known as the Adaptive Aspect Ratio (AdAR) wing. This con-
cept combines a smooth, continuous compliant outer skin made 
from elastomeric matrix composites with a mechanism based inner 
structure consisting of sliding ribs over a telescoping main spar. 
A novel strap drive system is also introduced with the concept 
as a means to compactly and efficiently generate the extensional 
forces required to stretch the skin. The compliant skin is identi-
fied as the dominant component in the design of the concept, as 
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it has strongly competitive design objectives and because it closely 
couples with many of the other design parameters. Low-fidelity 
models of the skin behavior are introduced, and a multi-objective 
mixed integer optimization problem is set up to design an op-
timal skin for a notional UAV design case. The Pareto frontiers 
show strong competition between the two objectives of minimiz-
ing actuation force requirements and minimizing the out-of-plane 
deformations of the skin under representative aerodynamic load-
ing, although good compromise points exist. A number of design 
insights are gained from consideration of the impact of various de-
sign variables on the optimal results, helping to guide future work 
on the concept.
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