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Discontinuity on aerodynamic surfaces leads to notable aerodynamic penalties which could be avoided 
with compliant fairings. This paper introduces a novel design for a compliant fairing to eliminate the 
gaps present on hinged aerodynamic surfaces such as hinged wingtips. The fairing is designed to provide 
a smooth, continuous change in shape between the surfaces on either side of the hinge as they rotate 
relative to each other. While the concept is generally applicable to any folding surface, including trailing 
edge flaps, this work focuses on applying it to the Semi-Aeroelastic Hinge (SAH) wingtip concept, which 
consists of a hinged outer wing panel mounted at a flare angle to the incoming flow. The design aims 
to minimise the strain on the skin and the rotational stiffness of the fairing while maintaining a smooth 
and robust outer aerodynamic surface. The skin is attached to the underlying joint structure via a novel 
pivoting-rib solution which alleviates skin strains over the +90/ − 20◦ operating rotation range of the 
joint. This paper introduces the concept and motivates the design constraints underlying it. A simplified 
analytical model of the fairing mechanism is presented and the effects of changing the design variables 
are explored. The results show the benefit of the pivoting ribs over fixed ribs in minimising the strain on 
the skin and the folding stiffness of the joint. Further arguments are drawn to emphasise the need for a 
higher fidelity model to account for the geometric and out-of-plane deformation effects of the fairing.
© 2023 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY 

license (http://creativecommons .org /licenses /by /4 .0/).
1. Introduction

There has been an increasing emphasis on reducing the fuel 
consumption of aircraft in general, and in particular commercial 
airliners, not only to minimize running costs but also to reduce 
the impact of aviation on climate change. Hence, ways of reduc-
ing the induced drag of the wing, including through the pursuit of 
higher aspect ratios, have increasingly been explored in literature. 
However, two main unaddressed challenges have long existed in 
pursuing longer wings; namely,

(1) the limitation on span from the airport gate sizes
(2) and the additional structural requirements from the increased 

wingspan.

Generally speaking, longer wingspans provide greater range 
and fuel efficiency whereas shorter wingspans are better for ma-
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noeuvrability. Hence, the concepts with the ability to change the 
wingspan based on the flight phase have been explored in lit-
erature. These include span morphing concepts realised through 
various mechanisms including telescopic spar/panels, scissor ex-
tenders and foldable wings. For example, a prototype of the tele-
scopic wing concept has been flown as early as 1931 on MAK-10 
aircraft [1]. Scissor extenders are used on the wing box spar along 
with either sliding or stretchable skin [2]. A span-reducing fold-
ing mechanism has been studied in the Agile Hunter concept by 
Lockheed Martin which folds the inner section of the wing against 
the fuselage [3]. A comprehensive review of various span morph-
ing concepts can be found in Barbarino et al. [1] and Ajaj et al.
[4].

It is noted that the key driver for morphing in military aircraft 
is to adapt the aircraft for different flight phases to improve its 
performance. However, the main driver for commercial aircraft is 
to improve fuel efficiency. This is achieved via a trade-off in favour 
of reduced induced drag over a slightly higher skin friction drag. 
The coefficient of induced drag is proportional to the square of 
the lift coefficient and inversely proportional to the aspect ratio. 
Hence, the induced drag could be minimised by:

(1) reduced weight via improved structural efficiency which re-
duces the required lift coefficient,
ess article under the CC BY license (http://creativecommons .org /licenses /by /4 .0/).

https://doi.org/10.1016/j.ast.2023.108244
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/aescte
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ast.2023.108244&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:nuhaadh.mahid@bristol.ac.uk
mailto:ben.k.s.woods@bristol.ac.uk
https://doi.org/10.1016/j.ast.2023.108244
http://creativecommons.org/licenses/by/4.0/


N.M. Mahid and B.K.S. Woods Aerospace Science and Technology 136 (2023) 108244

Fig. 1. Semi-Aeroelastic Hinge (SAH) Concept (figures reproduced from Ref. [6]). (a) shows the front view with the folding angle θ , (b) shows the top view with flare angle λ
and (c) shows the change in incident angle �αW T of the wingtip as the hinge rotates.
(2) and longer wingspan which increases the aspect ratio, thereby, 
improving the lift distribution along the span.

The following concept discussed aims to make use of these two 
features to reduce the induced drag of the aircraft and conse-
quently improve fuel efficiency.

1.1. Semi-aeroelastic hinge concept

Span extension concepts address the challenge of airport gate 
size; however, they do not provide a mechanism to circumvent 
the additional structural requirement of the increased bending mo-
ment from a longer wing. One of the approaches which address 
both the challenges is the Semi-Aeroelastic Hinge (SAH) concept 
introduced by Siddaramaiah et al. [5], which is shown in Fig. 1. 
It shows a wingtip that is pivoted to the inboard wing via a 
free/flexible hinge. The hinge is oriented at a flare angle λ from 
the freestream. For a positive flare angle, upward folding of the 
wingtip by a positive folding angle θ geometrically reduces the in-
cident angle of the wingtip αW T . This change in the incident angle 
of the wingtip is expressed by

�αW T = − tan−1 (tan θ sinλ) (1)

A reduced angle of incidence on the wingtip reduces the lift 
generated at the outboard sections of the wing. This reduces the 
bending moment transferred to the inboard sections of the wing. 
In steady flight, the balance of aerodynamic and gravitational mo-
ments on the hinge, from the wingtip, leads to an equilibrium fold-
ing angle, also referred to as the coasting angle. However, when 
exposed to gust loading, the wingtip is able to flap up and down – 
providing load alleviation characteristics leading to reduced peak 
loads on the inboard wing. Consequently, the concept provides a 
mechanism to achieve an extension of the wingspan with minimal 
additional reinforcement required on the primary load-carrying 
structure of the wing.

The gust load alleviation behaviour of the SAH concept along 
with the parameters which optimise that aspect of the wingtip 
have been studied in previous literature. Siddaramaiah et al. [5]
showed that for a wingtip hinged at 80% of the span on a typical 
jet airliner size aircraft (with 57.82 m wingspan and weighing 190 
tonnes), low torsional stiffness and high flare angle of the hinge 
2

increase the achieved gust load alleviation compared to the hinge-
less baseline wing. For example, a hinge flared at a 25-degree 
angle was shown to reduce the root bending moment by 15% un-
der static loading and by 19% under gust loading compared to the 
hinge-less wing. The benefit of extending the wingspan by 25%, us-
ing the SAH concept has further been demonstrated by Castrichini 
et al. [7]. It was shown that a hinge with low torsional stiffness 
and flare angle of 25 degrees reduced the wing root bending mo-
ment by 30% compared to a fixed hinge; and increased the wing 
root bending moment by only 4.4% compared to the baseline wing 
without the wingtip, despite the increased span of 25%. It was also 
shown that the gust load alleviation is improved by high flare an-
gle, low torsional stiffness, low wingtip mass and low damping.

In short, the SAH concept enables span extension while main-
taining a light design for the wing structure. To achieve both the 
benefits of the SAH concept, the wingtip would need to be fixed 
in steady flight at zero folding angle for the greatest effective 
wingspan, and deployed in response to gusts for load alleviation. 
This would require a clutch mechanism to release the wingtip and 
an actuator to return the wingtip to zero folding angle.

1.2. Fairing

Despite the benefits of the SAH concept, it also poses chal-
lenges due to the inherent discontinuity of the aerodynamic sur-
face across the hinged joint as seen in the wind tunnel model in 
Fig. 2. The gap distorts the airflow across the wing – leading to 
aerodynamic penalties. In a configuration with zero flare angle, 
which has the discontinuity of the aerodynamic surface aligned 
with the airflow, the presence of an exposed hinge within the 
gap will create vortices leading to reduced lift and increased drag. 
Alternatively, in a configuration with a non-zero flare angle, the 
gap will be misaligned to the airflow leading to even more convo-
luted three-dimensional flows with increased pressure drag. Hence, 
without a cover around the hinge vortices and the subsequent flow 
separation on the wing will partially erode the aerodynamic ben-
efit of the extended wingspan. Furthermore, the presence of a gap 
in the wing surface would likely increase the likelihood of inges-
tion of debris and subsequent damage to the hinge components, 
particularly during take-off and landing.

Mechanical solutions to covering this gap could include over-
lapping/sliding skin panels or a cylindrical cover on the hinge with 
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Fig. 2. SAH joint between the inboard wing and the wingtip. (a) shows the gap at the joint in a wind tunnel model (figure reproduced from Ref. [8]) and (b) shows the 
schematic of the joint region. Axes XYZ is the global coordinate system where X is aligned with freestream. Axes 123 is the local coordinate system where 1-axis is in the 
direction along the hinge and 2-axis is the direction across the hinge. Section AA shows the surface discontinuity in the aerofoil section created by the hinge gap.
a socket-shaped joint interface on the wingtip. However, such so-
lutions will not provide a smooth continuous surface due to over-
laps and protuberances of the surface components, and would be 
mechanically complex with multiple sliding interfaces requiring 
sealing. The general benefits of replacing rigid mechanisms with 
morphing concepts capable of continuous and smooth changes 
in surface curvature have been demonstrated by various morph-
ing concepts explored in literature. For example, Woods et al. [9]
showed a 3% reduction in wing drag and a 7% increase in the lift 
to drag ratio through the closure of the spanwise gap between the 
aileron and the wing. The aerodynamic gain of a continuous skin 
with a smooth curvature is presumed to be even greater for the 
SAH concept which has a gap across the wing from the leading 
edge to the trailing edge, which is likely to be skewed relative to 
the flow.

A compliant fairing around the joint would close the gap and 
create a continuous smooth outer surface for the airflow. The me-
chanical properties of such a fairing are constrained by the need 
to maintain the aerodynamic shape, undergo the required range 
of deformation and optimise the load alleviation characteristics 
of the wingtip. The subsequent sections of this paper initially in-
troduce the requirements of the fairing, followed by a categorical 
description of two different concepts for skin integration. The more 
promising of the two concepts is pursued further with a simplified 
analytical study to identify the key design drivers and constraints. 
Further changes to the design are proposed to address the con-
straints identified and arguments are drawn to emphasise the need 
for higher fidelity analysis to capture the effects of the complex 
three-dimensional geometry.

2. Requirements of the fairing

The requirements of the fairing are based on various charac-
teristics including the operational range, aerodynamic shape of the 
wing, gust load alleviation and structural longevity. They are bro-
ken down into three categories: structural, aeroelastic and opera-
tional requirements.

2.1. Structural

In the SAH concept, the wingtip is envisioned to rotate in the 
range of −20◦ to 90◦ of folding angle. While the lower limit is set 
by the ground clearance required for the wingtip, the upper limit 
is based on achieving the maximum shortening of the wingspan. 
The large range of folding angle implies that the fairing around the 
hinge would strain extensively in the direction across the hinge 
(i.e. 2-axis direction in Fig. 2b). Generally speaking, isotropic mate-
rials that have high strain before failure, such as elastomers, typi-
cally have a high Poisson’s ratio. With such materials as a fairing, 
3

an in-plane deformation in the direction across the hinge would 
also result in deformation in the direction along the hinge. This 
would distort the cross-section (aerofoil) shape of the wing leading 
to drag penalties and loss of lift due to unfavourable aerodynamics 
on the surface. Hence, it is required that the fairing has a near-zero 
Poisson’s ratio in the direction along the hinge to minimise the dis-
tortion of the cross-section shape. Additionally, the fairing would 
have to carry out-of-plane loading from the aerodynamic pressure 
at transonic cruise conditions. Hence, a high out-of-plane stiffness 
is required on the fairing to reduce the aerodynamic penalty due 
to the distortion of the cross-section shape. A maximum limit on 
the out-of-plane deformation of the skin could be used to deter-
mine the required out-of-plane stiffness. Such deformation limits 
should consider the drag increase due to distortion of the cross-
section shape.

2.2. Aeroelastic

As load alleviation is one of the key features of the SAH con-
cept, the properties of the fairing should either favour or at least 
not hinder the gust load alleviation behaviour of the wingtip. The 
properties which optimise the gust load alleviation characteristics 
are summarised as high flare angle, low torsional stiffness, low 
damping and minimal mass [5,7]. For the fairing, the low torsional 
stiffness of the joint translates to a low in-plane stiffness in the di-
rection across the hinge. Other variables which affect the torsional 
stiffness through the effective moment arm around the hinge, in-
clude the distance of the fairing from the hinge and the thickness 
of the fairing. These variables are constrained by the cross-section 
shape of the wing and the out-of-plane stiffness requirement of 
the fairing respectively. Hence, a trade-off would need to be made 
between these competing requirements to obtain an optimised so-
lution. Moreover, a minimum constraint is also required on the 
torsional stiffness of the joint to avoid flutter of the wingtip within 
the operating speeds of the aircraft [7]. This would mean that the 
fairing designer would need to consider not only the elastic and 
aerodynamic aspects of the wingtip but also the aeroelastic be-
haviour as well. Noting that the total torsional stiffness of the joint 
is the combined contribution from both the hinge and the fairing, 
hereafter, the total torsional stiffness of the joint is referred to as 
the folding stiffness.

2.3. Operational

The gust load alleviation behaviour of the wingtip entails repet-
itive flapping motion of the wingtip. This results in cyclic loading 
on the components of the hinge in addition to the fairing itself. 
Hence, it is required that the materials selected for these compo-
nents have high fatigue life and/or the components themselves are 
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Fig. 3. An example of a primary morphing structure based on a chiral cellular core with a facesheet (figures reproduced from Ref. [10]). (a) shows the face view of the cellular 
core and (b) shows the orientation of the core (using the 123 axes) in the folding region and the wingtip, along with their control rods.
easily accessible for replacement if required to be changed within 
the lifespan of the aircraft. Moreover, the materials of the fairing 
are required to be durable with minimal corrosion and degradation 
due to the operating conditions. Durability includes thermal and 
chemical stability along with resistance to impact damage from 
debris – particularly during take-off and landing. Additionally, the 
fairing design is required to be cost-effective both in its manufac-
ture and maintenance. This is to increase the attractiveness of the 
morphing solution over a conventional mechanical solution, to ad-
dress the surface discontinuity of the SAH concept.

3. Design approaches

Taking a step back from the SAH concept, there are various 
ways of realising a compliant folding wingtip. Categorically, de-
signs of such a device can be broken down into two: (1) primary 
morphing devices and (2) secondary morphing devices. These two 
categories differ in the way they carry the internal loads and con-
sequently in the way the structure of the joint interact with the 
other functional components of the joint.

3.1. Primary morphing structures

In primary morphing devices, the entire structure undergoes a 
change in shape upon loading. The morphing joint not only car-
ries the pressure load on its surface but also transfers the load 
from the wingtip to the inboard wing. In this case, the morphing 
joint structure is the only load path between the wingtip and the 
inboard wing. A realisation of a primary morphing device could 
simply be a block of flexible material between the wingtip and 
the inboard wing. These materials could include elastomers, cellu-
lar structures with smooth facesheets and smart materials such as 
shape memory polymers.

An example of a primary morphing device concept introduced 
by Cooper et al. [10], is shown in Fig. 3. It shows a morphing 
wingtip that is connected to the inboard wing via a morphing 
joint. Both the wingtip and the joint are comprised of a chiral 
cellular core with a bonded surface layer. The chiral core can be 
deformed either by rotating a node or shortening a ligament (see 
Fig. 3a). In this application, the core is deformed by rotating a com-
bination of nodes. Hence, for the joint, the core is oriented with 
the axis of rotation of nodes aligned parallel to the folding axis of 
the wingtip. The control rods for cant, shown in Fig. 3b, are then 
used to actuate the folding of the wingtip. Additionally, rods are 
also placed along the wingtip which are used to change the cam-
ber and the twist of the wingtip panel.

In primary morphing structures, the functions of aerodynamic 
surface and spanwise load path are performed by a single inte-
4

grated structure. This reduces part count with a potential reduc-
tion in production and maintenance costs. However, a single inte-
grated structure is unlikely to have adequate de-coupling between 
the folding stiffness of the joint and the out-of-plane stiffness of 
the surface. Hence, a typical primary morphing structure that is 
adequately resistant against deformation of the wing surface un-
der pressure loading, is likely to also have high bending (folding) 
stiffness. This is equivalent to high torsional stiffness in the joint 
which, as discussed in the introduction, results in reduced ability 
of the wingtip to alleviate gust load.

Primary morphing structures using smart materials such as 
shape-memory polymers have the benefit of being able to perform 
the function of deployment and retraction of the wingtip with-
out the need for additional actuators. The limitation, however, is 
that the response of shape-memory materials is often too slow – 
making it unsuitable for gust response which requires the instant 
deployment of the wingtip. Moreover, most of the shape mem-
ory materials are stimulated via temperature change either using 
thermal or electrical energy. Such elements would require insu-
lation due to the storage of fuel in the wing and the high rate 
of convective cooling at the wing surface. This would increase the 
complexity of the design making it less attractive than a more con-
ventional mechanical solution.

3.2. Secondary morphing structures

Secondary morphing devices have separate structural compo-
nents to carry the loads from the wingtip to the inboard wing and 
the aerodynamic loads on the surface of the fairing around the 
joint. In the simplest case, a secondary morphing device could be 
realised as a hinged joint, similar to the one shown in Fig. 2a, with 
an elastomeric fairing joining the skin of the inboard wing and the 
wingtip. In this case, the joint will carry the shear loads from the 
wingtip to the inboard wing while the fairing will carry the pres-
sure loads on the surface of the joint section.

The joint is comprised of relatively stiff materials whereas the 
fairing would require its stiffness properties to be directionally tai-
lored to meet the functional needs. These include low in-plane 
stiffness across the hinge for better load alleviation – and high 
in-plane stiffness along the hinge and high out-out-plane stiffness 
throughout for better aerodynamics. Additionally, the fairing mate-
rial is also required to endure high levels of recoverable strain to 
achieve a 90-degree folding angle. These requirements are unlikely 
to be met with monolithic structures, thereby motivating the need 
for more tailored solutions.

The secondary morphing structural concept proposed in this 
work is shown in Fig. 4. It shows a spanwise beam connecting 
the inboard wing and the wingtip via a hinged joint. Note that 
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Fig. 4. An example of a secondary morphing structure for a hinged wingtip. (a) shows the joint connecting the inboard wing and the wingtip. (b) shows the rear view 
(YZ-plane) of the joint at a folding angle of θ and rib rotation angles of μ1 and μ2. In both the subfigures, the hinge which rotates the wingtip is shown in red and the 
hinges pivoting the ribs are shown in blue. (For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)

Fig. 5. Examples of potential skin architectures for morphing fairings extracted from literature. (a) shows a chevron based cellular structure sandwiched between elastomer 
layers [13]. (b) shows an elastomer-filled panel with a corrugated carbon-fibre sheet and carbon-fibre rods along the corrugation channels (figure reproduced from Ref. [14]). 
(c) shows an elastomeric matrix with an embedded network of fluidic pneumatic actuators (figure reproduced from Ref. [15]).
this beam is of notional thickness in the schematic – but would 
of course be designed and sized accordingly in a real implementa-
tion. Due to the presence of a hinge, this configuration minimises 
the transfer of bending moment from the wingtip to the inboard 
wing, assuming that the in-plane stiffness of the skin in the di-
rection across the hinge is low. The ribs in the joint are hinged to 
the spanwise beam allowing them to rotate. The axes of rotation 
of the ribs are parallel to the axis of rotation of the folding hinge. 
The rotation of the ribs allows the deformation of the skin due to 
the folding of the wingtip, to be distributed over a greater length 
of skin. For instance, consider the compressive deformation on the 
top skin in the central rib-bay, shown in Fig. 4b. The rotation of the 
ribs by the angles μ1 and μ2 results in compressive deformation 
of the top skin of the central rib-bay being partially re-distributed 
to the top skin of the adjacent rib-bays. This re-distribution of de-
formation over a longer length of the skin is a key aspect of this 
concept as it results in a lower maximum strain on the skin.

A few examples of potential skin architectures extracted from 
literature are shown in Fig. 5. A more expansive review of morph-
ing skin designs along with the skin architectures discussed here 
can be found in Thill et al. [11].

A sandwich panel comprised of a patented chevron-based cellu-
lar core [12] known as MorphCore and elastomer facesheets [13], 
used in span extension devices is shown in Fig. 5a. It shows the 
ribs along the y-axis which provide the near-zero Poisson’s ratio 
and the chevron walls which bend to provide high flexibility along 
the x-axis. Similarly, Fig. 5b shows an elastomer-filled corrugated 
5

sheet that is flexible across the corrugation – and rods along the 
corrugation channel which provides near-zero Poisson’s ratio [14]. 
In this configuration, the skin would become significantly stiffer 
when the corrugation is fully extended. In a fairing with this skin, 
the corrugation channels would be aligned parallel to the hinge 
axis. Hence, the stiffening of the skin due to full extension of the 
corrugation could be used to stop the wingtip folding beyond the 
pre-defined maximum folding angle.

An alternative configuration, in Fig. 5c, shows an elastomer-
based matrix with an embedded fluid-filled network of pneumatic 
actuators [15]. In a fairing with this skin, the pressure in the 
tube could be varied to change the folding stiffness to deploy the 
wingtip. Differential pressure can also be applied within the net-
work of pneumatic actuators to return the wingtip to the planform 
position. This will allow the skin to be used as an actuator.

The benefit of a secondary morphing concept is in its ability 
to minimise the coupling between the folding stiffness of fairing 
and the out-of-plane stiffness of the skin. This decoupling is essen-
tial due to the competing requirements of the two parameters to 
optimise load alleviation while maintaining a robust cross-section 
shape of the wing. Additionally, the secondary morphing concept is 
more space-efficient and provides more room within the joint for 
other components that may be required for the operation of the 
SAH concept, such as clutches and actuators. This would minimise, 
if not completely avoid, the need for increasing the thickness of 
the wing profile around the joint to add internal space – thereby, 
avoiding the drag penalty this would incur.
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Fig. 6. Simplification of the fairing geometry. (a) shows the 3D joint along with the 2D slice shown in green. (b) shows the top view for the joint with the rib locations of 
the slice annotated as Xi for i ∈ [1, 4]. Note that the global coordinate system is annotated as axes XY Z and the local coordinate system on the slice is annotated as axes 
xyz. (c) shows the face view of the slice along with the annotations for the variables. nti and nbi are node locations on the top and bottom surface respectively, and lri and 
lai are the rib heights and beam lengths respectively. ki for i ∈ [1, 3] are the linear springs modelling the skin stiffness.
The drawback of the secondary morphing structure is the in-
creased part count and the complexity of the design. However, 
a modular approach to design would allow for the replacement of 
parts when needed instead of the whole joint. Moreover, reduced 
weight and wetted area of the joint with its performance benefits 
could be a trade-off against the increased complexity of the design.

4. Analytical model of morphing fairing structure

The secondary morphing concept based on a hinged joint and 
pivoting ribs, was selected as the most promising and is, there-
fore, the focus of the rest of this paper. The choice of this concept 
is based on its ability to minimise coupling between the folding 
stiffness of the fairing and the out-of-plane stiffness of the skin, 
in addition to its space efficiency which minimises the need for a 
local increase in the wing thickness around the joint.

4.1. Objectives

The objective of the analytical model developed here is to cap-
ture the basic mechanics of the fairing, using various simplifying 
assumptions, in order to allow for initial exploration of the design 
space and to determine the basic viability of the concept. Specif-
ically, it should demonstrate the deformation mechanics and the 
ability of the pivoting-rib configuration to re-distribute the skin 
deformation to adjacent rib bays to minimise the localised strain 
on the skin. The model is also used to demonstrate the effects of 
various geometric parameters on the folding stiffness and the de-
formed shape of the joint.

4.2. Geometry simplification

The complex 3-dimensional geometry of the fairing with non-
planar skin curved around the ribs makes an analytical solution 
impractical for the full model. Hence, as a preliminary approach, 
the model is simplified to a 2-dimensional problem by taking a 
slice of the fairing across the hinge as illustrated in Fig. 6. It shows 
the slice of infinitesimal thickness dX taken at an angle λ from 
the spanwise direction which ensures that the face of the slice 
is perpendicular to the hinge axis. Note that the flare angle λ is 
measured from the freestream (see Fig. 1), hence, in this case, it is 
assumed that the wing has no sweep. Fig. 6b shows the top view 
6

of the wing section along with the global coordinate system and 
the local coordinate system of the slice. Note that from hereon, 
for clarity, the local x-direction (lower case implies local coordi-
nates, upper case is global) is referred to as the axial direction 
and the local y-direction is referred to as the transverse direc-
tion. The transverse direction is parallel to the hinge axis while 
the axial direction is perpendicular to it. Fig. 6c shows the face 
view of the slice along with the annotation of the variables. The 
skin panels are modelled as linear springs to capture their in-plane 
stiffness. This approach does not account for the bending deforma-
tion or through-thickness shear effects of the fairing. However, this 
approach is deemed adequate for this initial study which is not 
intended to capture out-of-plane behaviour or the interaction of 
aerodynamic loads with the skin. This simplified approach allows 
the objectives of this study to be achieved via a numerically solv-
able set of equations that does not require a finite element based 
approach.

4.3. Model derivations

The stiffness of the skin of the fairing is modelled as linear 
springs and is expressed by

ki = Ex(t dx)

Li
= Q

Li
(2)

where Ex is the Young’s modulus in the axial direction, t is the 
thickness of the skin and Li is the undeformed length of the skin. 
The slice is normalised by its thickness, hence, dX is simply as-
sumed to be 1. Q is the product of Young’s modulus and the 
cross-section area, which in this analysis are the same for all skin 
sections. Hence, the difference between the stiffness of the skin 
sections is only due to their length.

The location of each rib that intersects with the slice is an-
notated in Fig. 6b as Xi where i ∈ [1, 4]. Xi gives the chordwise 
location of the rib at the intersection with the slice and is evalu-
ated by

X2 = X1 + la1 sinλ, X3 = X1 +
3∑

i=1

lai sinλ,

X4 = X1 +
4∑

lai sinλ (3)

i=1
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Once the chordwise location of the intersection is known, the rib 
height lri for i ∈ [1, 4] is evaluated for the aerofoil used.

The deformation of each skin section is given by the change in 
the distance between the adjacent nodes nti and nbi for i ∈ [1, 4]. 
A vector-based approach is used to evaluate the change in the 
nodal distances. The vectors used are of the form �lri = [0 lri]T and 
�lai = [lai 0]T where lri and lai corresponds to the length of ribs and 
beams respectively. The position of each node is expressed as a 
function of the angles θ , μ1 and μ2 by the expressions

nt1 = [ �lr1
]

nb1 = [ − �lr1
]

nt2 = [ �la1
] + R(μ1)

[ �lr2
]

nb2 = [ �la1
] + R(μ1)

[ �−lr2
]

nt3 = [ �la1 + �la2
] + R(θ)

[ �la3 + R(μ2) �lr3
]

nb3 = [ �la1 + �la2
] + R(θ)

[ �la3 − R(μ2) �lr3
]

nt4 = [ �la1 + �la2
] + R(θ)

[ �la3 + �la3 + �lr4
]

nb4 = [ �la1 + �la2
] + R(θ)

[ �la3 + �la3 − �lr4
]

(4)

where R(φ) is the counter-clockwise rotation matrix for any angle 
φ.

The deformed length of the skin sections L ji is given by the 
expression

L ji = n j(i+1) − n ji where j ∈ [t,b] and i ∈ [1,3] (5)

where the subscripts t and b correspond to top and bottom re-
spectively (as shown in the node labels in Fig. 6c). Note that the 
deformed lengths of the skin sections are a function of the angles 
θ , μ1 and μ2. The displacement of the skin sections is evaluated 
by subtracting the undeformed length of the skin from the de-
formed length. The displacement of the skin due to any applied 
pre-strain εp which may be added to help avoid buckling and to 
increase the skin’s out-of-plane stiffness [16] is also added to the 
displacement. The expression for the total displacement of the skin 
section u ji is given by

u ji = (
L ji(μ, θ1, θ2) − L ji(0,0,0)

) + up ji

where up ji = εp L ji(0,0,0)

1 + εp
(6)

Noting that the ribs and beams are assumed in this work to 
be rigid, the only energy-storing components in the model are the 
skin sections. Using the stiffness of the individual skin sections and 
their displacements, the elastic strain energy U of the system is 
expressed by

U =
3∑
i

1

2
ki

(
u2

ti + u2
bi

)
(7)

The work done W on the fairing by the applied moment M shown 
in Fig. 6c, is given by

W = Mθ (8)

The total energy of the system is then expressed by

� = U − W (9)

Using the principle of minimum energy, the equilibrium solution is 
given by the Jacobean of the total energy ∇� with respect to the 
angles θ , μ1 and μ2 where ∇�(θ, μ1, μ2) = 0. This equilibrium 
case is expressed by a set of three nonlinear equations which are 
solved numerically for the angles θ , μ1 and μ2 for any applied 
moment M . The solution process is executed in MATLAB using the 
7

Table 1
Default Model Parameters.

Parameters Details

Wing NACA 0015 aerofoil with 1.5 m chord and zero flare angle
Slice location Xi at 40% of the chord
Skin stiffness Q = 1000 N
Beam lengths 250, 100, 100 and 250 mm for lai were i ∈ [1,4] respectively

built-in “fsolve” function which by default uses the Trust-Region-
Dogleg Algorithm [17]. The stability of the obtained equilibrium 
solution is given by the eigenvalues of the Hessian matrix of total 
energy ∇2� with respect to the angles θ , μ1 and μ2.

4.4. Parameters for representative analysis case

An exploration of the fairing design space was carried out using 
this analysis approach and a nominal aircraft wing with a NACA 
0015 aerofoil and a chord of 1.5 m. The choice of a symmetric 
aerofoil helps to simplify the analysis as it allows pre-strain to be 
applied on the skin without causing a rotation of the wingtip. The 
chord length chosen is approximately the typical tip chord of com-
mercial aircraft with just under 36 m wingspan (e.g., A320 and 
B737-MAX). These aircraft use the airport gates with a wingspan 
limit of 24 m to 36 m (i.e., Code C in ICAO Annex 14 [18] and 
Group III in FAA Advisory Circular 150/5300-13B [19]). Hence, any 
further increase in wingspan without folding wingtips will require 
them to use a bigger airport gate.

The representative 2D slice was taken starting from the first 
rib intersection point X1 at 40% of the chord. Note that the de-
fault case was set to have zero flare angle. Any change in flare 
angle changes the point of intersection of each subsequent rib on 
the selected slice (i.e. Xi for i ∈ [2, 4]). This results in a change in 
the chordwise location at which the rib height is evaluated. Hence, 
the change in flare angle changes the height of the ribs in the 
slice.

A representative value for the stiffness parameter of Q =1000 N
was chosen. This is equivalent to having the skin made of a typical 
polymer with a Young’s modulus of 1000 MPa and a skin thickness 
of 1 mm. Pre-strain on the skin was set to 15% to avoid negative 
strain on the compressive side. While the model will be able to 
consider compressive strain, the predicted results would be inac-
curate as there is a likelihood of skin buckling under compressive 
stress which the model will not be able to account for. Hence, 
an upper limit on the folding angle was set before the strain on 
the top skin becomes negative. Consequently, in this study, defor-
mation is shown up to a folding angle θ of 30 degrees for all of 
the cases considered, except for the study of pre-strain. The model 
parameters for the analysis are summarised in the Table 1. The 
choice of slice location, skin stiffness and beam lengths used are 
arbitrary.

The analysis was run with variations in four primary design 
parameters of interest: (1) the stiffness of the skin, (2) the flare 
angle, (3) the applied pre-strain and (4) the length of the span-
wise beams. Additionally, an analysis was also run to compare the 
(5) effects of fixed versus pivoting ribs. The results of these analy-
ses are discussed in the following section of the paper.

5. Results and discussion

The results presented here for the deformation behaviour anal-
ysis of the 2-dimensional slice give qualitative insights into the 
behaviour which would be expected of the 3-dimensional model 
of the fairing. Particularly, the changes in the deformation response 
due to changes in different parameters give insights into the rela-
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Fig. 7. Variation of the folding stiffness and the deformed shape with the change in skin stiffness. (For interpretation of the colours in the figure(s), the reader is referred to 
the web version of this article.)

Fig. 8. Variation of the folding stiffness and the deformed shape with the change in flare angle. (For interpretation of the colours in the figure(s), the reader is referred to the 
web version of this article.)
tionship between the design parameters and the folding stiffness, 
along with their sensitivities.

5.1. Skin stiffness

Firstly, the effect of varying the stiffness of the skin is shown 
in Fig. 7. The stiffness was varied by changing the stiffness param-
eter Q by ±10%. Fig. 7a shows the deformation response of each 
of the cases for varying applied moments. Comparing the cases 
shows that increasing the stiffness of the skin increases the fold-
ing stiffness of the fairing and the rotating stiffness of the ribs. 
Additionally, for each case, it shows a mild stiffening at higher 
folding angles. This is indicative of the geometric nonlinearity of 
the folding stiffness. Moreover, the rotation of the ribs is of equal 
magnitude but in opposite directions. This is due to the symme-
try of the geometry about the folding hinge axis for the cases with 
zero flare angle.

The shapes of the deformed fairing slice are shown in Fig. 7b. 
It shows that as the fairing folds up, the distance from the folding 
hinge to the lower skin decreases while the distance to the upper 
skin increases. The change in the distance from the folding hinge 
to the upper and the lower surface is also affected by the rotation 
of the ribs. The fact that the hinge moves closer to the bottom skin, 
however, is not intrinsically a problem, as long as the skin is thin 
enough to not directly come into contact with the hinge. Indeed, 
this motion indicates that the fairing is working as intended – it is 
spreading out the single localised point of rotation on the mechan-
ical hinge into a more distributed (albeit still faceted) shape for 
the skin. This spreading of the deformation is desirable in main-
taining a smoother surface to minimise interference drag between 
the wing and wingtip. Additionally, the folding rotation of the joint 
also results in a slight decrease in the local thickness of the slice 
across the hinge. In a 3-dimensional fairing, this is equivalent to 
decreasing the thickness of the aerofoil section in the folding re-
gion. These effects are discussed further later in this paper with 
the results of the analysis comparing the fixed and pivoted ribs.
8

5.2. Flare angle

For the second set of studies, the effect of changing the flare 
angle of the hinge on the deformation response of the fairing slice 
was analysed in Fig. 8. Fig. 8a shows a significant drop in the fold-
ing stiffness of the fairing slice as the flare angle was increased. 
This is attributed to the taper of the rib height for increasing flare 
angle, which is shown in Fig. 8b. This is simply an effect of the 
modelling simplification in which only a thin slice of the wing 
section is modelled instead of the whole wing section. Hence, for 
any slice rib position of X1, each consecutive slice rib position is 
further aft of the previous rib position (i.e., Xi > Xi−1 for i ∈ [2, 4]) 
for any flare angle greater than zero (see Fig. 6b). Noting that the 
maximum thickness of NACA 0015 is at 30% of the chord and X1
is set to be at 40% of the chord, each consecutive rib height will 
be smaller due to the decreasing aerofoil thickness towards the 
trailing edge.

The decrease in the rib height results in a decrease in the mo-
ment arm from the folding hinge to the skin. As the contribution 
of the moment arm to the folding stiffness is proportional to the 
square of the moment arm (i.e. k f olding ∝ larm

2), a small decrease in 
the rib height results in a significant softening of the folding stiff-
ness. Fig. 8a also shows an increase in the difference between the 
magnitude of the rib folding angles μ1 and μ2. This is attributed 
to the break in the symmetry about the folding hinge axis for non-
zero flare angles and the subsequent increase in asymmetry as the 
flare angle increase. Additionally, the figure shows that the mag-
nitude of μ2 is greater than that of μ1 for all values of applied 
moment. This is a result of rib height taper which gives the out-
board rib a lower effective rotational stiffness due to the reduced 
moment arm from the hinge to the skin.

A noticeable change in the gradient of the folding angle curve is 
also seen in Fig. 8a, as the applied moment increases, particularly 
for the case with a 50-degree flare angle. This nonlinear behaviour 
is seen in the deformation response of all the cases but to a lesser 
extent. The increase in the gradient of the folding angle curve is 
indicative of the stiffening of the fairing at higher folding angles. 
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Fig. 9. Variation of folding stiffness and the deformed shape with the change in the applied pre-strain for a 50-degree flare angle. (For interpretation of the colours in the 
figure(s), the reader is referred to the web version of this article.)

Fig. 10. Variation of folding the stiffness and the deformed shape with the change in the length of spanwise beams. (For interpretation of the colours in the figure(s), the 
reader is referred to the web version of this article.)
This means that an increasing incremental gain in the applied mo-
ment is required for every unit increase in the folding angle. It is 
suspected that this may be a result of the pre-strain on the skin. 
In the unloaded configuration, both the upper and lower skin has 
the same amount of tension due to the applied pre-strain. While 
the tension on the upper skin favours an increase in the folding 
angle, the tension on the lower skin equally resists it. However, as 
the folding angle increases under external loading, the tension on 
the upper skin decreases while the tension on the lower skin in-
creases. Consequently, for every unit increase in the folding angle, 
it results in an increasing incremental gain in resistance against 
further folding. This is seen in Fig. 8a as stiffening of the fairing 
with increasing folding angles.

5.3. Pre-strain

The effect of pre-strain on the stiffness and the deformed shape 
of the fairing is studied further for the 50-degree flare angle con-
figuration in Fig. 9. Note that the constraint on the skin of being in 
tension was relaxed for this study. Hence, for low values of applied 
pre-tension and at large folding angles, the top skin can experience 
compressive strains. Fig. 9a shows that high pre-tension results in 
a softer stiffness for both folding and rib rotation. This indicates 
that the high out-of-plane stiffness of the skin due to pre-tension 
could be achieved together with the improved load alleviation 
characteristics of the wingtip due to reduced folding stiffness.

The decrease in folding stiffness with increasing pre-strain 
could be explained by the following approximate expression – 
which indicates that for a positive folding angle, the tension on 
the bottom skin opposes further folding (i.e., increase the torque) 
while the tension on the top skin favours it.

M ∝∼ ub db − ut dt (10)

The term dt and db are the distance from the hinge to the top 
and bottom skin. Note from Equation (6) that the displacement 
9

term has a component due to folding deformation and applied pre-
strain. Hence, the expression could be re-arranged to the form

M ∝∼
(

udb db − udt dt

)
− up

(
dt − db

)
(11)

where ud is the displacement due to folding and up is the dis-
placement due to pre-strain. The positive stiffness in the case with 
zero pre-strain indicates that the first term of the expression is 
positive. The deformed shape in Fig. 9b shows that dt > db for pos-
itive folding angles. Hence, any increase in pre-strain will reduce 
the folding stiffness of the system.

The 9a also shows that lower values of pre-tension result in a 
more linear stiffness in both folding and rib rotation. In contrast, 
cases with high pre-tension are shown to have increasing gradients 
at higher angles. This indicates the stiffening of the slice as the 
folding angle increase. This behaviour is seen for both the folding 
stiffness and the rib rotation stiffness. The deformed shape of the 
fairing with different pre-strain and the same applied moment is 
shown in Fig. 9b.

5.4. Beam length

The effect of changing the length of the spanwise beams on the 
folding response of the fairing was also analysed. Fig. 10a shows 
the softening of the fairing as the length of the spanwise sections 
increase. This is a result of inverse proportionality between the 
stiffness of the skin and its length, as expressed in Equation (2). 
Similarly, it also shows the softening of the rib rotational stiffness 
as the length of the beams is increased. The deformed shape of the 
fairing with different lengths of the spanwise beams are shown in 
Fig. 10b. It shows that a longer fairing results in a greater change 
in the distance from the folding hinge to the upper and the lower 
skin. The intersection of the folding hinge with the lower skin is 
determined by the folding angles θ , μ1 and μ2; and the ratio of 
the length of beams and the height of the ribs in the central rib-
bay (i.e. lai/lri for i ∈ [2, 3]). If the length of the beams is longer
than the height of the ribs in this region, the folding hinge will
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Fig. 11. Variation of folding the stiffness and the deformed shape for fixed and pivoted rib configuration. (For interpretation of the colours in the figure(s), the reader is 
referred to the web version of this article.)

Fig. 12. Variation of the skin strain in mid-bay, the distance between the skin and the folding hinge, and section thickness across the hinge for fixed and pivoted rib 
configuration. (For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)

Fig. 13. An alternative configuration of the pivoting-rib based fairing concept. (a) shows the inboard rib that is joined to the outboard rib via a hinged joint (referred to as 
the folding hinge). The hinge of the central pivoting-rib is co-located and aligned with the folding hinge. (b) shows the rear view of the joint at a folding angle of θ and 
rotation angle of the rib μ1.
intersect with the lower skin at higher folding angles. Hence, it is 
desirable to keep the length of the beams less than the height of 
the ribs in the central rib-bay (i.e. lai/lri for i ∈ [2, 3] < 1).

5.5. Comparison of fixed and pivoted rib configuration

Finally, a comparison study was made between the fixed and 
pivoted rib configurations. Fig. 11a shows that the fixed rib con-
figuration is significantly stiffer in folding than the pivoted rib 
configuration. This is due to the absence of rotational degree of 
freedom of the ribs which results in a shorter length of the skin 
being engaged in the deformation – in this case, only the skin in 
the central rib-bay. In contrast, in the pivoted rib configuration the 
skins of the adjacent rib-bays are also involved in the deforma-
tion via the rotation of the ribs. The deformed shape of the slice in 
both fixed and pivoted rib configurations under the same loading 
is shown in Fig. 11b.

In addition to the reduced folding stiffness, the pivoted rib con-
figuration also reduces the strain on the skin. Fig. 12a shows the 
variation of the strain in the skin of the mid rib-bay for both 
configurations. The increase in strain in the bottom skin and the 
decrease in strain in the top skin are both significantly higher for 
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the fixed rib configuration. Consequently, the fixed rib configura-
tion shows an earlier onset of compressive strain on the top skin, 
which is undesirable as it would be prone to wrinkling. More-
over, the change in the shortest distance between the skin and 
the folding hinge is shown in Fig. 12b. It shows a slower reduction 
in the distance between the bottom skin and the folding hinge 
for the pivoted rib configuration. Additionally, it also shows that 
the thickness of the section across the hinge is better retained by 
the pivoted rib configuration. However, it must be noted that the 
model used here does not account for bending deformation of the 
skin – hence, the model is limited in terms of the conclusions that 
could be derived from it. Nonetheless, the difference between the 
configurations is not significant in this case, though it shows an 
advantageous behaviour for the pivoted rib configuration over the 
fixed rib configuration.

5.6. Further improvements

The contact between the folding hinge and the lower skin could 
be avoided by using a different configuration of the pivoting-rib 
fairing concept where a pivoting central rib is co-located with the 
folding hinge. Fig. 13a shows the isometric view of the fairing with
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the co-located folding hinge and the rotating central rib. Fig. 13b 
shows the rotation angle of the rib μ1 which is free to rotate in-
dependent of the folding angle θ . The interaction of the rotation 
angle of the rib μ1 and the folding angle θ is only through the re-
action forces on the skin. The central rib maintains the distance of 
the rib height between the hinges and the skin, thereby, avoid-
ing contact at all feasible folding angles. This enforcement of a 
constant distance between the hinge and the skin, however, could 
introduce localised out-of-plane deformation of the skin in both 
the rib-bays adjacent to the central rib. This could take the form 
of wrinkling on the skin at high folding angles. Future work on 
this concept would explore this behaviour and possible remedies 
to counter it through the design of skin architectures. These could 
take the form of spatially varying stiffness on the skin, particularly 
through the use of sandwich panels with cellular cores.

6. Conclusions

This paper demonstrates the working mechanics of a novel 
morphing fairing based on a pivoting-rib architecture and compli-
ant skin. The fairing presented is a secondary morphing device that 
is aimed at minimising the coupling between the folding stiffness 
of the fairing and the out-of-plane stiffness of the skin. It provides 
a mechanism for re-distributing the localised skin deformation in-
curred during the folding of the joint over a greater length of the 
skin. This minimises the maximum skin strain for a given folding 
angle, thereby, improving the viability of the skin structure. The 
preliminary analysis of a simplified representative geometry pre-
sented in this paper provided a qualitative understanding of the 
deformation mechanics. It showed that the in-plane stiffness of the 
skin increases the folding stiffness of the fairing, while the pre-
strain on the skin decreases the folding stiffness. It also showed 
the nonlinearity in the stiffness introduced by both the asymme-
try in the geometry and the pre-strain on the skin. Moreover, it 
showed a decrease in the folding stiffness as a result of increas-
ing the deformable length of the skin. The results demonstrate 
the benefit of the pivoting-rib fairing concept in minimising the 
strain on the skin while achieving a large range of deformation. 
Thus, this work shows the promise of the pivoting-rib concept for 
compliance-based morphing devices on folding joints. Future work 
on the concept should consider the 3-dimensional effects of the 
fairing through a finite element based model, including a study 
of the effect of various design parameters on the folding stiffness. 
Additionally, further studies would need to be carried out on the 
design of skin panels and its fatigue life; and the effects of aerody-
namic loading on the skin deformation and the overall deformation 
of the joint.
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