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It's easy to explain how a
rocket works, but explaining
how a wing works takes a
rocket scientist.
Philippe Spalart

Abstract

Morphing wings have a high potential for improving the performance and
reducing the fuel consumption of modern aircraft. Yet, weight and complexity penalties limit the applicability of such concepts to research applications.
Owing to their efficiency and simplicity, selectively compliant structures are
regarded as a possible solution.
To identify the challenges connected with the design of morphing wing solutions, an existing 2D compliant morphing rib structure is implemented
into a 3D wing design. The results indicate the adverse effect on the obtained performance of 3D coupling phenomena and of discrepancies in the
obtained shape.
To address the identified limitations, the morphing concept is modified by
introducing a compliant element in the skin and by developing a new threedimensional, aero-structural design approach. The results at different design
speeds indicate that the wing can produce a considerable roll controllability.
To provide further insight of the advantages and disadvantages of the
morphing solution, the obtained performance is compared to the one of a
conventional wing.
As morphing skins are identified as critical structural elements, the optimal structural properties of a generic passive morphing skin design are investigated. Particularly, the results indicate the need for a high anisotropy,
both between membrane and flexural properties and between the skin’s
principal directions.
Based on the obtained results, a novel, doubly corrugated morphing skin is
introduced. Numerical and experimental tests show that the proposed skin
features an exceptional ratio between the axial and the bending stiffness in
the compliant direction. Parametric results obtained with nonlinear concurrent optimisations indicate that the double corrugation can potentially address the conflicting requirements of morphing skins.
To offset the aerodynamic penalty of the non-smooth profile, the corrugation is covered with an electro-bonded, continuous skin. Furthermore, the
obtained semi-active system is able to increase the dissipative properties of
v

the structure, thus preventing the occurrence of large vibrations connected
with the highly compliant deformation modes.
The effectiveness of the double corrugation as morphing skin is demonstrated by designing, manufacturing, and testing a morphing wing. The results indicate that the wing has a lower or equivalent weight compared to
conventional wings. Wind tunnel tests show that the shape changes occur in
an aerodynamic efficient way and that the achieved controllability allows
for replacing conventional ailerons.
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Zusammenfassung

Adaptive Flügel haben ein hohes Potenzial für die Verbesserung der Leistung und Reduzierung des Kraftstoffverbrauchs von modernen Flugzeugen.
Das höhere Gewicht und die Komplexität begrenzen jedoch die Anwendbarkeit solcher Konzepte auf Forschungsprojekte. Aufgrund ihrer Effizienz
und Einfachheit werden selektiv nachgiebige Strukturen als eine mögliche
Lösung angesehen.
Um die Herausforderungen bei der Gestaltung von AdaptivflügelLösungen zu identifizieren, wird eine vorhandene 2D nachgiebige Rippenstruktur in ein 3D-Flügel-Design implementiert. Die Ergebnisse zeigen den
nachteiligen Effekt des 3D Kopplungsphänomens und der Abweichungen in
der entstandenen Form auf die erreichte Leistung.
Um die festgestellten Beschränkungen anzugehen, wird das AdaptivflügelKonzept durch ein nachgiebiges Element in der Haut und durch die Entwicklung einer neuen dreidimensionalen, aerostrukturellen Designmethode
weiterentwickelt. Die Ergebnisse bei verschiedenen Designgeschwindigkeiten zeigen, dass der Flügel eine gute Rollsteuerbarkeit generieren kann. Um
einen besseren Einblick in die Vor- und Nachteile der Adaptivflügel-Lösung
zu erlangen, wird die erreichte Leistung mit der eines konventionellen Flügels verglichen.
Da Morphing Skins (Adaptive Flugzeugschalen) kritische Strukturelemente darstellen, werden die optimalen strukturellen Eigenschaften eines generischen, passiven Morphing Skin Designs untersucht. Insbesondere zeigen
die Ergebnisse die Notwendigkeit für eine hohe Anisotropie, sowohl zwischen Membran und Biegeeigenschaften sowie zwischen den Hauptrichtungen.
Basierend auf den erreichten Ergebnissen wird ein neuartiges, doppeltgewelltes Morphing Skin Konzept eingeführt. Numerische und experimentelle Untersuchungen zeigen, dass das entwickelte Morphing Skin ein außergewöhnliches Verhältnis zwischen der Axial- und Biegesteifigkeit in der
nachgiebigen Richtung bietet. Parametrische Ergebnisse von nichtlinearen
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Optimierungen zeigen, dass die entwickelte Lösung die widersprüchlichen
Anforderungen des Morphing Skins erfüllen kann.
Um den höheren aerodynamischen Wiederstand des nicht glatten Profils
zu vermeiden, wird die Riffelung mit einer elektro-gebundenen, kontinuierlichen Folie abgedeckt. Darüber hinaus erlaubt das semiaktive System die
dissipativen Eigenschaften der Struktur zu erhöhen, um die Vibrationen von
hochnachgiebigen Deformationsmodi zu vermeiden.
Das Potenzial des entwickelten Morphing Skin wird durch die Gestaltung,
Herstellung und Prüfung eines Adaptivflügels gezeigt. Die Ergebnisse zeigen, dass der Flügel ein geringeres oder äquivalentes Gewicht im Vergleich
zu konventionellen Flügeln aufweist. Windkanaltests zeigen, dass die Formänderungen aerodynamisch effizient sind und dass die Steuerbarkeit das
Ersetzen konventioneller Querruder ermöglicht.
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Chapter 1
Introduction

1.1

Wing morphing in nature

Flying animals are able to adapt planform, camber, twist, and more in general the shape of their wing. Particularly, this is true at all length scales: for
the very small wings of insect (0.2 mm for the mymarid wasp), for the medium-sized wings of birds, but also for the very big wings (10 m span) of
prehistoric animals [1]. It can be concluded that adaptive (morphing) wings
are a definitive evolutionary advantage compared to fixed wings.
Insect are a great example of aeroelastic wing solutions where shape deformations rely on structural compliance. For the flapping, the wings are
actuated at the root, either directly by muscles or indirectly through the deformation of the thorax structure on which the wings are assembled. Wing
morphing, however, is obtained in a passive way using aerodynamic and
inertial loads acting on the flexible wing structure. Insects’ wings are composed by a thin membrane strengthened by a number of veins, which are
hollow fluid-filled structures representing an extension of the body's circulatory and nervous system [2].
Since the membrane is inextensible, changes to wing planform can be obtained only by bending, twisting or folding. The size and the position of the
veins is optimised in order to obtain advantageous aeroelastic coupling
while flapping and, in some species, to allow retraction and folding [2]. For
insects with two wing pairs, changes in area can be obtained also by partially overlapping the two wings. Wing camber changes are used for optimising
the aerodynamic performance during the up- and downstroke; in some species the camber can be inverted between up- and downstroke for producing
lift during both movements. [3, 4] Moreover, the camber is used to stabilize
the wing against out of plane loads.
Wing twist is passively changed to compensate for non-constant velocity
due to flapping and results in a 53% increase of the lift power economy [5].
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Figure 1.1: Wing of a Diptera Tachinidae (courtesy of Tony T., www.diptera.info).

Figure 1.2: Common fruit bat (Rousettus aegyptiacus) in flight (source: Oren
Peles / CC-BY-2.5)

1.1 Wing morphing in nature
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While insect wings could be categorized as passive, aeroelastic compliant
wings, bats are an extreme example for active, flexible wings. Bats are
mammals which can range between 2 g to 1.2 kg and can reach wingspans
of up to 1.8 m. Their wings are much thinner than those of birds, allowing
bats to manoeuver more quickly and more accurately. The wing comprises
an elastic muscularized membrane that is stretched across a skeleton [6].
The skeleton have several joints, resulting in more than 20 degrees of freedom (d.o.f.) per wing; some of the d.o.f. are however coupled together to
reduce complexity [4]. The membrane is anisotropic and offers maximum
stiffness and strength parallel to the wing skeleton and maximum elasticity
along wing trailing edge [7]. Because of its proneness to damages, the
membrane can heal quickly. Moreover, the membrane has advanced sensing
capabilities, allowing bats to continuously control and adapt the wing shape
depending on the airflow over its surface [8].
In bats, the wing camber changes with the flying speed (decreases with
speed). Some species achieve significant planform changes during flapping
whereas in other species the surface remains mostly constant.
An intermediate solution between insects and bats is represented by birds.
There are circa 10’000 known species of flying birds, with a weight spanning from 2 g to 16 kg. Their wing is composed of numerous passive flexible elements (feathers) attached to a muscularized skeleton [4]. Although
capable of performing a wide range of different motions, the skeleton is less
complex than the one of bats (it has half the number of bones) and features
less d.o.f. as several movements are coupled. The lifting surface is formed
by the flight feathers, which are attached by ligaments to the bones, so that
they spread automatically as the arm is outstretched. Additional feathers,
called covert feathers, generate a turbulence which helps to smooth airflow.
Birds rely extensively on wing planform morphing. Major shapes changes
are achieved by flexing the wing, as during the perching manoeuvre, and by
adapting the sweep and the twist. Additionally, small changes in the wing
area can be obtained by modifying the partial overlapping of the feathers;
these changes are typically used, for example, to adapt glide speed and glide
angle during soaring.
As insects, bats, and birds rely on flapping as primary source of locomotion, their wings must be able to undergo some shape changes. These can be
achieved actively or (semi-)passively (insects). These fundamental adaptation capabilities can be exploited for gaining survivability-critical capabilities as almost-vertical take-off and landing or the possibility of storing the
wing when not in flight. Finally, additional adaptation capabilities can enable some unique skills as fast diving, efficient soaring, or extreme manoeuvrability; although not strictly critical for the animal survival, these capabil-
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ity result in a definitive evolutionary advantage. Please note that these capabilities are obtained with a limited increase of complexity from the adaptability required for the flapping flight.

Figure 1.3: Peregrine falcons in soaring and in dive configuration (courtesy of
Will James Sooter).

To achieve a successful shape adaptation, flying animals rely on complicated but lightweight wing designs, distributed actuation, distributed sensing, and active control. This is possible because of function integration and
small-scale systems; additionally, self-healing capabilities allow managing
the complexity (and in some cases the fragility) of the resulting wing system. It is therefore clear that, even with the current technological level, the
adaptability of flying animals cannot be easily replicated in man-made systems. Moreover, the challenge is further complicated by the higher speeds,
sizes and payload generally requested from flying vehicles. As a consequence, nature cannot simply be copied but different systems need to be
developed.

1.2 State of the research

1.2
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State of the research

The first heavier-than-air flight concepts took inspiration from birds [9].
Significant progresses were achieved when flapping wings were abandoned
in favour of fixed wings. Nevertheless, morphing solutions were still used
to control the flying vehicle; first tested by Otto Lilienthal on his
Vorflügelapparat, wing warping was used on the famous 1903 Flyer from
the Wright brothers and on several later planes like the Blériot XI.
In the following years, the higher flight speed and the greater loads resulted in the adoption of stiffer wings equipped with hinged control surfaces
(ailerons). Nevertheless, several researches started investigating alternative,
more adaptive solutions: early examples are the variable sweep wingtip
from Gallaudet [10] or the variable camber from Holle [11]. In the following years and decades, many possible ways of changing the shape of an airplane wing were suggested. These can be divided in the following categories:
- area and planform change (span, chord, sweep);
- out-of-plane and configuration changes (planform shape, dihedral/gull,
twist);
- aerofoil properties change (camber, thickness).
Because of the enormous extent of the proposed morphing concepts, only
the ones which have resulted in flight tests are illustrated here to provide an
overview. A more comprehensive review of the morphing wings and 2D
profiles developed in the past is offered in Weisshaar [12], Barbarino et al.
[13], Gomez and Garcia [14], Sofla et al. [15], Rodriguez [16].
1.2.1
Area and planform changes
Changing the wing area allows to significantly modify the aerodynamic
loads. Additionally to providing some degree of controllability, this results
in the possibility of flying at very different flight speeds with small or no
changes of the attitude and with limited drag penalties. For example, the
high-lift devices in commercial passenger jets are able to increase up to
40% the wing area, thus limiting the take-off and landing speed, with no
significant aerodynamic penalty during cruise flight. Several area-changing
solutions have been studied in the literature, both considering spanwise and
chordwise dimensional changes.
Flown in 1931, Makhonine’s MAK-10 aircraft is the first known flying
demonstrator of an extendable, telescopic wing. The wing had three major
parts that slid over each other: this allowed to increase the wing span by
62% (from 13 to 21 m) and resulted in an area change of 57% (from 21 to
33 m2). The retraction of the wing resulted in a 20% increase of the maxi-
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mum speed (from 250 km/h to 300 km/h). Makhonine produced further demonstrators (e.g. MAK-101 and MAK-123), the last of which flew in 1947.
Produced in 1937 by G. I. Baksaev, the RK LIG-7 featured a high aspectratio thin wing designed for cruise conditions. For take-off and landing, six
overlapping, plywood wing sections would be extended from each side of
the fuselage to 2/3 of the wingspan, thus increasing the wing area by 44%.
Test successfully demonstrated in-flight wing extraction and retraction. The
effect on take-off and landing characteristic was significant (-25% landing
speed, -47% landing and take-off distance) but the effect on range and maximum speed were modest (respectively 8% and 4%) [17].
Between 1972 and 1975, a group of students from the Akademische
Fliegergruppe of the University of Stuttgart designed the FS-29 glider [18,
19]. The glider featured a telescopic wing, intended to optimise the performance both for ascending in a thermal (high aspect ratio) and for fast crosscountry flying (small wing surface). The wing was made of an outer wing
section which retracted into the inner wing section. The span could be varied in flight from 13.3 to 19 m, increasing the wing area from 8.56 to 12.65
m².
Although the wing surface is not significantly affected, considerable adaptation can be obtained also by changing the wing sweep. The possibility of
varying the sweep allows for maintaining a good aerodynamic performance
over a wide range of speeds, making possible to combine take-off and landing from short runways (or aircraft carriers) with little penalties on the supersonic flight performance. On the other hand, the rotation of the wing
offers some challenges concerning the stability and trimmabilty of the airplane. In fact, the movement of the aerodynamic centre of the wing leads to
excessive static stability at high sweep, large trim drag, large stabilizer deflections at high AoA, and reduced manoeuvrability at transonic conditions.
[20]
Although the wing sweep mechanisms are a source of additional weight, a
variable sweep can result in a lighter aircraft (for the same performance).
For example, a fixed-wing design for the F-14 would have required a larger
wing area and a higher thrust-to-weight ratio, thus resulting in a 2250 kg
heavier aircraft [21]. The fixed-wing successor of the F-14, the F/A-18, has
only 36% of the F-14's payload/range capability [22].
The first airplane to fly with a variable sweep wing was the Westland-Hill
Pterodactyl IV in 1931. Further testing and development was conducted by
several nations and led eventually to several operational planes (Table 1.1).
After a golden era between the 60s and the 70s, the popularity of the variable sweep began decreasing and no production plane was developed after
the Tu-160. The cause for this decline is usually attributed to the additional
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maintenance required by the variable sweep assembly and by the growing
importance of low observability/stealth requirements.
Table 1.1: List of airplanes (either experimental or production) with variable sweep
wings.

Name
Westland-Hill Pterodactyl IV
Messerschmitt Me P.1101
Bell X-5
Grumman XF10F-1 Jaguar
General Dynamics F-111 Aardvark
Sukhoi Su-17
Mikoyan-Gurevich MiG-23
Sukhoi Su-24
Dassault Mirage G
Tupolev Tu-22M
Mikoyan-Gurevich MiG-27
Grumman F-14 Tomcat
Panavia Tornado
Rockwell B-1 Lancer
Tupolev Tu-160

First flight
1931
20 June 1951
19 May 1952
21 December 1964
2 August 1966
10 June 1967
2 July 1967
18 November 1967
30 August 1969
20 August 1970
21 December 1970
14 August 1974
23 December 1974
19 December 1981

Type
Exp
Exp
Exp
Exp
Prod
Prod
Prod
Prod
Exp
Prod
Prod
Prod
Prod
Prod
Prod

An extension of variable-sweep wings are oblique wings. Oblique wings
introduce lower loads (pivot torque and bending) in the pivot mechanism,
which therefore results considerably simpler and lighter [23]. Additionally,
the sweep change has little effect on the position of the aerodynamic centre.
The first known oblique wing concept was the Blohm & Voss P 202
(1942), which was able to pivot the wing of 35°. In the following years,
oblique wings were investigated by R.T. Jones at NASA and by several aircraft manufacturers (Handley Page, Boeing, and Lockheed).
The studies from R.T. Jones culminated in the Ames-Dryden-1 (AD-1)
oblique wing demonstrator, which first flew in 1979. Subsonic flight tests
successfully demonstrated the variable sweep. On the other hand, they indicated that, in the swept configuration, the aircraft had unpleasant handling
qualities (caused by the cross coupling between pitching moment and aileron deflection, unusual trim requirements, asymmetric stall and inertial coupling) [23] which could be compensated with a flight control system.
The use of oblique wings for supersonic flight was investigated for the F-8
Oblique Wing Research Aircraft (OWRA), although budget limitations prevented the construction of the demonstrator.
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Studies on oblique flying wings (OFW) were conducted by NASA Ames
and Stanford University and culminated in two small scale remotely controlled demonstrators [24]. A research program on OFW was started in 2006
by DARPA and Northrop Grumman but problems in the control system lead
to its cancellation in 2008.
Finally, area and sweep changes can also be combined as in the NextGen
MFX-1 UAV demonstrator. The morphing wing relies on an internal linkage
assembly covered with an elastomeric skin [25] and can achieve in flight a
40% change of the wing area and a variation of the the sweep from 15° to
35° [26]. A demonstrator of the subsequent concept, the NextGen MFX-2,
flew in 2007 and achieved a 35% change in wing area and a 30° change in
sweep (from 30° to 60°) [27].
1.2.2
Configuration and out-of-plane changes
Out-of-plane changes in the wing shape can have an extreme effect on the
aircraft performance: they can not only result in flight controllability or an
improvement of the performance, but they can enable some unconventional
manoeuvres (like perching) or allow for major changes in the airplane configuration.
One example of extreme change in shape is the Nikitin-Shevchenko IS-1.
The airplane was able to change its configuration between a biplane and a
monoplane configuration by folding the lower wing into recesses in the fuselage and in the upper wing. The retraction and extension of the wing was
successfully demonstrated in flight trials (1940).
In more modern times, Abdulrahim and Lind [28] proposed a variable
gull-wing morphing concept where a hinged spar allowed for changing the
dihedral angle of the inboard and outboard part of the wing. Flight tests on a
MAV (Micro Air Vehicle) indicated that the gull wing configuration could
influence the stalls behaviour, the glide ratio, and the climb performance.
Lockheed Martin developed a foldable wing (also called a Z-wing). In the
unfolded configuration, the wing had higher span and wing area, resulting
in a 52% higher maximum L/D ratio. In the folded configuration, the wing
offered a 23% lower wetted area and therefore a lower drag. As a result, the
wing would allow for a 22% mission radius advantage over a comparable
conventional vehicle [29]. The configuration change was demonstrated during wind tunnel tests [30].
Out-of-plane deformations can be effective also when smaller or less radical shape changes are of interest. First flown in 1964, the North American
XB-70 Valkyrie was equipped with wings whose outer portions could be
pivoted downward by up to 65 degrees. This improved the aircraft's performance at supersonic speeds by increasing the directional stability, strength-
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ening the compression lift effect, and partially compensating for the shift of
the aerodynamic centre between subsonic and supersonic flight.
As in the 1903 flyer, twisting the wing can result in appreciable change in
the lift. Garcia et al. [31] proposed a MAV with a flexible wing made of a
CFRP skeleton and a latex skin. A servomotor introduces a torque into the
outer wing portion, thus producing a twist. Flight tests showed a satisfactory
roll control authority but also excessive roll-yaw coupling and drag penalty.
The Active Aeroelastic Wing (AAW) concept relied on aeroelastic amplification of the control deflections: instead of directly generating loads, leading- and trailing-edge control surfaces were used to introduce a twist of the
wing, which in turn generated the control forces. This resulted in significant
weight (up to 18%) and performance benefits [32]. The wing was flight
tested on a modified F/A-18 (renamed X-52) [33].
1.2.3
Aerofoil property
The aerodynamic performance of a wing can be significantly influenced
by changes in the aerofoil shape. In conventional airplanes, control surfaces
like ailerons are used to provide the required controllability. In profile
morphing solutions, the change in shape is generally obtained by controlling
two principal profile parameters: the profile thickness, which affects
primarily the profile drag and the performance close to stall; the profile
camber, which primarily influences the lift coefficient. This can be
exploited to increase the aerodynamic efficiency and to assure the required
manoeuvrability.
The first recalled flight of a camber-morphing aircraft is from the Burnelli
GX-3 (1929). The wing’s front and the rear portions were able to move
outward and downward, thus changing the curvature and the area [34]. The
system was operated using a hand wheel in the cockpit and allowed for
good short take-off and landing capabilities
In the frame of the Advanced Fighter Technology Integration (AFTI) program, NASA and USAF modified an F-111 with the installation of a camber-morphing wing. The wing relied on an internal mechanism for deforming the skin at the leading and trailing edge sections [35]. Morphing allowed
for a high camber section for subsonic speeds, a supercritical section for
transonic speeds, and symmetrical section for supersonic speeds. Flight tests
showed a drag reduction of around 7% at the wing design cruise point to
over 20% at an off-design condition [36].
The belt-rib concept [37] allowed for camber deformations while retaining
a continuous, closed skin. Further details on the concept are provided in
section 1.4.
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Bilgen et al. [38] presented a simplified wing (a cambered plate) actuated
by MFC piezoelectric actuators. The concept was tested on a 0.76 m wingspan aircraft model demonstrating adequate roll control authority in the
wind tunnel and also in flight.
A group of students from Virginia Tech [39] developed a wing featuring a
stiff, aerofoil-shaped front part, and a plate-like rear part equipped with
MFC piezoelectric actuators (in bi-morph configuration). The wing was
tested in the wind tunnel and in flight on a RC aircraft model. Because of
piezoelectric hysteresis and response lag, the control of the aircraft was difficult and several crashes occurred.
Kota and Hetrick [40] developed a profile with adaptive leading and trailing edges. The system relies on compliant ribs covered with a skin; the skin
includes an elastomeric or sliding element to accommodate for the expansion of the surfaces. Aerodynamic tests of the trailing edge demonstrated the
capability of maintaining a laminar boundary layer over a significant part of
the profile, thus resulting in a lower drag [41]. The system was installed on
a Gulfstream GIII business jet and is currently being tested in flight in the
frame of the Adaptive Compliant Trailing Edge project [42].
Molinari et al. [43] developed a morphing concept which relies on MFC
piezoelectric patches to deflect the rear part of the profile. The structure
includes compliant ribs to control the shape, a CFRP upper skin, and a
GFRP corrugated lower skin. The wing was successfully tested in the wind
tunnel [43] and in flight.

1.3

Corrugated morphing skins

To replace hinges, wings must rely on deformable elements; these elements are required in all the parts undergoing motion, most commonly the
ribs and the skin. In particular, the deformable elements of the skin are generally referred to as morphing skins. The literature [44] offers several example of passive, active or semi-active morphing skins. The skin concepts
can be based on:
- passive flexible materials (e.g. elastomers, flexible matrix composites
[45]);
- active and semi-active materials (e.g. electro-active polymers [46], variable stiffness [47] and shape memory materials [48, 49]);
- multi-layered [50, 51] and multi-stable skins;
- compliant cellular structures (e.g. auxetic [52, 53], corrugated [54-56]
skins).
Among the different morphing skins, corrugated skins are regarded as a
viable solution because of their highly, topology-based anisotropic proper-
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ties. Corrugated panels find wide usage in everyday products because of
their superior bending stiffness (in the corrugation direction) per unit mass.
Applications include, for example, siding and roofing in industrial and residential architecture, corrugated pipes for electrical or sewage systems,
lightweight shear webs for civil engineering, and carton board for the packaging industry.
Corrugated panels were and are also used in the aerospace industry. Early
applications include the Junkers Ju 52 and the Ford Trimotor, which used
corrugated aluminium sheets as wing and fuselage cover [57]. Although
structurally very efficient, this solution reduces the aerodynamic efficiency.
An alternative construction consists in riveting a corrugated aluminium
sheet to the inside of the wing skin, as in the case of the Douglas DC-3/C-47
[58]. In more modern design, corrugated sheets are considered as core for
sandwich panels [59, 60]. Components produced with SPFDB (Super Plastic Forming and Diffusion Bonding) techniques [61] can also be seen as an
extension of corrugated cores. One example of SPFDB application is the
Eurofighter’s canard surface.
Corrugated panels were also used on the Lockheed SR-71 and in the North
American X-15 [62]. In these cases, however, the corrugations were used
because of their axial compliance perpendicular to the corrugation direction.
The corrugations were arranged in a “hot structure” configuration, which
allows the structure to accommodate the thermal deformations due to aerodynamic heating.
Corrugated panels were first considered for morphing wing applications
by Yokozeki et al. [54]. Because of their axial compliance and orthotropic
properties, corrugated panels can allow for shape changes while retaining a
greater structural stiffness compared to alternative morphing skins [44]. The
properties, both axial and flexural, of different corrugation geometries have
been investigated by Yokozeki et al. [54] and Thill et al. [55]; corrugated
laminates were also considered as skin reinforcement for short panels where
a high flexural compliance in one direction was desired [63]. Thill et al.
[64] developed and tested in the wind tunnel a trailing edge (TE) morphing
concept with corrugated skin panels.
One drawback of corrugated skins is the potential decrease of the aerodynamic performance. Numerical and experimental studies [65, 66] investigated the aerodynamic effect of a completely or partially corrugated profile
shape. The results show that, if the corrugation is recessed within the aerofoil, the lift slope 𝜕𝜕𝐿 ⁄𝜕𝜕 is not affected. On the other hand, the nonsmooth shape increases the aerodynamic profile drag: the increase depends
on the corrugation size (amplitude and wavelength) and the Reynolds number whereas the corrugation shape has only a minor influence. The drag
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penalty can however be reduced with the use of a continuous [67] or segmented covering skin [64]. Continuous skins potentially offer a smoother
shape and a lower complexity (lower number of parts); on the other hand,
the skin must be kept attached to the corrugation (to avoid separation, flapping or wrinkles) while allowing the corrugation to deform.

1.4

The belt-rib concept

The belt-rib is a camber-morphing concept introduced by Campanile and
Sachau [37] and consists in replacing, in a traditional wing structure, normal
stiff ribs with belt-ribs. The belt-rib is essentially composed by an outer
unstretchable flexible frame (belt) and an internal stiffening system consisting of in-plane stiffeners (spokes) connected to the frame with flexible
joints. The spokes design allows for a change in the profile camber without
inducing other deformations. The belt-rib is bonded to a conventional unstretchable, close skin, which allows for obvious benefits for the loadcarrying properties of the overall wing-structure.

Figure 1.4: Original belt rib concept [37].

Hasse and Campanile expanded the initial concept by replacing the stiff
spokes with a structure with distributed compliance. The design of the structure is obtained by numerical optimisation using the modal objective function [68, 69]. The approach consists in minimising the ratio of the deformation energy associated with a desired change in shape and the
deformation energy of the second structural eigenmode. As a result, the optimised structure has one low energy mode (corresponding to the desired
change in shape) while the stiffness of the remaining modes is maintained at
a higher level. This results in a selectively compliant structure: almost independently from the applied loads, the desired deformation mode will tend to
prevail on the others.
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Figure 1.5: Comparison between the desired and the deformed shapes by an applied displacement of 3.5 mm in the trailing and in the leading edge region [70].

The method was demonstrated by designing a structure able to change its
shape from a NACA 0012 to a NACA 2412 aerofoil [70]. Since only a twodimensional problem is considered, the structure is constrained in a statically determined way and the change in shape is referred to the fixed points.
Experimental tests (Figure 1.5) provided validation of the presence of the
desired deformation mode and of the selective compliance of the structure.

1.5

Goal of the research

Although many concepts have been considered for morphing wing applications, none of these technologies have been eventually implemented beyond experimental purposes. In fact, the improvement in performance for
the proposed morphing solutions is generally not sufficient to justify the
related increase in complexity, weight, cost, and risk [13]. To overcome
these problems, there is a need for better, more integrated structural concepts and for new, more comprehensive design methodologies.
In this context, the aim of the research work is to identify and analyse critical aspects in the design of morphing wings and to investigate design
methodologies and solutions for the realisation of complex threedimensional morphing structures.
Selective compliance allows for retaining a good structural efficiency by
limiting the structural flexibility to a restricted number of deformation
modes while maintaining a considerably higher stiffness in the other deformation modes. This results in a better compromise between deformability,
which is needed for achieving the desired shape changes with little actuation energy, and stiffness, which is needed for load-carrying and aeroelastic
stability reasons. As a result, selectively compliant structures allow for a
greater performance compared to conventional mechanisms and indiscrimi-
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nately flexible solutions. Particularly, selective compliance should be introduced in the principal structural elements undergoing motion like the ribs
and the wing skin.
Furthermore, new design methodologies are required to consider the greater complexity of the design environment and the critical interdependence
between the conflicting requirements typical of morphing wing designs.
Particularly, multidisciplinary tools are required for comprehensively evaluating the aero-servo-structural morphing wing behaviour; moreover, concurrent, multi-objective optimisations are required to consider the several colliding requirements and performance indices.
Finally, the performance of the morphing wing should be compared with
respect to the one of an equivalent conventional wing to quantify the advantages and the limitations of the considered morphing concept.

1.6

Thesis outline

The research initially concentrates on the implementation of the belt-rib
concept into a three-dimensional morphing wing (Chapter 2). Particular
attention is focused on the aerodynamic performance and the threedimensional behaviour.
To overcome the identified limitations, the morphing concept is modified
with the introduction of compliant elements in the skin (Chapter 3). Moreover, a new three-dimensional, aeroelastic, multidisciplinary design technique is introduced. The performance of the morphing solution is calculated
and parametrically compared with a conventional wing with ailerons.
The requirements of passive morphing skins are further investigated in
Chapter 4: optimisation techniques are used to identify the optimal mechanical characteristics of a generic morphing skin for the considered concept.
Based on the obtained results, a new morphing skin is developed (Chapter
5). The concept, called double corrugation, offers an exceptional ratio between bending and axial stiffness. Nonlinear design methods are proposed
and the properties of the morphing skin are investigated. Additionally, the
performance of the skin can be enhanced with the use of semi-active systems (Chapter 6).
The developed morphing skin is implemented in the previously investigated morphing concept (Chapter 7). A morphing wing is designed using optimisation techniques and manufactured. Experimental tests are conducted to
verify the functionality and the performance is measured during wind tunnel
tests.

Chapter 2
Challenges in the design of 3D
compliant morphing wings1

The belt rib concept (section 1.4) represents a promising solution for structurally efficient morphing wings. Differently from the other concepts, the
belt-rib features a closed, non-stretchable skin. This potentially results in a
good structural performance and in a superior torsional stiffness of the
wing.
One challenge related to the considered concept is that, in the belt-rib case,
morphing is not limited to a certain part of the profile (i.e. leading or trailing
edge) but the whole section is deformed. Thus, whereas for other morphing
concepts the structure features a stiff part (typically the wing box) that can
be reasonably considered as a reference, this is not possible in the considered case.
The design of the belt-rib is obtained using structural optimisation techniques applied to a 2D model. In 2D, the deformed shape is defined except
for the three in-plane rigid modes (two translations and one rotation). Particularly, the rotation mode determines the incidence of the profile and plays
a fundamental role in determining the aerodynamic performance of a
morphing system. The rotation could be fixed, for example, by constraining
the structure in a statically determinate way. This solution has the advantage
of being very simple and was therefore selected by Hasse et al. [70] for the
belt-rib structural optimisation; on the other hand, the displacement field
and therefore the aerodynamic performance depend on the arbitrary selection of the constraint point(s).

1
This chapter is based on Previtali and Ermanni, "Performance of a non-tapered
3D morphing wing with integrated compliant ribs," Smart Materials and Structures
Vol. 21, No. 5, 2012.
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To evaluate the performance of the concept, the belt-rib from Hasse is implemented in a 3D morphing wing. Provided that the wing is properly constrained, the rigid motions are automatically suppressed as the in-plane rotation of the rib is dictated by the coupling with the 3D wing structural
behaviour. The morphing wing behaviour is then numerically investigated
to evaluate the performance of the belt-rib in a realistic 3D wing and to
identify possible fields of improvement.

2.1

Concept description

2.1.1
Wing design
As previously introduced, a morphing wing with integrated compliant beltribs is designed. The wing has an unswept, untapered planform: this planform is favourable to avoid unnecessary coupling effects between the structural and the morphing degrees of freedom. The wing half-span is set to
1.5 m and a chord of 0.3 m is selected in order to retain a high aspect ratio.
The structure must withstand the applied loads without failing and/or
buckling. Aerodynamic loads are estimated with the open source tool
XFLR5 [71], assuming a speed of 35 m/s and maximum 𝐶𝐿 . Ultimate limit
loads (1.5 times the maximum operational loads) are considered for the design.
The structural layout is depicted in Figure 2.1. It consists of compliant
ribs, a close skin, stringers, actuation systems and their attachments.

Inspection opening
Stringers
Skin (6 layers)
Skin (7 layers)
Reinforced
skin

Single
compliant rib

Actuation
stations

Figure 2.1: Cut-out of the wing.
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The wing has a total of eleven compliant ribs: two ribs at each of the five
actuation stations and a single rib close to the constraint. The ribs have a
width of 20 mm and are made of polymeric material.
The skin is made of six CFRP unidirectional layers: as a compromise between compliance and resistance to buckling loads, a layup with fibres orientation 0°,20°,-20°,-20°,20°,0° with respect to the spanwise direction is
selected. Close to the wing root, a layer oriented at 0° is added in the middle. Local reinforcements and cut-outs are designed to avoid global stiffness
variations along the wing-span.
The skin considered for the wing differs from the one used by Hasse [70]
in the optimisation of his compliant rib 1. However, as shown in Figure 2.2,
this discrepancy has no sensible effect on the first elastic eigenmode of the
structure. Particularly, the correlation of the first elastic eigenmode calculated in the two cases is very close to one:
𝛗1T ∙ 𝛗2 = 0.99935

(2.1)

Thus, no need for a further optimisation is recognized and the belt-rib from
Hasse is used.

Undeformed

Actual skin

Hasse's skin

Figure 2.2: Eigenmode calculated with the actual skin and with the skin used by
Hasse for the design of the belt-rib [70].

The skin is reinforced with seven CFRP stringers, three on the lower and
four on the upper side. The adopted structural concept implies interrupting
the stringers in correspondence of every rib station. The stringer structural
effectiveness is thus reduced.
The structure is actuated with mechanical linear actuators. The actuator
position is optimised with the method described in section 2.1.2. Since the
force is transmitted with a cable, only tension loads are allowed and only
positive camber changes are possible. As shown in Figure 2.3, the actuation
is located between two ribs so that the loading conditions are symmetric.
The actuator is connected to the skin by means of two attachments made of

1

Hasse considered a skin made of isotropic material (Young’s modulus 120 GPa,
Poisson’s ratio 0.33), with a thickness of 0.5 mm and as wide as the rib itself.
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polymeric material. The attachments feature a compliant hinge intended to
reduce the moments introduced into the skin.

Actuator
attachments

Skin

Stringers

30 cm

Compliant
ribs

Figure 2.3: Detail of the cut-out of the wing.

2.1.2
Actuation placement
Even though the compliant belt-rib from Hasse is designed as a mechanism with enhanced load independence, if a concentrated load is applied in
a weak point of the structure, the deformed shape might significantly differ
from the desired one. Moreover, the application point would affect the forces required to achieve a particular deformation. A method for identifying the
optimal positioning for the actuation is developed and implemented.
The actuated deformed shape 𝐮A ∈ ℝ𝑛×1 , represented by the displacement
of the considered points on the skin, can be written as a combination of the
� ∈ ℝ𝑛×𝑛−1 :
first eigenmode 𝛗1 ∈ ℝ𝑛×1 and of the remaining eigenmodes 𝐕
� ∙ 𝛅)
𝐮A = 𝜂(𝛗1 + 𝐕

(2.2)

� ∙ 𝚫)
𝚿 = 𝑘 (𝛗1 + 𝐕

(2.3)

where 𝜂 is a scalar factor defining the amplitude of the deflections and 𝛅 are
the residuals. The eigenmodes are the elastic eigenvectors of the stiffness
matrix of the rib with the attached skin. The actuated shape 𝐮A depends on
the actuation layout and on the applied force; for simplicity reasons, this
dependency is not explicitly written.
The desired deformation mode 𝚿 can also be written as a combination of
the structural eigenmodes:
where 𝑘 is a scalar factor and 𝚫 are the residuals. Using the orthonormality
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property of the eigenvalues, the coefficients 𝜂, 𝛅, 𝑘 and 𝚫 can be explicitly
calculated as:
𝜂
𝜂
�� �
�T
(2.4a)
𝐮𝐀 = �𝛗1 �𝐕
𝜂 ∙ 𝛅� ⇒ �𝜂 ∙ 𝛅� = �𝛗1 �𝐕� 𝐮𝐀
�� � 𝑘 � ⇒ � 𝑘 � = �𝛗1 �𝐕
� �T 𝚿
𝚿 = �𝛗1 �𝐕
𝑘∙𝚫
𝑘∙𝚫

(2.4b)

By comparing eq. (2.2) and eq. (2.3) it can be seen that, if:
𝛅=𝚫

the deformed shape is proportional to the desired mode:
𝜂
𝐮A = 𝚿
𝑘

(2.5)

(2.6)

Thus, the difference between the actuated shape 𝐮A and the desired mode 𝚿
could be minimised by maximising the function:
1
max|𝛅 − 𝚫|

(2.7)

However, it was seen that this approach leads to excessive actuation forces
(high values of 𝜂 ⁄𝑘 ). Thus, although possible, it is not convenient to use the
position of the actuation to improve the deformed shape of the compliant
belt-rib.
As an alternative, the first eigenmode 𝛗1 is considered instead of the desired deformation mode 𝚿. Thus the optimal positioning for the actuation is
the one that minimises the residuals 𝛅. Making use of (2.4a) it is possible to
write:
1
η
𝐮TA ∙ 𝛗1
=
=
��
max|𝛅| η max|𝛅| max�𝐮TA ∙ 𝐕

(2.8)

Thus, the actuation position minimising the discrepancy between the actuated shape 𝐮A and the first eigenvalue 𝛗1 is found by maximising the ratio:
𝐮TA ∙ 𝛗1

��
max�𝐮TA ∙ 𝐕

(2.9)

The solutions obtained with this approach allow for considerably lower actuation forces. This can be justified with the fact that the deformed shape is
not forced to contain high energy modes but only the first (lowest energy)
mode 𝛗1 . On the other hand, although the first eigenvector 𝛗1 of the com-
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pliant belt rib is similar to the desired target mode, discrepancies between
the two shapes are still present.
2.1.3
Wing section demonstrator
A 250 mm wide wing section is fabricated in the laboratory as a concept
demonstrator. The wing skin is laminated on a positive aluminium-mould
using UD prepreg (MTM44-1/HTS(12K)-134-35%RW) and cured in the
autoclave. A GFRP counter-mould provides a good surface finish and a uniform thickness. The trailing edge (TE) is left open to allow for the installation of the internal components.
Stringers are laminated on dedicated moulds and cured in the autoclave in
a separate process. The compliant ribs and the actuator attachments are produced with glass-reinforced polyamide using a rapid prototyping process.
An opening for the inspection and installation of the actuation is cut into the
skin and reinforced with a 3D-printed element.
Finally, the components are bonded to the skin and the TE is closed. The
actuation system, consisting of a mechanically actuated cable, is installed.
The finished concept demonstrator is shown in Figure 2.4.

Figure 2.4: Completed concept demonstrator.

The deformation obtained by the realized demonstrator is shown in Figure
2.5. Please note that the deformation is defined except for the three in-plane
rigid modes; in the illustrated case, the TE is selected as a reference. Figure
2.5 shows that the manufactured demonstrator can undergo significant
shape changes without structural failure.

2.2 Results and discussion
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Figure 2.5: Deformed shape of the demonstrator.

2.2

Results and discussion

2.2.1
Morphing level definition
The evaluation and comparison of the wing performance requires the definition of an index representing the morphing applied to the wing structure.
Parameters such as the applied force or the displacement at the actuation
point could be used as an indicator of the morphing level. However, since
they depend on the choice of the actuation layout and on the external loads,
they lack general applicability. Moreover, the displacement at a specific
location in the structure only provides a local value and is not giving any
information about the overall profile behaviour. Therefore, a global, geometrical definition of the morphing index 𝐼𝑚 is introduced.
The morphing index 𝐼𝑚 has value 0 when the structure is in the undeformed configuration and 1 when its shape is equal, or closest, to the target
one. Since the deformed shape does not contain only the desired shape but
also spurious modes (section 2.1.2), the problem consists in finding the value of 𝐼𝑚 which minimises the norm of the error:
𝑒𝑒𝑒 = �[𝑦(𝜁) − 𝑦�(𝜁, 𝐼𝑚 )]2 𝑑𝑑

(2.10)

𝑦(𝜁) = 𝑦0 (𝜁) + 𝑢(𝜁)

(2.11)

where 𝑦(𝜁) is the deformed shape (as a function of the position on the profile 𝜁) and 𝑦�(𝜁, 𝐼𝑚 ) is the intended shape at a given morphing level. The
𝑦(𝜁) can be written as the sum of the initial shape 𝑦0 and of the displacements 𝑢:
As the desired shape 𝑦� is represented by a NACA profile, it can be described as the sum of a thickness contribution 𝑡ℎ and a camber contribution
c. Since the original shape is a symmetric profile (𝑐(𝜁) = 0) and the target
shape has the same profile thickness, morphing theoretically affects the
camber only. Thus, 𝑦�(𝜁, 𝐼𝑚 ) can be expressed as:

22

Chapter 2
𝑦�(𝜁, 𝐼𝑚 ) = 𝑡ℎ(𝜁) + 𝐼𝑚 ∙ 𝑐(𝜁)

(2.12)

𝑒𝑒𝑒 = �[𝑡ℎ(𝜁) + 𝐼𝑚 𝑐(𝜁) − 𝑦0 (𝜁) − 𝑢(𝜁)]2 𝑑𝑑

(2.13a)

The morphing index 𝐼𝑚 is obtained by minimising the error:
𝜕𝜕𝜕𝜕
= � 2𝐼𝑚 𝑐(𝜁)2 + 2𝑐(𝜁) ∙ [𝑡ℎ(𝜁) − 𝑦0 (𝜁) − 𝑢(𝜁)] 𝑑𝑑 = 0
𝜕𝐼𝑚
𝐼𝑚 =

− ∮ 𝑐(𝜁) ∙ [𝑡ℎ(𝜁) − 𝑦0 (𝜁) − 𝑢(𝜁)] 𝑑𝑑 ∮ 𝑐(𝜁) ∙ 𝑢(𝜁) 𝑑𝑑
≈
∮ 𝑐(𝜁)2 𝑑𝑑
∮ 𝑐(𝜁)2 𝑑𝑑

(2.13b)

(2.13c)

In order to eliminate eventual biases in the estimation of the error, a rotation 𝑅, a translation 𝑡 and a scaling 𝑠 of the set of points 𝑦 are allowed. The
identification of the transformation which minimises the error is similar to
the image registration problem, for which the closed-form solution suggested by Umeyama [72] is here considered. Thus, the value of 𝐼𝑚 is determined
by minimising the norm of the error between the deformed shape (subjected
to the optimal transformation) and the scaled target shape:
min �[𝑦(𝜁, 𝑅, 𝑡, 𝑠) − 𝑦�(𝜁, 𝐼𝑚 )]2 𝑑𝑑

(2.14)

However, because of the registration problem, it is not possible to estimate
𝐼𝑚 simply using the ratio (2.13c) but the problem must be solved in an iterative way.
2.2.2
Morphing-induced twist
The designed structure is numerically analysed using the finite elements
method. The FE-model considers skin, stringers, compliant ribs and actuator
attachment. The actuation is represented as an imposed change in the distance between the actuation points.
Since the structure undergoes appreciable displacements, the deformed
shape under actuation is calculated using a geometrically non-linear FEMsimulation with MSC.Nastran. In order to limit the calculation time and the
memory usage, the part of the model closer to the root, which displays small
deformations, is condensed and modelled with a (linear) superelement.
Traditional wings generally have a coupled torsional and flexural structural behaviour. Morphing wings display additional coupling effects due to the
morphing degrees of freedom. To analyse these effects, the aerodynamic
loads are here omitted from the FE model and only the actuation loads are
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applied. By analysing the displacements at different spanwise positions, it
can be seen that, when actuated, the profiles tend to experience a nose-down
rotation.
Since the sections are not simply rotating but they experience a deformation as well, the definition of the rotation angle is not unique. Two possible definitions are:
1) rotations with respect of two nodes (e.g. the nodes initially at the leading
and the trailing edge);
2) the angle giving the best fit with a given shape: if the target shape is
considered, the optimal rotation in (2.14) can be used.
Calculations show that the two definitions lead to different but linearly correlated values. This difference can be explained with the fact that, for nonsymmetric aerofoils, the suction side is longer than the pressure side. Thus,
the point which was originally the leading edge for the undeformed symmetric profile moves away from the new leading edge as the profile is morphed. In the following, the best-fit angle (second definition) is used.
Figure 2.6 shows the rotation of the sections along the wingspan when, respectively, a nonzero stroke is applied only at one actuation position, in case
of uniform stroke 𝛅 at all actuation positions and in case of uniform actuation force 𝐅. The value of the morphing index along the span is shown in
Figure 2.7.
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Figure 2.6: Profile rotation along the spanwise direction for different load cases.
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Figure 2.7: Morphing index along the spanwise direction for different load cases.

By comparing the morphing index and the section rotation, it can be seen
that there is a mostly linear correlation between the two sets of data. It is
then assumed that the measured rotation is a direct consequence of the target shape imposed during the optimisation of the rib.
2.2.3
2D aerodynamic performance
The 2D aerodynamic performance is evaluated on the in-plane nonlinear
displacement of the external rib for different actuation levels. By doing so,
the effects of coupling phenomena between structural and morphing degrees
of freedom are automatically taken into account: thus, the following discussion is independent from the possible definitions of the profile rotation. The
geometrical angle of attack is defined with respect to the horizontal direction.
Both the undeformed and deformed aerofoil shapes are defined by the
nodes of the finite element model. In order to improve the accuracy compared to the FEM model, the 124 nodes around the profile are interpolated
on a cosine distribution of the aerodynamic points. The profile is calculated
with the widely used program Xfoil [73] which solves the 2D potential flow
around the boundary layer of the profile. A Reynolds number of 700’000,
based on a chord of 0.3 m and a speed of 35 m/s, is assumed. The data processing is done with Matlab.
The section lift coefficient 𝑐𝐿 at different angles of attack for the undeformed and for the deformed shape (morphing index 𝐼𝑚 equal to one) is
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shown in Figure 2.8. The curve for the NACA 2412 profile is reported as a
reference.
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Figure 2.8: Lift coefficient vs. angle of attach for the unmorphed and morphed
profiles (𝐼𝑚 = 1).

As visible from Figure 2.8, a small increment of the lift coefficient is
achieved below 5° while extremely limited effects can be seen for higher
angles of attack. In both cases, the 𝑐𝐿 is considerably lower than the desired
one (corresponding to the NACA 2412 level). This effect is mainly due to
two causes:
1) the angle of attack, and then the 𝑐𝐿 , are locally reduced by the nosedown twist induced by morphing (Figure 2.6);
2) although performing well, the optimisation algorithm is not able to completely correlate the first eigenmode and the target shape.
The red curve with markers in Figure 2.8 shows the value of the 𝑐𝐿 for the
morphed profile after eliminating the rotation of the section (defined with
the second method introduced in section 2.2.1); this curve corresponds to
the results that would be obtained if the 3D structural coupling was not taken into account. The rotated curve fits considerably well with the NACA
2412 for angles of attack lower than 8°. Thus, the discrepancy between the
target and the optimised shape has negligible effects at low incidence but it
dramatically reduces the performances at higher incidence when flow sepa-
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ration starts occurring. 1 A detailed inspection of the profile deformations
reveals that the rib introduces an S-shaped camber. Cambered aerofoils feature a difference between the suction and the pressure side lengths: this difference increases with the profile camber. Since, in the considered concept,
the skin is unstretchable and a high energy is required to deform the leading
edge, the length of the extrados and the intrados cannot be changed; this
results in the S-shaped camber deformation and in a deterioration of the
aerodynamic performance on the wing.
Figure 2.9 reports the polar curves for the undeformed profile (solid blue
line) and for the deformed profiles at different morphing indexes 𝐼𝑚 (dashed
green lines). The curves are interpolated with a high-order polynomial to
reduce the numerical noise of the values obtained from Xfoil.
Figure 2.9 shows that the polars are sensibly modified when the profile is
morphed: the more the profile is morphed, the steeper the 𝑐𝐷 increases when
the 𝑐𝐿 is varied from the point of minimum 𝑐𝐷 (at constant morphing index
𝐼𝑚 ). Although not shown in Figure 2.9, for higher values of 𝑐𝐷 , the curves
tend to the NACA 0012 one; thus, morphing offers small or no advantages
for high angles of attack.
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Figure 2.9: Polar curves for the unmorphed (in blue) and morphed (in green) profiles for different values of morphing index 𝐼𝑚 . The red line indicates the optimal
polar achievable by morphing the profile.
1

The accuracy of Xfoil close to stall is limited: the data obtained for high angles of
attack should be considered as indicative.
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The thick dashed red line in Figure 2.9 shows the envelope of the minimum 𝑐𝐷 achievable, for a given 𝑐𝐿 , when it is possible to move from one
polar to another by morphing the profile. By comparing this line with the
polar of the undeformed profile (blue solid line), it can be seen that morphing the profile leads to a dramatic reduction of the drag in the 2D case.
2.2.4
3D aerodynamic performance
In order to investigate the effect of the selected morphing on the performance of a wing, the three-dimensional aerodynamic behaviour must be
considered. Since five actuation positions are available on the wing, the
actuation level of every station can be optimised to maximise the aerodynamic efficiency and minimise the drag.
The optimisation algorithm is illustrated in Figure 2.10. Wing-morphing is
imposed by applying an actuation stroke 𝛿 at the actuation stations. The
distribution of the index 𝐼𝑚 as a function of the stroke is obtained by postprocessing the displacements calculated with a linear FE wing model. Using
the superposition principle, the global distribution of the morphing index
along the span 𝐼𝑚 (𝑥) is given by:
𝛿𝑖
∙ 𝐼�
𝑚 𝑖 (𝑥)
𝑖=1 𝛿̂
5

𝐼𝑚 (𝑥) = �

(2.15)

̂
where 𝐼�
𝑚 𝑖 (𝑥) is the distribution due to a unit stroke 𝛿 in the i-th actuation
position (Figure 2.7) and 𝛿𝑖 is the applied stroke. This approach is expected
to introduce no relevant approximation: nonlinear calculations confirmed
that there is a linear relationship between the actuation stroke and the
morphing index. In the next step, the 𝑐𝐿 (𝛼) and 𝑐𝐷 (𝛼) curves calculated in
the 2D case for different levels of morphing (section 2.2.3) are interpolated,
for every spanwise position, to the local 𝐼𝑚 .
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Figure 2.10: Optimisation algorithm.
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The 3D aerodynamic performance is subsequently calculated. Simulations
are based on the non-linear extended lifting line theory (ELLT). In the ELLT
the relationship between effective angle of attack and the circulation is provided by 2D (viscous) simulations [74]. The half-wing model is mirrored
with respect to the root in order to achieve a symmetric layout. Fuselage and
empennages are not considered. The wing is approximated with a discrete
number of horseshoe vortexes and the calculation is iterated until convergence. The drag is calculated by adding, to the induced drag, the profile
viscous drag from the curves obtained in the previous step. A validation of
the tool is reported in the Appendix A.
The objective function is calculated as:
𝑓 = 𝑘1 (𝛼) 𝐶𝐷 + 𝑘2 (𝛼) 𝐸

(2.16)

𝐹𝑖 = 𝑓(𝛅)

(2.17)

𝐅= 𝐊∙𝛅

(2.18)

where 𝐸 = 𝐶𝐿 ⁄𝐶𝐷 is the aerodynamic efficiency. The optimisation aims at
expanding the polar curve perpendicular to the curve itself. At low angles of
attack this corresponds to minimising the drag coefficient. At higher angles
of attack, the efficiency should be maximised. Thus, 𝑘1 and 𝑘2 are coefficients dependent from the angle of attack α.
The required actuation strokes are obtained using a second-order nonlinear
optimisation method. In order to avoid overstressing the structure and accordingly to the chosen actuation system (no compression loads allowed),
upper and lower bound on the actuation force are imposed. The relationship
between the actuation forces 𝐹𝑖 and the strokes 𝛅 at the actuation points can
be written as:
By linearizing the relationship (2.17), the equation becomes:

where the stiffness matrix 𝐊 ∈ ℝ5×5 can be obtained from a linear FE calculation. Although the linearization introduces a small approximation, it does
not require running a computationally expensive nonlinear FE calculation
for each iteration.
Figure 2.11 shows the polar of the unmorphed wing (dashed blue curve)
and of the optimally morphed one (red solid line) for a maximum actuation
force of 140 N. The maximum efficiency (𝐶L /𝐶D ratio) increases by around
9.9%, for an incidence of 3.8° as a result of morphing. It should be noted
that no advantage is achieved for zero and negative values of the lift coefficient since no negative morphing index 𝐼𝑚 is allowed. The applied morph-
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ing index 𝐼𝑚 along the wingspan for different angles of attack is shown in
Figure 2.12.
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Figure 2.11: Polar for the unmorphed and morphed wing (𝐹𝑚 𝑎 𝑥 =140 N).
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Figure 2.12: Applied morphing index along the wingspan for different angles of
attack (𝐹𝑚 𝑎 𝑥 =140 N).

30

Chapter 2

As shown in Figure 2.13, the improvement of the aerodynamic efficiency
does not increase linearly with the maximum actuation force but it presents
an asymptote. This effect is due to the fact that the drag coefficient tends to
rise for highly deformed profiles thus degrading the achieved advantages.
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Figure 2.13: Increase in the aerodynamic efficiency as a function of the maximum
actuation force.

2.2.5
Rolling control moment
As camber changes result in a local increase of the lift, morphing represents also a solution for inducing rolling moments to an airplane and therefore a possible replacement for conventional ailerons. Using the ELLT (section 2.2.4), the obtained rolling moment coefficient 𝐶ℒ as a function of the
angle of attack is calculated. The non-dimensional coefficient 𝐶ℒ is defined
as:
ℒ
𝐶ℒ = 1
(2.19)
2
1

2

2

𝜌𝑈 ∙𝑆∙𝑏

where 𝜌𝑈 is the dynamic pressure, 𝑆 the wing area and 𝑏 the total wing2
span (3 m). The wing is assumed to be actuated uniformly (same actuation
force at all actuation locations) so that the tip section is brought to a unitary
morphing index (black curve in Figure 2.7); since no negative morphing is
allowed, the other wing is left unmorphed.
Additionally, the rolling moment 𝐶ℒ that can be achieved when morphing
the profile from a NACA 0012 to a NACA 2412 and 3412 is calculated;
these curves are representative of the theoretical morphing wing performance. Two curves per profile are shown, one when morphing the complete
wing in an antisymmetric configuration and the other when actuating only
one semi-wing. Figure 2.14 shows that the achieved values are much lower
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than the ones obtained when morphing a semi-wing to a NACA 2412 profile.
To evaluate the obtained results, the data are compared with a representative aircraft. The Cessna 172 Skyhawk is a four-seat, single-engine, propeller driven, high-wing aircraft. Because of its unswept, lightly tapered (0.69)
wing, the similar aspect ratio, the comparable Mach number and because of
the availability of the required data, it is here taken as reference. According
to Roskam [75], the rolling moment coefficient derivative (with respect to
the aileron antisymmetric deflection, in rad) is 0.178 and the minimum and
maximum aileron deflections are -15° to 20°. Under linear assumptions, the
maximum achievable rolling moment coefficient is 0.054. The horizontal
dashed lines in Figure 2.14 represent the estimated rolling moment for different aileron deflections (under linear assumptions). It can be seen that an
antisymmetric morphing with the 3412 profile would provide a comparable
or higher rolling moment.
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Figure 2.14: Rolling moment coefficient (Re 700’000).

The presented results show that, in order to be able to replace traditional
ailerons, the performance of the belt-rib needs to be considerably improved,
especially at high angles of attack. However, the required increase of the
rolling moment coefficient could be achieved if:
- an antisymmetric morphing is considered;
- morphing is extended above the unitary morphing index (2412) level;
- the belt-rib performance is improved, both concerning structural coupling
effects and aerodynamic effects (especially for high incidences).
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2.2.6
Weight of the wing
The estimated overall structural mass for the considered wing is approximately 1.78 kg. The mass of the different elements is summarized in Table
2.1. The estimation shows a good agreement with the weight measured for
the manufactured demonstrator (section 2.1.3).
The morphing wing weight is of the same order of magnitudes of the estimations obtained with statistical methods [76-78] for traditional wings with
equivalent dimensions and loads. However, a direct comparison is difficult
as statistical methods have a high uncertainty, especially when considering
unusual configurations. Moreover, statistical estimations usually exclude
control surfaces and their actuation whereas this function is integrated in
morphing wings.
Thus, for a real comparison, the parallel design and optimisation of a traditional and morphing wing should be performed. The same manufacturing
constraints and assumptions should be applied in both cases.
Table 2.1: Estimation of the mass of the semi-wing.

Component
Weight [g]
Wing skina
1216.0
Ribsb
290.4
Stringersa
131.3
Actuation attachmentsb
71.5
Gluec
68.4
Total structural weight [g]
1777.6
a
estimated from CAD model
b
direct measure from available prototypes
c
estimated as 5% of the weight of the components

2.3

Conclusions

A camber-morphing wing where conventional ribs are replaced by selectively compliant belt-ribs is designed. The obtained design results in a simple, structurally efficient, and lightweight wing structure. A mock-up is produced to demonstrate the concept.
The structural behaviour and the aerodynamic performance, both 2D and
3D, are investigated with numerical models. Results show that the wing is
able to increase the maximum lift-to-drag ratio by 10% compared to the
undeformed wing. A limited rolling moment can be obtained as effect of
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morphing; however, the achieved value is insufficient for providing the required manoeuvrability.
In general, the obtained wing performance is significantly lower than the
expectations from the two dimensional concept. Two main causes were
identified:
- Shape discrepancies. The considered compliant belt-rib from Hasse was
obtained with a two dimensional topology optimisation aimed at achieving, in the deformed configuration, a desired shape. The aerodynamic behaviour was not considered in the optimisation. Thus, the effect on the
aerodynamic performance of the differences between the desired and the
obtained shapes could be neither estimated nor minimised. Moreover,
since for unstretchable skins the length of the pressure and the suction
sides cannot be changed, an S-shaped camber deformation is obtained instead of the desired simple camber.
- 3D coupling effects. The wing displays a structural coupling between the
morphing (cambering) deformation and the torsion of the wing. As a consequence, a nose-down rotation is observed when the profile is morphed
(also in absence of aerodynamic loads). The rotation decreases the local
angle of attack, thus dramatically reducing the increase in the local lift
coefficient achieved by morphing.
The obtained results indicate that the 3D coupling effects must be taken
into account when analysing the performance of a morphing aerofoil. Also,
the results highlight the need for a new design approach. Particularly the 3D
behaviour needs to be considered in the design of the system: this allows for
mitigating the coupling effects or even using them for increasing the performance. Moreover, the design should directly consider the aerodynamic
wing performance rather than a pre-defined target shape. Thus, instead of
designing a morphing profile, the whole system should be optimised as a
morphing wing.
Please note that, although this study is based on the compliant belt-rib, the
outcomes can be generalized for all concepts where the whole profile (or a
significant part of it) is deformed.

Chapter 3
Comparative performance evaluation
of conventional and morphing wings1

As explained in the previous chapter, the performance of the morphing
wing with belt-ribs is significantly lower than the expectations. Two main
causes are identified:
- shape discrepancies between the desired and the obtained deformed
shape.
- 3D coupling effects between the morphing (cambering) deformation and
the torsion of the wing.
As a consequence, a new approach for the design of the morphing wing is
developed. The approach is aimed at overcoming the identified problems
and at expanding the design space. In particular, the problem of the shape
discrepancies is addressed with a concurrent optimisation considering directly the aerodynamic performance of the system instead of assigning a
predetermined target shape. Moreover, departing from the original belt-rib
concept, a compliant opening is introduced in the skin: the opening avoids
the occurrence of the previously mentioned S-shaped camber deformations.
The 3D coupling effects are addressed by modelling the whole wing rather
than a single section: since the morphed aerodynamic shape includes the 3D
deformations, the optimisation rejects solutions displaying a disadvantageous coupling behaviour.
The performance obtained with the modified concept and the 3D multidisciplinary design approach is parametrically investigated. Three performance
indices are considered: the achievable rolling moment, the wing weight, and
the drag due to the manoeuvre. In a further step, the morphing wing perfor1
This chapter is based on Previtali, Arrieta, and Ermanni, "Performance of a
Three-Dimensional Morphing Wing and Comparison with a Conventional Wing,"
AIAA Journal Vol. 52, No. 10, 2014.
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mance is compared (parametrically) to the one of a conventional, aileronbased wing to evaluate if the morphing wing is suitable for replacing conventional wing designs.

3.1

Description of the morphing concept

3.1.1
Modified wing structural concept
The considered wing maintains the planform and the size of the wing described in sections 2.1.1 but relies on a modified structural concept (Figure
3.1). The structure is composed of several elements:
- Compliant ribs are used for introducing a shape change in the wing profile. As for the belt-rib, the structure is free of hinges and mechanisms; the
deformation is obtained as a result of the compliance of the rib structure.
- A CFRP skin made of fabric layers with a ±45° orientation is used. The
thickness of the skin is piecewise variable (nine sections) in the chordwise
direction. To reduce the weight and enhance the compliance, the thickness
is uniformly diminished in the spanwise direction by a given factor at a
given position. To allow for some elongation, the skin is open on the lower side. The structural continuity is reintroduced with a corrugation module; further details are offered in section 3.1.2.
- Stringers are introduced both on the upper and lower side for preventing
skin buckling, limiting aeroelastic deformation, and interpolating the
shape between the ribs.
- A CFRP spar is introduced in the structure. To enhance the compliance,
the spar orientation in the cross-sectional plane can be varied. The spar is
attached to the skin with compliant hinges such that the skin deformation
is not hindered.
- Actuators (one per rib position) are used to enforce the desired deformation on the ribs and, as a consequence, on the wing aerodynamic surface. The actuation can either act on the skin or on internal points of the
rib truss and can produce both tensile and compressive forces, allowing
for a bidirectional morphing. A constant force for all the actuators on each
half-wing is considered.
The stringers, the spar and the corrugation are interrupted at the ribs in order to avoid interferences with the rib structure or its movement. Although
not unavoidable, interrupting the longitudinal elements widens the design
space, thus allowing for better morphing solutions. On the other hand, this
might reduce the structural efficiency.

3.1 Description of the morphing concept

37

Compliant ribs

Stringers
Spar
Corrugation
and opening
Skin
Figure 3.1: Modified morphing wing concept.

3.1.2
Corrugation types
As previously explained, an opening in the skin was introduced to avoid Sshaped camber deformations. Several possible ways of realizing the opening
are illustrated in [44]; in this work, a solution based on a corrugation is selected. The corrugation has the task of transferring the shear loads, thus
avoiding section warping and increasing the wing torsional stiffness compared with an open section. To minimise the impact on the aerodynamic
behaviour, the corrugation is placed on the wing pressure side where negative pressure gradients help avoiding boundary layer separations.

(a)

(b)

Figure 3.2: (a) Single corrugation; (b) Double corrugation.

Two types of corrugations are considered. The first one, here called “single
corrugation” (Figure 3.2a), is a traditional rectangular corrugation made of
CFRP in a ±45° orientation. The thickness of the corrugation can be different from the one of skin. The single corrugation is defined by three parameters: height, width, and thickness.
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The second type, here called “double corrugation” (Figure 3.2b), is a novel
corrugation concept. The double corrugation can be seen as the combination
of two distributed compliance, four-bar mechanisms connected to an upper
rigid element [79]. It features two thin parallel vertical elements per side
(shoulders) and a thick horizontal element (top) connecting them. The double corrugation can transfer higher bending and out-of-plane shear loads
compared to conventional corrugations; additionally, it displays a very limited coupling between elongation and rotation. Further details are offered in
Chapter 4. The double corrugation is defined by five parameters: thickness
of the shoulders and of the upper horizontal element, height, width and distance between the two shoulders. In this work, both the shoulders and the
top are made of aluminium. It should be noted that, if the distance between
the two shoulders or the thickness of the top become small, the double corrugation tends to behave as the single corrugation.
Compared with conventional corrugations, a panel with double corrugations is able to withstand larger out of plane load as, for example, the aerodynamic pressure. On the other hand, the additional stiffness might reduce
the deformability of the system. Because of the optimal trade-off between
compliance for morphing and stiffness for load-carrying is not known a
priori, both corrugation types are considered in this work.
3.1.3
Rib structural parameterization
The rib structure is parameterized using a modified ground structure approach. The rib is modelled as an Euler–Bernoulli beam truss. The position
of the nodes (including the ones lying on the skin) and the thickness of the
beams are changed while the connectivity matrix remains constant. However, beams can be removed by defining a thickness below a given threshold,
or created by joining intersecting beams at their cross point. As a consequence, although the connectivity matrix remains constant, the connectivity
of the truss itself can be affected. The initial truss layout used in this work is
shown in Figure 3.3.

Figure 3.3: Rib parameterization on a NACA 2412 profile.

The position of the internal nodes is defined using a normalized coordinate
system. The horizontal coordinate runs on the chord line and spans from 0
at the leading edge to 1 at the trailing edge. The vertical one has value -1 at
the lower surface, +1 at the upper surface and 0 on the camber line. The
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Yield stress [MPa]

position of the nodes on the skin is defined with a normalized curvilinear
coordinate running on the skin. Since the shape of the profile is changed by
the optimisation, the described parameterization allows the rib structure to
change along with the profile, thus reducing the risk of obtaining distorted
or unfeasible structures.
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Figure 3.4: Yield stress and E modulus for different materials (in red) and used
material law (in blue).
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Figure 3.5: Density and E modulus for different materials (in red) and used material law (in blue).

The material of the compliant ribs is parameterized using its Young’s
modulus; the corresponding yield stress and density are obtained using a
simplified parametric model. The typical yield stress and the density of different materials are reported respectively in Figure 3.4 and Figure 3.5: the
metal materials most commonly used in structural applications are considered, as well as a softer glass-reinforced polymeric material typically used
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for rapid prototyping. From the graphs, the following material laws can be
obtained by interpolation:
0.8
𝐸
(3.1)
𝜎𝑦 = 50 MPa ∙ �
�
5 500 MPa
𝐸
kg
(3.2)
𝜌 = �3.27 ∙ 10−2 ∙
+ 781.5� m3
1 MPa
3
where 𝜎𝑦 is the yield stress (in MPa) and 𝜌 is the density (in kg/m ). The
material laws are plotted in Figure 3.4 and Figure 3.5.

3.2

Optimisation description

The optimisation aims at maximising the rolling moment coefficient 𝐶ℒ
(eq. (2.19)) achieved by the morphing wing. The 𝐶ℒ is evaluated at several
wing lift coefficients (𝐶𝐿 ) and the minimum value obtained is used as fitness
function. Static aeroelastic effects are considered and strength constraints
are imposed.
The optimisation considers approximately 150 design variables, most of
which are devoted to the rib structure parameterization. The design parameters are here summarized:
- Actuation: both the points where the actuator is connected to the rib and
the intensity of the force;
- Rib structure: the position of the nodes, the thickness of the beams connecting them, and the rib material in the form of its Young’s modulus (see
section 3.1.3);
- Skin thickness: the thickness of the nine constant thickness segments, the
position at which the thickness is reduced and the reduction factor (see
section 3.1.1);
- Corrugation: size (see section 3.1.2) and chordwise corrugation position;
- Aerofoil shape: thickness, camber and point of maximum camber (the
parameterization is based on the equations for a NACA 4-digits aerofoil);
- Spar: the positions at which the spar is connected to the skin, the thickness of the spar and the size (length and thickness) of the compliant
joints;
- Spanwise position of each rib;
- Chordwise position of each stringer.
Wing taper was initially included as a design parameter. However, optimal
solutions always tended to untapered wings as large wing tips increase the
roll authority. Thus, the taper is not optimised. A detailed description of the
design parameters and their minimum and maximum values is reported in
the Appendix E.1.
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Due to the high non-linearity, the impossibility of obtaining analytic sensitivities, and the high number of design parameters, a multi-objective controlled elitist genetic search algorithm [80] is selected. The Matlab implementation (part of the Global Optimization Toolbox) is used, although
several of the built-in functions are customized. The algorithm considers a
roulette wheel (fitness proportionate) selection, along with a Gaussian mutation and a scattered (or uniform) crossover, both returning a feasible offspring. The Matlab implementation is chosen also due to the possibility of
performing multi-objective optimisations. The algorithm for the evaluation
of a design solution is illustrated in detail in the next section.

1

Begin
Mapping
Feasible?
Structural model creation
Undeformed profile
calculation
3D aero loads calculation
Structural calculation

Skip calculating

Strength check and
feasibility scaling
Deformed profile calculation
3D aerodynamic calculation

Aeroelastic iteration

3.2.1
Evaluation algorithm
The algorithm of the solution
evaluation is illustrated in Figure 3.6. The calculation steps
are described in the following.
Mapping. The genotype is
mapped into the phenotype.
Additionally, improvements of
the genotype are introduced. In
particular, beams having a
length below a certain threshold are deleted and their nodes
equivalenced,
unconnected
beams and nodes are deactivated, and beams intersecting
each other are fused at their
cross point.
Feasibility. The feasibility of
the solution is evaluated. First,
the function checks if all the
nodes lie inside the profile
(taking into account their
“size”, defined by the thickness of the attached elements)
and if there is any interference
1
between the rib elements . Additionally, the function checks

Converged?

End
Figure 3.6: Individual evaluation algorithm.

Compared to the check in the mapping function, this check takes into account the
thickness of the beams and the size of the joints.
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if the spar or an actuation force is located on the opening in the skin where
the corrugation is placed or if the actuation forces are acting on the ends of
the same beam. If the feasibility check is not passed, the individual evaluation is aborted.
Creation of the structural model. A structural finite element (FE) model to
be solved in MSC.Nastran [81] is created. The model is described in Appendix C.1.
Undeformed profile calculation. The aerodynamic properties (the 2D lift
𝑐𝐿 , drag 𝑐𝐷 and pressure 𝑐𝑝 coefficients) of the undeformed 2D profile are
calculated with Xfoil [73]. The aerodynamic mesh is obtained by interpolating the nodes of the FEM model; the values of 𝑐𝑝 are re-interpolated on the
original FEM nodes.
Calculation of the 3D aerodynamic loads. The pressure load distribution
on the wing is calculated using the non-linear extended lifting line (ELLT)
method (section 2.2.4) based on the 2D (viscous) simulations. The halfwing model is mirrored with respect to the root in order to achieve a symmetric layout; fuselage and empennages are not considered. The pressure
coefficients on the wing surface are calculated by interpolation and transformed into concentrated forces acting on the FE nodes.
Structural calculation. The deformations, the stresses and the buckling
loads of the wing under flight and manoeuvring loads, both for a positive
and a negative deflection, are calculated with Nastran and the results are
imported into Matlab.
Strength check and scaling. The structural strength is checked, both considering yielding (rib elements) and buckling. If the structure cannot withstand the flight limit loads, the solution is rejected. Two flight conditions at
the design speed, one at 𝐶𝐿 = 1.50 and one at 𝐶𝐿 = −0.38, are considered.
A safety factor of 1.50 (1.25 for buckling) is considered.
The maximum actuation level for each half-wing (asymmetric morphing)
is then reduced until both no structural failure occurs and no interference
between the different structural members (in the deformed state) is detected.
A roll manoeuvre at the design speed and 𝐶𝐿 = 1.50 is used as a dimensioning load case.
Deformed profile calculation. Similarly to the case of the undeformed profile, the 2D aerodynamic properties of five deformed sections along the
span are calculated. Both positive and negative deflections are considered.
If the results at high or low angle of attack cannot be obtained (i.e. for the
high deformations), the undeformed 𝑐𝐿 , 𝑐𝐷 and 𝑐𝑝 values are assigned for
the missing points.
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3D aerodynamic calculation. Using the previously introduced ELLT it is
possible to calculate the aerodynamic performance of the morphed 3D
wing. In particular, it is possible to calculate the rolling moment that is
achieved by deflecting the two half-wings in opposite directions up to the
previously calculated maximum actuation level. The drag coefficient of the
wing is calculated by adding, to the calculated induced drag, the profile viscous drag from the 2D polar curves.
Convergence check. The calculation is iterated (Figure 3.6) until convergence is achieved. The convergence error is defined as the difference (absolute value) of the maximum rolling moment coefficient at the previous and
at the current iteration. The calculation is iterated, as shown in Figure 3.6,
until either the error drops below the given tolerance (10-4) or the maximum
number of iterations is reached (in this case, an artificially low performance
is assigned to the non-converging solution). In order to speed convergence,
1
a numerical damping on the displacements can be applied .
The validation of the implemented FSI (Fluid Structure Interaction) is presented in the Appendix A.
3.2.2
Wing weight modelling
The weight of the wing is modelled as the sum of the structure weight and
the actuation weight. The structure weight is obtained from the FE model
based on the geometry (volume) and the material densities.
For the estimation of the actuators weight, statistical data of existing actuators are used. For this purpose, electro-mechanic linear actuators are considered because of static load capacity (capability of maintaining the position
without using energy), wide range of achievable forces and displacements,
data availability, and applicability to both morphing and conventional wing
concepts.
The actuator power (calculated as the product of the maximum force and
the speed at maximum load) is compared to the actuator weight. Since generally an actuator series is offered, with the same motor, in several versions
with different maximum stroke (and thus weight), the complete data have a
very high scatter. For the considered application, high forces with small
strokes are generally required; therefore, just one model per series, the one
with the smallest stroke, is considered. The weight and power for 32 actua-

1

The damping helps avoid spurious oscillations in the solution. For generating the
deformed aerodynamic shape, the weighted average between the displacements obtained from the FE model and the ones at the last iteration (0% to 40% depending on
the iteration number) is used.

44

Chapter 3

Power [W]

tors from seven manufacturers are shown in Figure 3.7; the actuator data are
reported in the Appendix A.
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Figure 3.7: Statistical data of different actuators and power fitting curve.

With a coefficient of determination 𝑅2 = 0.9614, the data are satisfactorily represented by the fitting curve:
(3.3)
𝑚𝑎𝑎𝑎 = 0.1317 ∙ 𝑃𝑚𝑚𝑚 0.8251
where 𝑚 is the actuator mass (in kg) and 𝑃𝑚𝑚𝑚 the maximum actuation
power (in W). 1
The required actuation power is estimated as follows. Under the assumptions that the loads vary linearly with the actuation and that the inertial forces can be neglected, the force can be related to the stroke with:
(3.4)
𝐹 = 𝐾𝑎 ∙ 𝛿 + 𝐹0
where 𝐾𝑎 is the aeroelastic stiffness and 𝐹0 the initial load. The speed of a
linear actuator generally decreases linearly from the speed at no load 𝑉𝑚𝑚𝑚
to the speed at the maximum load 𝑉𝑚𝑚𝑚 :
𝐹
�⃗ ∙ F
�⃗ > 0
𝑉𝑚𝑚𝑚 + (𝑉𝑚𝑚𝑚 − 𝑉𝑚𝑚𝑚 )
V
𝐹𝑚𝑚𝑚
(3.5)
𝑉=�
�⃗ ∙ F
�⃗ ≤ 0
𝑉𝑚𝑚𝑚
V
where �F⃗ is the force applied by the actuator. By defining the normalized
force 𝜂 and the speed ratio 𝜒:
𝐹
(3.6)
𝜂=
𝐹𝑚𝑚𝑚
1

Comparisons based on maximum force, stroke or speed result in high scatters and
unacceptable correlations.
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𝑉𝑚𝑚𝑚
𝑉𝑚𝑚𝑚

(3.7)

we can rewrite eq. (3.5) as:
�⃗ ∙ 𝐹⃗ > 0
𝑉
∙ [1 + (𝜒 − 1) ∙ 𝜂] 𝑉
(3.8)
𝑉 = � 𝑚𝑚𝑚
�⃗ ∙ 𝐹⃗ ≤ 0
𝑉𝑚𝑚𝑚
𝑉
�⃗ ∙ 𝐹⃗ > 0, the power results:
For the case 𝑉
𝑃 = 𝐹 ∙ 𝑉 = 𝐹 ∙ 𝑉𝑚𝑚𝑚 ∙ [1 + (𝜒 − 1) ∙ 𝜂]
(3.9)
= 𝐹𝑚𝑚𝑚 ∙ 𝑉𝑚𝑚𝑚 ∙ [𝜂 + (𝜒 − 1) ∙ 𝜂 2 ]
The force at which the power is maximum can be obtained by differentiating eq. (3.9) with respect to 𝜂:
𝜕𝜕
(3.10)
= 𝐹𝑚𝑚𝑚 ∙ 𝑉𝑚𝑚𝑚 ∙ [1 + (𝜒 − 1) ∙ 2𝜂] = 0
𝜕𝜕
Solving for 𝜂 and noting that 𝜂 < 1, we obtain:
1 1
1
𝑓𝑓𝑓 𝜒 < 2
(3.11)
𝜂max 𝑊 = �2 1 − 𝜒
1
1
𝑓𝑓𝑓 𝜒 ≥ 2
while the maximum power results:
1 1
1
𝐹𝑚𝑚𝑚 ∙ 𝑉𝑚𝑚𝑚 ∙
𝑓𝑓𝑓 𝜒 < 2
4
1
−
𝜒
(3.12)
𝑃𝑚𝑚𝑚 = �
1
𝐹𝑚𝑚𝑚 ∙ 𝑉𝑚𝑚𝑚 ∙ 𝜒
𝑓𝑓𝑓 𝜒 ≥ 2
The considered actuators generally present a speed ratio 𝜒 ≥ 0.5. In particular, a value 𝜒 = 0.6 is considered in this work.
The time required for the complete elongation of the actuator is:
𝑇
𝑇
1
(3.13)
𝑇 = � 𝑑𝑑 = � 𝑑𝑑
0
0 𝑉
With reference to eq. (3.4) we can rewrite:
𝑑𝑑 𝐹𝑚𝑚𝑚
(3.14)
𝑑𝑑 =
=
𝑑𝑑
𝐾𝑎
𝐾𝑎
If 𝐹 and 𝐹0 are acting in the same direction (𝐹𝐹0 > 0), by combining eqs.
(3.8), (3.13), and (3.14), the actuation time results:
𝜂1
𝐹𝑚𝑚𝑚
1
𝑇=
�
𝑑𝑑 =
𝐾𝑎 𝑉𝑚𝑚𝑚 𝜂0 [1 + (𝜒 − 1) ∙ 𝜂]
(3.15)
𝐹𝑚𝑚𝑚 ln|𝜂1 (𝜒 − 1) + 1| − ln|𝜂0 (𝜒 − 1) + 1|
=
𝐾𝑎 𝑉𝑚𝑚𝑚
𝜒−1
If 𝐹 and 𝐹0 are acting in the opposite direction (𝐹𝐹0 < 0) the actuation time
results:
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𝐹𝑚𝑚𝑚
𝐹0
ln|𝜂1 (𝜒 − 1) + 1|
(3.16)
�
+
�
𝐾𝑎 𝑉𝑚𝑚𝑚 𝐹𝑚𝑚𝑚
𝜒−1
If we impose that the complete actuator elongation must be achieved in a
given maximum time 𝑇𝑚𝑚𝑚 , the required maximum speed results:
|𝜂1 (𝜒 − 1) + 1|
𝐹𝑚𝑚𝑚
1
(3.17a)
if 𝐹𝐹0 ≥ 0:
𝑉𝑚𝑚𝑚 ≥
ln �
�
|𝜂
𝐾𝑎 𝑇𝑚𝑚𝑚 𝜒 − 1
0 (𝜒 − 1) + 1|
𝐹𝑚𝑚𝑚
ln|𝜂1 (𝜒 − 1) + 1|
(3.17b
if 𝐹𝐹0 < 0:
𝑉𝑚𝑚𝑚 ≥
�|𝜂0 | +
�
)
𝐾𝑎 𝑇𝑚𝑚𝑚
𝜒−1
The obtained maximum speed can be inserted in eq. (3.12) to calculate the
required maximum power 𝑃𝑚𝑚𝑚 ; the actuator weight is finally obtained with
eq. (3.3).
𝑇=

3.3

Roll performance

The first objective of the optimisation is the maximisation of the rolling
moment achieved by deflecting the two half-wings in opposite directions.
As the tested belt-rib proved unable to achieve a sufficient control authority
(section 2.2.5), the roll performance must be improved before the morphing
wing can be suggested as a replacement for conventional solutions. Moreover, as the main effect of profile cambering is a variation of the lift (for the
same angle of attack), the achieved rolling moment is directly correlated to
the maximum shape change that the profile can undergo.
The rolling moment coefficient 𝐶ℒ (eq. (2.19)) is calculated for 𝐶𝐿 from
0.0 to 0.8 (in steps of 0.2) and the minimum value is used as fitness function. It should be noted that the calculation at 𝐶𝐿 = 0.8 corresponds to a
flight at relatively high angles of attack (occurring at low speed and/or during manoeuver) when the aircraft is already approaching the stall. This condition is therefore rather demanding.
The optimisation is performed considering 400 individuals (divided in two
subgroups of 200). The high number of individuals is required to compensate for the high number of unfeasible solutions resulting from the stringent
feasibility checks and strength requirements. The calculation evolves for 60
generations, which proved to be a good compromise between convergence
and calculation time. Using parallel computing, one optimisation requires
1
around 80 to 110 hours on a high-performance workstation . Since the optimisations are used to obtain parametric results, one optimisation run per
calculated point is considered sufficient as the neighbouring points indicate
if a solution did not achieve convergence.
1

Intel i7-3930 K 3.20 GHz, 32 GB RAM, solid-state drive.
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An optimised rib layout is shown in Figure 3.8 as an example of the obtained solutions. It can be seen that the compliant opening is located around
the 75% of the chord and that the resulting deformation resembles that of
conventional ailerons. This is due to the fact that, on one side, the rear part
of the profile has the greatest influence on the lift coefficient. On the other
hand, this allows for a stiffer central part of the profile, with favourable effects on the structural efficiency and the load-carrying capability.
Undeformed

Positive morphing

Negative morphing

Figure 3.8: Optimised rib (with single corrugation) obtained for a design speed of
70 m/s. The deformed shape under aerodynamic and actuation loads (both positive
and negative) is also shown.

Inspecting the solutions with double corrugations shows that the thickness
of the upper horizontal element remains low. As a consequence, the double
corrugation behaves rather as a single corrugation (with stiffer shoulders). It
can be concluded that, in the considered case, a greater flexibility is preferred to a greater load-carrying capability, resulting in a corrugation with a
lower bending stiffness. Thus, in the investigated case, the use of the double
corrugation does not offer advantages against the single corrugation.
The aerodynamic loads vary (quadratically) with the flight speed. Since
strength requirements are included in the optimisation (flight and full manoeuvre at design speed and 𝐶𝐿 = 1.5), the results depend on the selected
design speed. The optimisation is then performed for different design
speeds, both for the single and the double corrugation cases. The optimisation boundaries, in particular the wing skin thickness and the maximum

48

Chapter 3

actuation force, are the same for all optimisations. A detailed summary of
the optimisation parameters and boundaries is reported in the Appendix E.1.
The results are shown in Figure 3.9, both for the case of a single and a
double corrugation. Each point in the graph corresponds to a single optimisation and, thus, to a different structure. The curves show two distinct
trends. At low speeds, the maximum achieved 𝐶ℒ shows a small dependency
on the speed. The solution is dominated by aerodynamic limitations, in particular stall. Under these conditions, further morphing, either achieved with
higher actuation forces or structural compliance, would not lead to higher
control authorities. Above 60 m/s (216 km/h) the maximum 𝐶ℒ steeply decreases. The solution is then dominated by structural (strength) limitations.
In order to withstand the increasing aerodynamic loads, the structure must
become stiffer. Moreover, since optimisation bounds are kept constant, the
material must be used in a structurally more efficient manner, thus reducing
the possibility of employing it in a compliance (or morphing) oriented way.
Higher values of maximum 𝐶ℒ could probably be achieved by increasing the
maximum actuation force and/or widening the structural bounds.

Roll moment coefficient [ ]

0

Speed [km/h]
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150
200

50
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0.12
0.1
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0
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Single corrugation
Double corrugation
20

40
60
80
Design speed [m/s]
Figure 3.9: Maximum rolling moment coefficient as a function of the design
speed.

According to Figure 3.9, the models with the single and with the double
corrugation display a similar behaviour. The single corrugation, however,
allows for a slightly higher maximum 𝐶ℒ at all considered design speeds.
This is due to the greater compliance of the single corrugation which allows
for a higher level of morphing. However, at high speed, the differences become very limited. Thus, since high 𝐶ℒ values are generally not needed and
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the two concepts show similar limitations at high speed, the performance of
the single and the double corrugation can be considered equivalent.
As reported in section 2.2.5, a rolling moment 𝐶ℒ = 0.054 should be sufficient for guaranteeing the required manoeuvrability for a small aircraft. It
can be seen from Figure 3.9 that, under the considered assumptions and
bounds, this morphing concept is able to provide roll controllability up to a
design speed of around 70 m/s (250 km/h). It should be noted, however, that
the design speed (𝑈𝑑𝑑𝑑 ) does not correspond to the maximum flight speed.
Under the assumption that the lift distribution does not change significantly
with the speed, the flight loads (lift) can be compared with the used design
loads:
1
1
𝜌𝑈𝑑𝑑𝑑 2 ∙ 𝑆 ∙ 𝐶𝐿 𝑑𝑑𝑑 ≈ 2𝜌𝑈𝑓𝑓 2 ∙ 𝑆 ∙ 𝐶𝐿 𝑓𝑓
(3.18)
2
Assuming a cruise flight at 𝐶𝐿 𝑓𝑓 = 0.3, the flight speed that the structure
can withstand results:
𝑈𝑓𝑓 ≈ 𝑈𝑑𝑑𝑑 ∙ �

𝐶𝐿 𝑑𝑑𝑑
= 2.2 ∙ 𝑈𝑑𝑑𝑑
𝐶𝐿 𝑓𝑓

(3.19)

Thus, the maximum flight speed is significantly higher that the design flight
1
speed.
Based on the presented results, it can be concluded that the considered
morphing concept is able to replace conventional ailerons up to a maximum
design speed. However, in order to be competitive with conventional solutions, the whole performance of the morphing concept should be considered. This problem is addressed in the next section.

3.4

Weight performance

The performance assessment of a morphing solution cannot be limited to
one aerodynamic parameter but it should also include additional figures of
merit. Weight is of paramount importance in the aeronautical field; in order
to be considered for realistic applications, morphing wings need to offer a
competitive weight with respect to conventional solutions. Moreover, despite its importance, the weight performance of morphing wings is often
neglected. As a consequence, “no empirical database exists for morphing
wings” [82]; this results in the difficulty of producing parametric weight
estimations to be used in the preliminary design of aircraft equipped with
morphing wings [82-84]. It is therefore interesting to compare the weight of

1

The same approach could apply also to manoeuver (roll) loads. At higher speed,
the same control moment can be achieved with a lower 𝐶ℒ .
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a morphing and a conventional wing producing the same rolling moment
coefficient.
As explained in section 2.2.6, although the weight of a conventional wing
can be estimated using statistical methods, these do not allow for a reliable
comparison. An alternative approach consists in designing a comparable
conventional wing: if the same optimisation algorithm, the same loads and
the same modelling style as the morphing wing are used, the approach al1
lows for a reliable comparison of the weight performance . Additionally,
this method allows for a comparison of additional performances as, for example, the aerodynamic drag. This approach is used in this contribution.
The data for both the conventional and the morphing wings are obtained
with multi-objective optimisations where the rolling moment coefficient and
one or more additional performances are simultaneously considered. This
2
allows obtaining the set of noninferior solutions , which represent the locus
of the optimal solutions [80]. If two objectives are considered, the locus
represents a line.
3.4.1
Conventional wing modelling
As for the morphing wing, the structure of the conventional wing features
a skin, a main spar (without compliant hinges) and stringers; the compliant
ribs are replaced by ribs made of a solid CFRP plate. The main spar and the
stringers are not interrupted at the rib locations. The structure is illustrated
in Figure 3.10.
The aileron (one per half wing) spans between two ribs; where one rib is
the outermost. A rear spar is introduced into the wing and a spar is added to
the aileron in order to recreate a closed structure. Stringers and ribs are extended to the aileron. The aileron is connected to the main structure with
hinges positioned on the lower surface at each rib. A maximum aileron deflection of ±25° is allowed.
Compared to the morphing wing, the conventional wing optimisation does
not require design variables for the rib truss structure and material, for the
corrugation and for the position of the actuation force. On the other hand,
additional variables are needed for describing:
- Aileron: the aileron chord is defined as a percentage of the profile chord
and the span can be controlled both by selecting the inboard rib and by
moving the ribs along the span;
1

The statistical methods, however, might still offer a more accurate guess of the
real final weight.
2
For a noninferior solution, an improvement of one objective requires a degradation of the other.
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- Spars: distance between the rear and the aileron spars and their thickness;
- Ribs: thickness.
The final number of design variables reduces then to 35.
Rear spar
Aileron spar

Actuators
Hinges

Figure 3.10: Conventional wing structure (detail of aileron area).

The evaluation of the individual is performed as described in section 3.2.1
for the morphing wing. However, because of the absence of the rib thruss
structure, no feasibility check is needed; therefore, only the strength check
(and scaling) is performed. The weight performance is calculated as described in section 3.2.2. No weight is considered for the aileron supports,
hinges and bearing; this is due to the difficulty in reliably sizing such detailed parts with the level of accuracy considered in the model.
3.4.2
Weight comparison
The optimisation is performed considering 600 individuals for the morphing wing and 100 for the conventional wing. The lower number in the latter
is justified by the smaller amount of design variables, by the fact that only a
strength check is in place, and because a very limited number of individuals
is rejected. The optimisation is performed for 60 generations. One optimisation requires, on a high-performance workstation, around 100-190 hours for
the morphing wing and around 70 hours for the conventional wing.
The results are reported, for different speeds, in Figure 3.11 to Figure 3.13.
The weight is always referred to a half-wing. The graphs show the noninferior solutions, each represented as a point, for the conventional and the
morphing concepts. The points can be assumed as lying on the line representing the minimal wing weight for a given required Cℒ .
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Design speed: 20 m/s (72 km/h)
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Figure 3.11: Comparison of the rolling moment coefficient 𝐶ℒ and the half-wing
weight for a design speed of 20 m/s.

Design speed: 35 m/s (126 km/h)

Half-wing weight [kg]
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Figure 3.12: Comparison of the rolling moment coefficient 𝐶ℒ and the half-wing
weight for a design speed of 35 m/s.
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Design speed: 50 m/s (180 km/h)
4

Half-wing weight [kg]
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0.05
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Figure 3.13: Comparison of the rolling moment coefficient 𝐶ℒ and the half-wing
weight for a design speed of 50 m/s.

Firstly, it can be seen that the single and the double corrugations lead to
comparable results also with respect to the weight performance. Moreover,
the graphs show that, under the given bounds, conventional wings are able
to produce a higher maximum 𝐶ℒ compared to the considered morphing
wing. This is to be expected since, not being constrained by the material
compliance limits, conventional structures can achieve greater displacements. Moreover, the higher 𝐶ℒ values are obtained with aileron sizes which
are much greater than what is found in realistic applications. Since a
𝐶ℒ = 0.054 is generally sufficient for controllability purposes (section
2.2.5), the lower maximum 𝐶ℒ is not considered as critical.
By comparing the investigated concepts it can be seen that, at low 𝐶ℒ values, the weight of the morphing system is lower than the one of the conventional wing. The weight of the morphing solution, however, increases steeply with the 𝐶ℒ while the one of the conventional wing remains almost
constant until 𝐶ℒ ≈ 0.08. As a result, the conventional wing shows a better
weight performance at higher 𝐶ℒ . Under the used assumptions, the curves
for the morphing and the conventional solution cross around 𝐶ℒ ≈ 0.057 at
20 m/s and 𝐶ℒ ≈ 0.05 at 35 m/s and 50 m/s. However, because of the low
slope of the 𝐶ℒ -weight curve, at 20 m/s the crossing point is very sensitive
to the conventional wing weight. In fact, if 0.05 kg are added to the conventional wing curves to account for the weight of the aileron hinges, the crossing point is obtained at considerably higher 𝐶ℒ values (𝐶ℒ ≈ 0.069). This
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uncertainty makes it difficult to define a clear threshold after which the considered morphing concept is heavier than the conventional wing. On the
other hand, it can be affirmed that for the value of maximum rolling moment coefficient generally found on small aircrafts (𝐶ℒ ≈ 0.054), the weight
of the morphing solution is equivalent to the one of the conventional wing.
When a breakdown of the wing weight is considered, it can be seen that at
low speed or at low 𝐶ℒ the structural weight of the morphing wing is significantly lower than the one of the conventional wing. At higher speeds and
𝐶ℒ , the two designs feature a comparable structural weight. This supports
the common opinion that compliant structures are generally lighter that their
conventional counterpart [85]. On the other hand, the fraction of the weight
represented by actuators is higher for the morphing wing than for the conventional one (Figure 3.14 and Figure 3.15). In particular, at 𝐶ℒ ≈ 0.054 the
actuators represent around 15-25% of the total weight for the morphing
wing while only around 5% for the conventional one. The higher actuation
weight is caused both by the higher number of required actuators (five
against two) and by the fact that, in the morphing case, the actuators must
overcome both the aerodynamic loads and the structural stiffness. The actuation weight of the morphing solution increases more steeply for increasing
𝐶ℒ : this is explained by the fact that the elastic loads increase linearly with
the required deflection whereas a lower dependency is expected from the
aerodynamic ones. On the other hand, the actuation weight of the morphing
wing shows a lower dependency from the design speed than the conventional wing (Figure 3.16).
The presented results show that it is possible to replace conventional ailerons with a morphing solution having, at the moment, a comparable weight.
On the other hand, a clear superiority (or inferiority) of the presented
morphing concept with regard to the weight cannot be proven. It is however
important to highlight two considerations. Firstly, the structural layout considered for the conventional structure represents a close-to-optimum solution resulting from decades of use and improvements whereas the structural
concept considered for the morphing system still offers a high potential for
further improvements (especially concerning actuators and their integration). Thus, it is expected that the weight of the morphing solution will decrease. Moreover, as mentioned in the introduction, the greater adaptability
of a morphing solution would offer additional advantages compared to a
conventional wing. One such aspect of adaptation, the aerodynamic drag
performance, is discussed in the next section.
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Figure 3.14: Comparison of the rolling moment coefficient 𝐶ℒ and the actuation
weight (expressed in percentage of the total weight) for a design speed of 20 m/s.
Design speed: 50 m/s (180 km/h)
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Figure 3.15: Comparison of the rolling moment coefficient 𝐶ℒ and the actuation
weight (expressed in percentage of the total weight) for a design speed of 50 m/s.
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Figure 3.16: Comparison of the rolling moment coefficient 𝐶ℒ and the actuation
weight, at different design speeds, for the design and the single corrugation designs.

3.5

Drag performance

As mentioned at the beginning of section 3.2, the proposed method can be
used also for evaluating the drag performance of the morphing wing. Although the wing efficiency (i.e. lift-to-drag ratio) cannot be optimised because of limitations in the computational time 1, the additional drag due to
the manoeuver can be considered. This can be calculated as:
∆𝐶𝐷 = 𝐶𝐷 𝑟𝑟𝑟𝑟 − 𝐶𝐷 𝑓𝑓𝑓𝑓ℎ𝑡
(3.20)
where 𝐶𝐷 𝑟𝑟𝑟𝑟 is the drag with the fully deformed anti-symmetric morphing
and 𝐶𝐷 𝑓𝑓𝑓𝑓ℎ𝑡 is the drag with no morphing.
Since an aircraft usually spends very limited time manoeuvring, ∆𝐶𝐷 has a
very limited impact on the performance of an airplane. On the other hand,
while discontinuities and sharp angles in the shape have only minor influences on the lift (far from the stall), the degradation of the drag is significant at all angles of attack. Thus, a low ∆𝐶𝐷 is an indication of an aerodynamically efficient morphing. If a modification of the local lift has little
penalties on the drag, the morphing capability can be used also for adjusting
the spanwise lift distribution, thus increasing the aerodynamic efficiency
[86]. Therefore, in absence of other drag performance parameters, ∆𝐶𝐷 pro1
The optimisation of the aerodynamic efficiency would require the determination
of the optimal actuation distribution. This would result in excessive computational
costs.
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vides a first indication about the possibility of using morphing (or theoretically an aileron) for improving the general aerodynamic performance.
Design speed: 20 m/s (72 km/h)
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Figure 3.17: Comparison of the rolling moment coefficient 𝐶ℒ and the change in
drag Δ𝐶𝐷 for a design speed of 20 m/s.
Design speed: 35 m/s (126 km/h)
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Figure 3.18: Comparison of the rolling moment coefficient 𝐶ℒ and the change in
drag Δ𝐶𝐷 for a design speed of 35 m/s.
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Design speed: 50 m/s (180 km/h)
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Figure 3.19: Comparison of the rolling moment coefficient 𝐶ℒ and the change in
drag Δ𝐶𝐷 for a design speed of 50 m/s.

The correlation between 𝐶ℒ and ∆𝐶𝐷 for different design speeds is shown
in Figure 3.17 to Figure 3.19. Please note that, when deflected, the aileron
causes a sudden change in shape and creates an opening. This results in
non-negligible air flows in the spanwise direction and thus a loss of aerodynamic performance, both in terms of drag and of lift. Unfortunately, this
effect cannot be modelled with the ELLT. Moreover, the gap between the
wing and the aileron is not modelled since Xfoil is not able to adequately
handle this type of discontinuities. As a consequence, the calculated rolling
moment is overestimated and the drag underestimated.
The graphs show that ∆𝐶𝐷 is higher for the conventional wing than for the
morphing wings. This result confirms the general opinion that morphing
wings allow for an aerodynamically more efficient change of shape.
Finally, the graphs show that, for low 𝐶ℒ , the single and the double corrugation obtain a similar performance. However, at higher 𝐶ℒ the single corrugation shows a better performance than the double corrugation. This is
particularly evident at low speed (20 m/s) while it becomes of lower entity
at higher speeds. However, since 𝐶ℒ values greater than 0.054 are generally
not needed, the difference in performance is not considered as significant.

3.6 Conclusions
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Conclusions

In this chapter, a morphing wing concept is investigated using a 3D concurrent optimisation approach. In particular, the rolling moment, the weight,
and the manoeuver aerodynamic drag are evaluated at different design
speeds. Additionally, the calculated performance indices are compared with
the ones of a conventional wing.
The obtained results show that it is possible to produce sufficient roll control authority with the proposed morphing solution, thus allowing replacing
conventional ailerons. The results also show that there is a strong dependence between the maximum achievable rolling moment coefficient and the
weight of the system. Therefore, the amount of morphing to be produced
should be selected accurately to avoid excessive weight penalties. Although
no final statement could be made on which solution results lighter, the
weight of the conventional and the morphing systems are shown to be comparable for usual rolling moment coefficient values. Moreover, the obtained
results can be used for estimating the influence of the required degree of
morphing on the system weight: this will help in creating parametric models
for the preliminary design of aircraft with morphing wings. The morphing
wing shows a considerably lower manoeuvring drag; thus, it can be used
also for efficiently adjusting the lift distribution.
For the morphing concept, two kinds of compliant openings in the skin are
considered: the single and the double corrugations. For simplicity reasons,
only one corrugation module is considered in the structural concept. Although these generally show comparable performances, the conventional
corrugation behaves slightly better than the double one. It is assumed that,
when only one corrugation is used in conjunction with a supporting structure, a high bending stiffness of the corrugation is not required; moreover,
the skin has a rather concentrated compliance and thus requires a higher
flexibility of the corrugation. It is expected that the validity of the comparison is restricted to the case of a single corrugation module. More general
indications are offered in the next chapter.

Chapter 4
Identification of morphing skin
requirements 1

As explained in the introduction, morphing wings must rely on deformable
elements to replace hinged control surfaces. In particular, deformable
(morphing) skins offer several challenges. As the skin represents the outer
contour (i.e. the aerodynamic profile) of the wing, its shape and deformation
have a direct impact on the aerodynamic performance. Moreover, in structurally efficient designs, the wing skin has an important load-carrying function; this function is particularly demanding because of the different types
of acting loads (in plane and out of plane, in several directions) and the critical requirements in term of stiffness (to limit aerodynamic deformations,
for preventing buckling and vibration phenomena). On the other hand, the
skin needs to be sufficiently compliant to achieve the necessary deformation
with limited actuation energy. Finally, the skin should be lightweight, withstand the required deformation, and be compatible with the required structural and actuation bandwidth. Satisfying concurrently the above listed requirements represents a formidable design challenge and demands novel
materials and structural technologies. Current designs fulfil only a subset of
the requirements; the shortcomings result in limitations to the morphing
wing performance.
Owing to the importance of morphing skins, research is concentrated on
the development of new materials and solutions for this application. To improve the effectiveness of this search, it is important to investigate and de-

1
This chapter is based on Previtali, Arrieta, and Ermanni, "Investigation of the optimal elastic and weight properties of passive morphing skins," submitted for publication at Smart materials and structures.
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termine the ideal structural characteristics (membrane and flexural, in the
morphing and in the transversal direction) of morphing skins.
In the previous chapter, the performance of a morphing wing equipped
with two different corrugation designs is investigated. The obtained results
allow to identify, for concepts with a concentrated skin compliance (one
only corrugation module), the most suitable design. In a further step, the
approach can be expanded to identify the ideal properties for a generic passive morphing skin. The results will indicate the requirements to drive the
design of a morphing skin.

4.1

Methodology

To identify the ideal skin properties, the wing concept from section 3.1.1 is
adapted to include a generic morphing skin and the performance of the wing
is concurrently optimised. The morphing skin does not have predefined
properties; instead, its membrane and flexural properties are included
among the design variables and their optimal value is identified by the optimiser.
The objective of the optimisation is the simultaneous maximisation of the
rolling moment coefficient 𝐶ℒ (eq. (2.19)) and the minimisation of the total
wing weight; parametric data are obtained due to the use of multi-objective
optimisation tools. The wing performance is calculated according to the
methodology introduced in Chapter 3; the main features are summarized
here. The rolling moment is achieved by deflecting the two half-wings in
opposite directions up to the maximum allowable actuation level; the same
force is applied to all the actuators on the same half-wing. The rolling moment coefficient 𝐶ℒ is calculated for lift coefficients 𝐶𝐿 from 0.0 to 0.8 (in
steps of 0.2) and the minimum value is used as fitness function. The weight
of the wing is obtained as the sum of the structural weight and the actuation
weight, (estimated with the method introduced in section 3.2.2). Strength
and feasible constraints are imposed to obtain a realistic solution. The calculations are performed at a design speed of 35 m/s. As a dimensioning load
case, two steady flight conditions, one at 𝐶𝐿 = 1.50 and one at 𝐶𝐿 = −0.38,
and a roll manoeuvre at 𝐶𝐿 = 1.50 are used. A safety factor of 1.50 (1.25 for
buckling) is applied.
The wing performance is calculated with the algorithm illustrated in section 3.2.1 and optimised with the multi-objective genetic search algorithm
illustrated in section 3.2.
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4.1.1
The “morphing skin material”
The morphing skin can be described as a plate element. The relationship
between the loads (forces 𝑁 and moments 𝑀, per unit length) and the deformations (strains 𝜀 and curvatures 𝜅) are given by:
𝑁
𝐴
� �= � 𝑇
𝑀
𝐵

𝐵 𝜀
�� �
𝐷 𝜅

(4.1)

The matrix A represents the membrane properties, D the flexural and twisting properties, and B the axial/flexural coupling. For materials that are homogeneous through the thickness, the axial and bending stiffness depend on
the same material parameter, the elastic modulus. For the morphing skin, it
is assumed that the moduli can be different. Thus, the material is described
by five parameters:
- axial elastic modulus in the compliant direction (𝐸𝑎1 )
- axial elastic modulus in the transversal direction (𝐸𝑎2 )
- flexural elastic modulus in the compliant direction (𝐸𝑏1 )
- flexural elastic modulus in the transversal direction (𝐸𝑏2 )
- shear modulus (𝐺)
The Poisson’s ratio is imposed to be zero 1 for both the axial and the bending
properties (𝐴12 = 𝐷12 = 0); this prevents numerical problems due to the
possibly large difference in deformability between the principal directions.
Additionally, the skin is assumed to have no coupling between the normal
and shear response (𝐴16 = 𝐴26 = 0) and between the flexural and the twisting response (𝐷16 = 𝐷26 = 0). The skin is assumed to have a unit thickness
(1 mm).
In an additional step, a coupling 𝜉 between axial and bending (in the compliant direction) can be introduced; such coupling is obtained, for example,
when the skin is not loaded on its neutral axis. The coupling 𝜉 is defined as
the difference of the rotation of the two edges of a simply supported (no
applied moments) plate or finite element when a unit axial displacement is
applied. Under these assumptions, the axial-bending coupling term 2 in the
ABD matrix (4.5) is calculated as:
𝐵11 = −𝐷11 ∙ 𝜉

(4.2)

where 𝜉 is expressed in rad/mm. The term of the material property matrix
associated with the coupling 𝑔11 results:
1
Please note that this assumption is not valid for homogeneous materials like elastomers (𝜈 ≈ 0.5) and some active materials.
2
The term 𝐵11 is assumed to be the only nonzero term in the coupling matrix B.
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𝑔11 =

𝐵11
1
= − 𝐸𝑏1 ∙ 𝑡 ∙ 𝜉
𝑡2
12

(4.3)

Please note that the introduction of the coupling reduces the calculated axial
stiffness of the plate (for a given 𝐸𝑎1 ). To compensate for this effect and to
preserve the positive definition of the ABD matrix, a modified axial modulus 𝐸�
𝑎1 :
𝐸�
𝑎1 = 𝐸𝑎1 +

𝑡2
𝐸 𝜉2
12 𝑏1

(4.4)

is used for calculating the ABD matrix.
Under the introduced assumptions, the ABD matrix can be written as:
𝐴�𝐸�
𝑁
𝑎1 , 𝐸𝑎2 , 𝐺�
� �= �
𝑀
𝐵(𝜉)

𝐵(𝜉)
𝜀
�� �
𝜅
𝐷(𝐸𝑏1 , 𝐸𝑏2 )

(4.5)

The mass of the morphing skin is assumed to be proportional, through a
density factor 𝑘𝜌 , to the mass of an equivalent aluminium plate having the
same bending stiffness (in the compliant direction):
𝑚 = 𝑘𝜌 𝜌𝑎𝑎𝑎 �𝑙 ∙ 𝑤 ∙ 𝑡𝑒𝑒 �

(4.6)

where 𝑙 and 𝑤 are the length and width of the morphing skin and 𝑡𝑒𝑒 is the
thickness of the equivalent aluminium plate:
3

𝑡𝑒𝑒 = 𝑡 �

𝐸𝑏1
𝐸𝑎𝑎𝑎

The density of the morphing skin 𝜌𝑚𝑚 results:
𝜌𝑎𝑎𝑎 3
𝜌𝑚𝑚 = 𝑘𝜌 ∙ 3
∙ �𝐸𝑏1
�𝐸𝑎𝑎𝑎

Thus, the skin weight is proportional to the cubic root of 𝐸𝑏1 .

(4.7)

(4.8)

4.1.2
Morphing wing concept
The considered morphing wing concept, shown in Figure 4.1, is based on
the compliant wing from Chapter 3. The two concepts are differentiated by
the fact that the corrugated elements are replaced by the generic morphing
skin (in yellow in Figure 4.1); this occupies a section of the lower surface of
the profile and extends along the whole wingspan. The size, position, and
properties of the morphing part are determined by the optimiser. Please note
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that, as the selected concept is not divided a priori into a load carrying part
(e.g. a D spar) and a flexible morphing part, the optimiser can distribute the
stiffness or the compliance in the most suitable position, thus allowing for
more general results.

Compliant ribs

Stringers

Spar

Morphing
skin
Skin
Figure 4.1: Morphing wing concept (half wing shown).

The wing is described using 156 design variables (DVs), most of which
are devoted to the rib structure parameterization. The design parameters are
here summarized:
- Morphing skin position, length, and material parameters (7 DVs);
- Cross-sectional position of the actuators and intensity of the force (3
DVs);
- Skin thickness: the thickness of nine cross-sectional, piecewise-constant
thickness segments, the spanwise position at which the thickness is uniformly reduced and the factor of which the thickness is reduced (11
DVs);
- Aerodynamic profile shape: the parameterization is based on the equations for a NACA 4-digits aerofoil (3 DVs);
- Rib topology, represented by the position of the nodes and the thickness
of the beams connecting them, and rib material (116 DVs);
- Spanwise position of each rib (5 DVs);
- Cross-sectional position and thickness of the spar and size (length and
thickness) of its compliant joints (5 DVs);
- Cross-sectional position of each stringer (6 DVs).
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Results

As explained at the beginning of the chapter, the rolling moment coefficient 𝐶ℒ (eq. (2.19)) and the weight of the wing are optimised and the ideal
morphing skin performance is identified by inspecting the corresponding
design variables. The optimisation considers 600 individuals and evolves
for 150 generations. Using parallel computing, one optimisation requires
around 320 hours on a high-performance workstation 1.
2.5

Half-wing weight [kg]
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Figure 4.2: Pareto fronts showing the rolling moment coefficient 𝐶ℒ and the halfwing weight.

The obtained Pareto front is shown in Figure 4.2 (in red triangles). The
points of the front can be assumed as lying on the line representing the minimal wing weight for a given required rolling moment coefficient 𝐶ℒ . The
results show that the wing weight increases with 𝐶ℒ . For low 𝐶ℒ values, the
structural weight (in blue dots) remains constant and the increase in the
weight is due to the growing actuation weight. For higher 𝐶ℒ values, both
the structural and the actuation weight increase. The steeper rise of the
weight at high 𝐶ℒ values indicates that the actuation weight penalizes more
heavily the solutions when large deformations are required.
An analysis of the structural weight shows that this is divided into 50-55%
for the (non-morphing) skin, 10-15% for the morphing skin, 25% for the
stringers, and 10% for the ribs and the spar. The distribution of the weights
is mostly independent from 𝐶ℒ .
1

Intel i7-3930 K 3.20 GHz, 32 GB RAM, solid-state drive.
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Figure 4.3: Example of one of the obtained solutions. The skin is indicated in blue,
the morphing skin in cyan, the rib in red, the spar in green and the actuation in black.

One typical design solution is shown in Figure 4.3. The morphing skin (in
cyan) is located on the rear part of the profile, aft of the spar (in green). The
rib structure (in red) is interrupted at the morphing skin: the structural integrity is reintroduced by the actuation rod (in black). The shape change is obtained by flexing the profile in the area surrounding the morphing skin.
Thus, the optimisation selects a structure that relies on a front part having a
primary load-carrying function and a rear part where the most of the morphing deformations take place. This layout recalls the one of conventional
solutions based on ailerons and is thus consistent with the experience of
decades of modern aviation. As explained in Chapter 3, however, thanks to
the absence of hinges and discontinuities in the skin and to the distributed
nature of the system, the morphing solution can possibly offer a lower structural weight, a higher aerodynamic efficiency and greater adaptive properties than conventional aileron-like systems.
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Figure 4.4: Optimal position for the morphing skin as a function of the rolling
moment coefficient 𝐶ℒ. The start and end points are marked with a cross.
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The structural layout shown in Figure 4.3 is not specific to the considered
design point but is representative of the whole solution space; this is also
indicated by the fact that the optimal position of the morphing skin (Figure
4.4) is mostly independent from 𝐶ℒ . The position is referred to the normalized curvilinear coordinate 𝜁 running on the profile; the coordinate starts
from the trailing edge (𝜁 =0), runs on the upper surface, on the lower surface and ends at the trailing edge (𝜁 =1). The optimal position is on the rear
part of the lower surface, in an area approximately between 70% and 80%
of chord.
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Figure 4.5: Optimal parameters for the membrane properties of the morphing skin
as a function of the rolling moment coefficient 𝐶ℒ.

The optimal values for the membrane properties of the morphing skin are
shown in Figure 4.5. The axial modulus in the chordwise direction 𝐸𝑎1
clearly tends to the lower bound: thus, as expected, the skin should have the
lowest possible axial stiffness in the compliant direction.
The axial modulus in the transverse (spanwise) direction 𝐸𝑎2 is considerably higher than in the compliant direction and tends to intermediate values
with respect to the bounds. However, additional optimisations have shown
that the value can have a high scatter, ranging from 13 to 100 GPa (which is
the upper bound). It can be concluded that, for the considered application,
the axial stiffness in the transversal direction has not a critical influence on
the wing performance. This is due to the little contribution of the morphing
skin to the cross-sectional second moment of inertia (resulting from the op-
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Compliant
direction

timally selected size and positioning) and to 𝐸𝑎2 not having an effect on the
morphing skin weight. Please note that, for morphing concepts featuring a
different positioning of the morphing skin, the parameter 𝐸𝑎2 might have a
greater impact on the performance.
As in the considered concept the complete profile is fixed at the wing root,
the introduced deformation is not constant along the span. As a consequence, a cambering of the profile introduces a warping of the sections and
therefore shear loads in the skin: a low shear stiffness of the morphing skin
reduces the required actuation force. Therefore, as shown in Figure 4.5, the
shear modulus 𝐺 tends to its lower bound. The torsional stiffness of the
wing is guaranteed by the front part of the profile, which acts as a wingbox.
Please note that, as illustrated in the Appendix B.1, the in-plane transversal
stiffness of the morphing skin strongly depends on both 𝐺 and 𝐸𝑎1 . This can
be seen by considering a specimen loaded by two shearing forces applied in
the stiff direction (Figure 4.6): due to the low axial stiffness in the compliant direction (and the considerably higher stiffness in transverse direction),
the elements show an in-plane rotation instead of a shearing deformation.
Thus, the skin can have low in-plane transversal stiffness even when the
shear modulus 𝐺 is high. 1 This is assumed to be the main reason why the
morphing skin is located aft of the spar: a forward location would hinder the
torsional load-carrying capability of the wingbox and of the wing.

Figure 4.6: Example of shear deformation of an anisotropic morphing skin. The
description of the used model is reported in the Appendix B.1.

The optimal values for the flexural properties of the morphing skin are
shown in Figure 4.7. The structure requires sufficient bending stiffness to
resist the aerodynamic loads and to maintain the shape; on the other hand, a
too high bending stiffness would increase the actuation loads and the structural weight. The results show that the optimal trade-off is obtained for a
flexural elastic modulus in the compliant direction (𝐸𝑏1 ) between 30 and 40
GPa. The stiffness is comparable with the one of the adjacent (nonmorphing) skin. This suggests that some often used morphing skin (like

1

A more detailed explanation is reported in the Appendix B.1.
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elastomers or honeycomb-like materials) offer a sub-optimal bending stiffness for the considered application.
Similarly to the effect of a stringer, a high transversal bending stiffness increases the buckling strength of the structure. As this value is not penalised
in the optimisation, the ratio between the flexural stiffness in the stiff and in
the compliant directions (represented by 𝐾𝑠𝑡𝑖𝑓𝑓) tends to the upper bound.
Please note that high 𝐾𝑠𝑡𝑖𝑓𝑓 values are typical of corrugated skins.
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Figure 4.7: Optimal parameters for the flexural properties of the morphing skin as
a function of the rolling moment coefficient 𝐶ℒ.

The effect of the morphing skin weight is estimated by repeating the optimisation for different values of the density factor 𝑘𝜌 (introduced in section
4.1.1). The Pareto fronts (Figure 4.8) show that, unsurprisingly, the weight
increases with 𝑘𝜌 . However, an analysis of the weight breakdown indicates
that, as the optimiser adapts the structural design to reduce the incurred
penalty, the morphing skin weight increases by less than the variation of 𝑘𝜌 .
A detailed inspection of the optimal design variable values obtained for
different 𝑘𝜌 indicates that the morphing skin material parameters (𝐸𝑎1 , 𝐺,
𝐸𝑏1 and 𝐾𝑠𝑠𝑠𝑠𝑠 ) and the chordwise position are not significantly changed. 1
Instead, the length of the morphing skin decreases for increasing 𝑘𝜌 (Figure
4.9); the structural weight saving is however partially compensated by the
increase of the actuation weight caused by the reduction in the overall skin
compliance.

1

The curves for the mentioned parameters can be found in Appendix B.2.
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Figure 4.8: Pareto fronts showing the rolling moment coefficient 𝐶ℒ and the halfwing weight for different density ratios 𝑘aρ.
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Figure 4.9: Optimal length of the morphing skin as a function of the rolling moment coefficient 𝐶ℒ for different density ratios 𝑘ρ.

Figure 4.10 shows the maximum and minimum elongation of the skin. To
avoid measuring the previously introduced shear-induced axial deformation,
the value is averaged over the chord. The results show that the lower length
implies that the morphing skin needs to undergo higher axial elongations.
Thus, heavier morphing skins will be required to withstand higher axial
deformations.

72

Chapter 4

Remarkably, a heavier morphing skin leads to a solution with concentrated
compliance and relatively large displacements; these operating conditions
are well suited for hinges and therefore for ailerons. In this case, thus, a
morphing solution might offer little or no advantage compared to a conventional solution. It can be concluded that the weight of passive morphing
skins has a significant impact on its possibility of being implemented into a
successful camber morphing wing concept.
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Figure 4.10: Elongation of the morphing skin as a function of the rolling moment
coefficient 𝐶ℒ for different density ratios 𝑘ρ.

In a further step, the influence of the axial-bending coupling is analysed 1.
The Pareto front (Figure 4.11) shows an expansion of the solution space at
high values of rolling moment (𝐶ℒ >0.12) whereas no visible improvement is
obtained for lower 𝐶ℒ values. The coupling (Figure 4.12) converges to positive values: according to the used convention, positive values are equivalent
to moving the plate mid-plane outside the profile when elongated. On the
other hand, the obtained coupling displays a significant scatter. It is therefore concluded that a positive coupling might increase the maximum
achievable rolling moment but has otherwise no significant impact on the
performance.

1
To limit the calculation time, the population obtained at the last generation for the
kρ=2 case (plus a random value of coupling) is used as initial population; the optimisation evolves for 50 generations only.

4.3 Conclusions
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4.3

Conclusions

In this chapter, the optimal structural characteristics of passive morphing
skins are investigated by means of a multi-objective optimisation procedure.
A generic skin is embedded in a three-dimensional morphing wing with the
objective of achieving camber shape adaptation. The performance of the
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wing (roll moment and weight) is evaluated with a viscous, aeroelastic tool
and optimised. The characteristics of the morphing skin are included among
the design variables, thus allowing for the identification of their optimal
value. The considered morphing concept and the parameterization are kept
as general as possible; although the results will be unavoidably influenced
by the modelling choices and assumptions that are needed in any work of
this kind, the applicability is wide enough to draw general conclusions.
The results indicate that morphing skins should have a highly anisotropic
behaviour. In the morphing direction, the axial compliance should be maximised for limiting the required actuation force. On the other hand, the
bending stiffness requires a compromise between the needed structural support on one side, and the skin weight and flexibility on the other; the optimal stiffness value is comparable with the one of the adjacent, nonmorphing skin.
In the transversal direction, the morphing skin should offer very high
bending stiffness (comparable to the one of a stiffened panel) whereas the
axial stiffness has a limited impact on the performance.
The shear stiffness of the morphing skin is limited by the high axial compliance: displacements are achieved by in-plane rotation rather than by
shear deformation in the material. For the considered application, however,
low in-plane shear stiffness is desired as it allows for the cross-sections to
warp.
Unsurprisingly, a higher morphing skin weight leads to a higher wing
weight. The optimiser limits however the incurred penalty by reducing the
extension of the morphing skin, resulting in greater required elongations
(strains) and a higher actuation weight.
The results indicate the need for a lightweight skin which is (selectively)
compliant along one axial direction and for in-plane shear but that maintains
a high stiffness in the remaining loading modes (flexural and transversalaxial). Because of their superior anisotropic properties, and especially their
large transversal bending stiffness, corrugated skins represent a good candidate. The obtained results indicate also that a large ratio between bending
and axial stiffness is desirable; thus, the double corrugation concept introduced in section 3.1.2 represents indeed an interesting morphing skin solution. The concept is further investigated and expanded in the next chapters.

Chapter 5
Double-walled corrugated morphing
skins 1

As described in the previous chapter, morphing skins should ideally offer
highly anisotropic properties, both concerning the loading direction and the
loading type (axial or flexural). Particularly, the skin should be axially very
compliant in the morphing direction and offer a high bending stiffness in
both the compliant and the transversal direction. Finally, the skin should
have a low weight. Based on these considerations, the double corrugation
introduced in section 3.1.2 could represent an ideal morphing skin candidate.
In this chapter, the performance of the double corrugation (DCo) is investigated and optimised. First, the potentialities and the peculiarities of the
DCo are illustrated and an experimental validation is presented. Furthermore, an optimisation approach is proposed; the optimisation allows the
concurrent minimisation of the axial stiffness and the weight while assuring
the required minimum flexural stiffness and load-carrying capabilities. To
offer a better overview of the DCo behaviour, the effect of different parameters on the corrugation performance is described. Moreover, the DCo is parametrically compared to a conventional corrugation to evaluate the potential
of the concept.

5.1

The double corrugated skin concept

The double corrugation (DCo) can be considered the combination of two
“hat type” corrugations. Each module of the DCo (Figure 5.1) features two
thin parallel vertical elements per side (inner and outer shoulders) and two
1
This chapter is based on Previtali, Arrieta, and Ermanni, "Double-Walled Corrugated Structure for Bending-Stiff Anisotropic Morphing Skins," Journal of Intelligent Material Systems and Structures Vol. 26, No. 5, 2015.
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reinforced horizontal elements (top and bottom plates) connecting them. A
morphing skin is obtained by connecting several corrugation modules.

Top

Inner
shoulders

Outer
shoulders

Bottom

Figure 5.1: The double corrugation (DCo) concept.

As shown in Figure 5.2, when the DCo is axially stretched, its shoulders
are loaded with transversal shear-bending and assume an S-shaped deformation. In the ideal case (Figure 5.2b), the top plate remains undeformed.
Thus, the axial compliance is controlled by the size (thickness and height)
of the shoulders only. This is also true in the case of a flexible top plate
(Figure 5.2c). Furthermore, as illustrated in Figure 5.2, differently from
conventional corrugations, for the DCo the lower plate undergoes no or very
little rotation when the corrugation is stretched (by applying only axial forces on the sides).

(a)

(b)

(c)

Figure 5.2: Comparison between the axial deformation of a conventional corrugation (a), an ideal DCo (b), and a flexible DCo (c). The structures are loaded only
with forces acting horizontally on the lower surface of the corrugation.

In the DCo, bending moments are reacted by two axial forces (one tensile
and one compressive) in the inner and outer shoulders. The maximum bending moment is controlled by the distance between the inner and outer shoulder, the height and the thickness of the shoulders. The bending stiffness is
mostly controlled by the base and top plates size.
Since axial stretching and bending moments generate different types of
loading on the shoulders (respectively shear-bending and axial), the structural response in the two cases can be tuned in a more independent way. As
a consequence, the achievable ratio between flexural and axial stiffness is
significantly higher than for conventional corrugations. Further details are
offered in section 5.4.5.
In order to demonstrate the DCo performance, a representative corrugation
design is here analysed as an example. The DCo is assumed to be construct-

5.1 The double corrugated skin concept
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ed using different folded sheets (shown in different colours in Figure 5.3)
bonded together. The material for all the parts is steel. The dimensions of
the corrugation are shown in Figure 5.3. The corrugation is modelled with
shell elements 1. Since corrugations should be recessed within the wing profile to minimise the aerodynamic penalty, loads and constraints are introduced on the lower part of the corrugation as shown in Figure 5.3. The sides
of the corrugation are pinned. Under linear assumptions, this boundary condition represents a unit cell of a corrugated panel pinned at its edges; because of the small axial-flexural coupling, however, the modelling is valid
also for the non-linear case.

20

Thickness:
0.1 mm
0.5 mm

20

10
30
F┴

F//

M//

M┴

Figure 5.3: FEM model and size of the considered DCo. Dimensions are in mm.
The convention for parallel and perpendicular forces and moments is shown.

Under linear assumptions, the axial stiffness is calculated as 26.6 N/m/mm
(26.6 N need to be applied to a 1 m wide corrugation to obtain a displacement of 1 mm). Considering the length of one corrugation module (30 mm),
the stiffness can also be expressed as 8.0 N/m/% (8.0 N need to be applied
to a 1 m wide corrugation to obtain a 1% extension).
By considering the corrugation as a simply supported plate, we can define
the bending stiffness (per unit width) 𝐾𝑏 as:
𝐾𝑏 =

11

𝐸𝐸 𝑀 𝐿
= ∙
𝑤
𝑤 2𝜗

(5.1)

The FEM model is shown in Figure 5.3; further details can be found in the Appendix C.3.
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where 𝑤 is the corrugation width, 𝐸𝐸 the equivalent flexural rigidity, 𝑀 the
bending moment applied to each edge, 𝐿 the corrugation length and 𝜗 the
edge rotation. Under linear assumptions, the bending stiffness 𝐾𝑏 is calculated as 6.19 106 Nmm2/m. The obtained value is equivalent to the stiffness
of a 1.0 mm thick aluminium plate (𝐸=71 GPa) or a 0.72 mm steel plate
(𝐸=200 GPa).
Since the corrugation is subjected to high deformations, the results are verified with geometrically non-linear simulations. These consider both the
effect of large displacements and buckling phenomena. Figure 5.4 shows
that the axial behaviour remains completely linear for displacements of
6 mm (corresponding to 20% stretching). This is due to the fact that that no
buckling occurs in the structure (no compression loads) and that the kind of
loading (shear) does not change in the deformed state.

Axial force [N/m]

200

-6

100

-4

0
-2
0
-100
-200

2

4

6

Non-linear
Linear

Axial displacement [mm]
Figure 5.4: Comparison between linear and non-linear results for the axial case.

Figure 5.5 shows the bending stiffness 𝐾𝑏 obtained with nonlinear simulations at different values of axial stretching. In the undeformed configuration
(0%), the stiffness remains almost constant until buckling occurs in the
shoulders and the stiffness abruptly drops. Since in the deformed state the
shoulders are not straight, the bending stiffness is significantly lower than in
the undeformed case (-8% at ±10% stretching and -27% at ±20% stretching
for low moments). As the bending moment increases, there is a gradual loss
of stiffness due to non-linear effects: this behaviour is typical of the buckling of beams with imperfections (in this case, caused by the axial deformation). Moreover, because of the non-symmetry of the boundary conditions, the behaviour is different for positive and negative moments, and for
positive and negative elongations (Figure 5.5).

5.1 The double corrugated skin concept
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Figure 5.5: Non-linear results for the bending stiffness at different levels of axial
stretching.

Please note that, as shown in Figure 5.5, the bending stiffness is maintained also when the corrugation is under compression loads. This allows
the corrugation to be used also in the compressed state and removes the
need of a pre-stretching. The deformed shape under axial (tensile and compressive) and bending loads is shown in Figure 5.6; the load condition corresponds to the maximum applicable bending moment.

(a)

(b)

Figure 5.6: Shape of the DCo under 20% tension (a) and compression (b) deformation (in green) and under combined axial and bending loads at the buckling limit
(in red).
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The presented results show that the DCo is able to achieve both a high
bending stiffness and a very high axial compliance. While the axial behaviour is well approximated by linear calculations, the flexural stiffness highly
depends on the axial elongation and on the applied bending moment. As a
consequence, nonlinear simulations are needed for correctly estimating the
flexural performance. The problem is addressed in section 5.3.

5.2

Experimental concept validation

In order to verify the described mechanical performance, DCo samples are
manufactured and tested, and the experimental results are compared with
numerical calculations.
5.2.1
Manufacturing
The DCo described in section 5.1 is manufactured. The corrugation is obtained from a 0.1 mm thick, 25 mm wide foil of stainless spring steel
1.4310. The material has a yield stress of 1470 MPa and an ultimate stress
of 1630 MPa. The steel foil is bent in the desired shape with a CNC etching
process, which allows for crack- and stress-free corners. The top and base
planes are obtained from 0.5 mm thick stainless steel 1.4310 sheet cut to
size. For correctly introducing the loads, 100 mm long base plates are used.
After proper surface treatment, the parts are bonded together with a Newport 102 epoxy film adhesive. Representative examples are shown in Figure
5.7.

Figure 5.7: Example of manufactured samples.

5.2 Experimental concept validation
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5.2.2
Test method
The experimental tests are conducted using a Zwick/Roell Z005 test machine. To measure the axial stiffness, the DCo is clamped in the machine at
80 mm from its centreline. The displacement is applied, with a rate of
5 mm/min, from 0 to 6 mm (corrugation extended). Considering a corrugation length of 30 mm, the maximum displacement corresponds to a 20%
elongation. The tests are repeated four times for each sample; the results of
the first test are discarded to eliminate the effect of initial adjustments. The
stiffness is obtained with a least-square interpolation.
The bending stiffness is measured with a four-point bending test, which
allows having purely bending loads in the corrugation. The corrugation is
supported 50 mm from its centreline and the loads are introduced at 25 mm
from the centreline. The displacement is applied at the rate of 1 mm/min
until a force of 10 N is reached. The tests are repeated four times for each
sample. The stiffness is obtained with a least-square interpolation; to eliminate the effect of initial adjustments, only the data above 4 N are used.
Additionally, the bending stiffness in the deformed state is measured. A deformation of -10% (compression) is imposed and maintained using a stiff
adhesive tape glued to the bottom of the sample. The tests are carried out
with the same procedure used for the non-elongated case.

Figure 5.8: An example of a DCo during bending test at 8 N.

5.2.3
Numerical model
The specimens are calculated with a geometrically nonlinear solution. The
structure is numerically modelled with shell elements. A small cosineshaped imperfection is introduced on the shoulders to represent manufacturing defects. The thickness of the elements corresponds to the sum of the
thickness of the used metal sheets 1 and offsets are used to correctly represent the geometry. The model (Figure 5.9) consists of approximately 2150
nodes and 1920 elements.
1

The thickness of the glue is neglected.
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Thickness:
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0.5 mm
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Figure 5.9: FE model of the tested corrugation. Constraints are marked with triangles, forces with arrows (bending case).

For the axial test, the two edges are clamped. The load is introduced as an
enforced displacement on one of the edges. For the bending test, the specimen is constrained (pinned) as shown in Figure 5.9. The load is applied
with two concentrated forces, which are distributed on the nodes using rigid
elements. For the tests in the deformed state, the tape is introduced in the
model and the deformation is obtained with a fictitious thermal shrinking of
the tape prior to the application of the bending loads.
5.2.4
Results
The measured force/displacement curves for the axial tests are shown in
Figure 5.10. The tests confirm the linear behaviour in the investigated range
(0-20%). The measured stiffness (per unit width) is reported in Table 5.1 for
the different specimens. Table 5.1 reports also the standard deviation σ and
the error from the calculated values. The results show a very good agreement between the measured and the calculated values.
Table 5.1: Comparison of the calculated and the measured axial stiffness.

Specimen
Numeric
Specimen A
Specimen B
Specimen C
Specimen D
Average

Stiffness
σ
[N/m/mm] [N/m/mm]
26.80
26.91
0.00525
25.42
0.00568
25.72
0.0308
25.22
0.0193
25.82
-

Error
[%]
0.4%
-5.2%
-4.0%
-5.9%
-3.7%

5.2 Experimental concept validation
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Figure 5.10: Force vs. displacement curves for the axial tests.
1

The stiffness (per unit width) measured in the bending tests is reported in
Table 5.2 for the different specimens. The stiffness is defined as:
𝐾=

1 𝜕𝜕
𝑤 𝜕𝜕

(5.2)

where 𝐹 is the force and 𝛿 the vertical displacement.

Table 5.2: Comparison of the calculated and the measured stiffness for the bending
tests in the undeformed state.

Specimen
Numeric
Specimen A
Specimen B
Specimen C
Specimen D
Average

Stiffness
σ
[N/m/mm] [N/m/mm]
342.3
372.2
0.94
361.2
1.21
340.0
1.12
351.6
1.00
356.3
-

Error
[%]
8.7%
5.5%
-0.7%
2.7%
4.1%

The force/displacement curves for the 4-points bending tests in the compressed state are shown in Figure 5.11. It can be seen that specimen D
breaks at 7.9 N. The failure is caused by the debonding of the connection
between the inner shoulder and the top plate. Note that the stiffness for this
sample is calculated on only one test and using the data between 3 N and 6
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N. The measured bending stiffness (per unit width) in the compressed state
for the different specimens is reported in Table 5.3.
10
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Figure 5.11: force vs. displacement curves for the 4-points bending, compressed
tests.

Table 5.3: Comparison of the calculated and the measured stiffness for the bending
tests in the compressed state.

Specimen
Numeric
Specimen A
Specimen B
Specimen C
Specimen D*
Average

Stiffness
σ
[N/m/mm] [N/m/mm]
308.6
322.5
0.66
314.5
1.16
307.3
0.64
307.6
313.0
-

Error
[%]
4.5%
1.9%
-0.4%
-0.3%
1.4%

The results of the bending tests show a good agreement between the measured and the calculated values. Moreover, the results prove the capability of
the DCo to carry bending moments also in the compressed state.

5.3 Non-linear optimisation method

5.3

85

Non-linear optimisation method

The results shown in the previous sections for a sample configuration are
promising. Nonetheless, performances as the axial/bending stiffness ratio or
the weight can be further increased with the use of optimisation techniques.
As shown in section 5.1, the bending stiffness of the DCo is highly nonlinear. This fact makes the optimisation of the structural performance particularly challenging, both concerning the calculation method and the objectives. The problem is addressed by comparing the corrugation with a
uniform plate of a given thickness, here called baseline plate. The idea is to
design a corrugation which has at least the same bending stiffness and
strength as a defined baseline plate, while being able to elongate or contract
in the direction perpendicular to the corrugation. This approach allows for
having easily interpretable stiffness and strength values, defining a physically-based search space, and directly illustrating the performance of the DCo
as a morphing skin.
For a uniform plate, the maximum achievable bending moment is equal to:
𝑀𝑏 𝑚𝑚𝑚 =

𝜎𝑦 1
𝜎𝑦
2
1
� 𝑡𝑏𝑏 3 𝑤� ∙
= 𝑡𝑏𝑏 2 𝑤
𝑆𝑆 12
𝑡𝑏𝑏 6
𝑆𝑆

(5.3)

where 𝑡𝑏𝑏 is the baseline plate thickness, 𝜎𝑦 the yield stress, 𝑆𝑆 a safety
factor, and w the plate width. The bending stiffness (per unit width) is equal
to:
𝐾𝑏 =

𝐸𝐸 𝐸 𝑡𝑏𝑏 3
=
𝑤
12

(5.4)

and is constant until the maximum moment is reached.

MB
MB max

εa
εa min

εa max

MB min
Figure 5.12: Discretization of the calculation arena.
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As opposed to a uniform plate, the DCo also have the possibility of
stretching. Moreover, the bending stiffness depends both on the applied
moment and the axial elongation. The bending stiffness of the DCo is then
evaluated within the so called calculation arena, which is the domain of
interest of the mechanical parameters 𝜀𝑎 and 𝑀𝑏 . In this work, a rectangular
arena is defined between the desired maximum 𝜀𝑎 𝑚𝑚𝑚 and minimum 𝜀𝑎 𝑚𝑚𝑚
value of stretching, and between the maximum 𝑀𝑏 𝑚𝑚𝑚 and minimum
𝑀𝑏 𝑚𝑚𝑚 bending moment (5.3) that the corrugation needs to withstand
(Figure 5.12). The method can however be generalized for any shape.
The mapping is obtained with several nonlinear FEM calculations; the
used model is described in Appendix C.3. First, the case of pure axial load
is considered and the axial stiffness is calculated as the slope of the linear
interpolant. Additionally, the edge rotation as a function of the axial deformation 𝜗𝑎 (𝜀𝑎 ) is obtained. The bending stiffness is calculated with a given
number of calculations 𝑛𝑖𝑖𝑖 per quadrant (4𝑛𝑖𝑖𝑖 in total). The calculations
are shown as arrows in Figure 5.12. Convergence analyses showed that
𝑛𝑖𝑖𝑖 =6 is sufficient to correctly map the stiffness; independently from 𝑛𝑖𝑖𝑖 ,
a calculation at 45° is needed in order to map each corner of the calculation
arena. For each i-th simulation, the edge rotation due to the bending loads
𝜗𝑏 is obtained by removing, from the calculated rotation 𝜗, the rotation 𝜗𝑎
due to the axial loads only:
𝑖

𝜗𝑏 (𝑀𝑏 , 𝜀𝑎 ) = 𝑖𝜗(𝑀𝑏 , 𝜀𝑎 ) − 𝜗𝑎 (𝜀𝑎 )

(5.5)

According to the definition of eq. (5.1), the bending stiffness along the i-th
“arrow” is calculated as:
𝑖

𝐾𝑏 (𝑀𝑏 , 𝜀𝑎 ) =

𝐿
𝜕𝑀𝑏
2 𝑤 𝜕 𝑖𝜗𝑏 (𝑀𝑏 , 𝜀𝑎 )

(5.6)

where 𝐿 is the length of the considered DCo. The surface representing the
stiffness 𝐾𝑏 as a function of the applied moment 𝑀𝑏 and the axial stretching
𝜀𝑎 , is finally obtained by interpolation as shown in Figure 5.13.
Based on the obtained stiffness, the fitness function is calculated. The
bending stiffness is first normalized with the stiffness of the baseline plate
𝐾𝑏 𝑝𝑝𝑝𝑝𝑝 :
�𝐾��𝑏�(𝑀𝑏 , 𝜀𝑎 ) =

𝐾𝑏 (𝑀𝑏 , 𝜀𝑎 )
𝐾𝑏 𝑝𝑝𝑝𝑝𝑝

(5.7)
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Figure 5.13: Illustration of the stiffness surface of the DCo and the stiffness plane
of the baseline plate.

The normalized stiffness is further transformed by setting to zero the negative stiffness values 1 and to unity the stiffness values above the baseline
plate’s stiffness:
�𝑏 (𝑀𝑏 , 𝜀𝑎 ) = �
𝐾

1
𝑖𝑖 �𝐾��𝑏�(𝑀𝑏 , 𝜀𝑎 ) > 1
0
𝑖𝑖 �𝐾��𝑏�(𝑀𝑏 , 𝜀𝑎 ) < 0
�𝐾��𝑏�(𝑀𝑏 , 𝜀𝑎 )
𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒

(5.8)

Finally, the fitness function 𝑓𝑏𝑏𝑏 is obtained by integrating over the calculation arena:
𝑓𝑏𝑏𝑏 =

1 𝜀𝑎 𝑚𝑚𝑚 𝑀𝑏 𝑚𝑚𝑚
�𝑏 (𝑀𝑏 , 𝜀𝑎 ) 𝑑𝑑 𝑑𝑀𝑏
�
�
1− 𝐾
𝐴 𝜀𝑎 𝑚𝑚𝑚 𝑀𝑏 𝑚𝑚𝑚

where, in the case of rectangular calculation area, 𝐴 is:
𝐴 = (𝑀𝑏 𝑚𝑚𝑚 − 𝑀𝑏 𝑚𝑚𝑚 )(𝜀𝑚𝑚𝑚 − 𝜀𝑚𝑚𝑚 )

(5.9)

(5.10)

The fitness function 𝑓𝑏𝑏𝑏 , hereafter called box function, measures how
much the bending performance of a corrugation is inferior to the one of the
baseline plate. It can be interpreted as the sub-optimal volume, represented
�𝑏 (𝑀𝑏 , 𝜀𝑎 ) and the plane 𝐾𝑏 𝑝𝑝𝑝𝑝𝑝
by the volume between the surface 𝐾
(Figure 5.13). The higher 𝑓𝑏𝑏𝑏 , the less performing is the corrugation. The
function 𝑓𝑏𝑏𝑏 is non-dimensional and is bounded between one (the corruga1

Negative stiffness values might be obtained from the FEM results at the buckling
limit.
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tion has no stiffness) and zero (the corrugation is stiffer than or as stiff as
the baseline plate over the whole calculation arena).
As described in Chapter 4, additionally to the flexural stiffness, the axial
stiffness in the compliant direction and the corrugation weight are key performance indices for morphing skins; moreover, the stresses in the material
have an important effect on the corrugation integrity and durability. The
different performance criteria can be concurrently optimised with the help
of multi-objective optimisation methods.
The mentioned metrics (axial stiffness, weight and stresses) can be obtained from the previously mentioned FE models. However, while the first
two are a property of the given corrugation design, the stresses depend also
on the axial stretching and the applied moment. Thus, analogously to the
stiffness, the stresses must be reduced to a single fitness value. The simplest
solution consists in considering the maximum stress occurring on the structure at any load condition. However, its use as a fitness function or as a constraint might lead to penalizing good solutions having high stresses in limited parts of the calculation arena. Moreover, very high stresses are often
obtained from the nonlinear FEM models close to the buckling limit.
A better solution consists in modifying the previously introduced box
function (5.9) into the here called stress-box function 𝑓𝜎 𝑏𝑏𝑏 :
where:

𝑓𝜎 𝑏𝑏𝑏 =

1 𝜀𝑎 𝑚𝑚𝑚 𝑀𝑏 𝑚𝑚𝑚
� (𝑀 , 𝜀 ) 𝑑𝑑 𝑑𝑀
�
�
1− 𝐾
𝑏
𝑏 𝑎
𝑏
𝐴 𝜀𝑎 𝑚𝑚𝑚 𝑀𝑏 𝑚𝑚𝑚

0
𝑖𝑖 𝜎(𝑀𝑏 , 𝜀𝑎 ) > 𝜎𝑎𝑎𝑎
�𝑏 (𝑀𝑏 , 𝜀𝑎 ) = �
𝐾
�𝑏 (𝑀𝑏 , 𝜀𝑎 )
𝐾
𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒

(5.11)

(5.12)

𝜎(𝑀𝑏 , 𝜀𝑎 ) is the maximum von Mises stress in the corrugation at a given
load condition and 𝜎𝑎𝑎𝑎 is the allowable stress in the corrugation material. If
composite materials are used, the function (5.12) can be defined as:
�
�𝑏 (𝑀𝑏 , 𝜀𝑎 ) = �
𝐾

����
0
𝑖𝑖 𝑆𝑆(𝑀𝑏 , 𝜀𝑎 ) > 𝑆𝑆
�
𝐾𝑏 (𝑀𝑏 , 𝜀𝑎 )
𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒

(5.13)

���� is a given safety factor 1.
where 𝑆𝑆
Because of its definition, the stress-box function transforms the working
points (𝑀𝑏 , 𝜀𝑎 ) having too high stresses in points having zero stiffness and
therefore no load-carrying capabilities. The function 𝑓𝜎 𝑏𝑏𝑏 also has the im1

The safety factor can be computed from the failure index if a homogeneous criterion (e.g. maximum stress or Hill) is used.
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portant advantage of combining stiffness and strength (which are functions
of the applied loads) into one single fitness value. Thus, since the computational cost of a multi-objective optimisation is related to the number of objectives, using the 𝑓𝜎 𝑏𝑏𝑏 function improves the computational efficiency.
It should be noted that the stress-box function indicates how much lower is
the stiffness and the strength of the corrugation respect to the baseline plate.
If existing, any corrugation design having a 𝑓𝜎 𝑏𝑏𝑏 value of zero offers a
stiffness higher than the one of the baseline plate on the whole design arena.
Thus, if only 𝑓𝜎 𝑏𝑏𝑏 is used as objective, there can be a whole subset of the
solution space that would satisfy the optimality condition and a unique optimum does not exist. As a consequence, multi-objective optimisation methods are used and the stress-box function is evaluated in combination with
one or more additional performances.

5.4

Optimised corrugation

The method illustrated in section 5.3 is used for optimising a DCo layout.
The double corrugation offers several parameters than can be optimised. In
this work, six parameters are considered as design variables:
3) width of the top plate 𝑤 1;
4) distance between the inner shoulders (or gap width) 𝑤 2;
5) height of the corrugation ℎ;
6) thickness of the top plate 𝑡𝑡𝑡𝑡 ;
7) thickness of the inner shoulders 𝑡𝑠𝑠𝑠𝑠 𝑖 ;
8) thickness of the outer shoulders 𝑡𝑠𝑠𝑠𝑠 𝑜 .
The parameters are indicated in Figure 5.14. The upper and lower bounds
used for the optimisation design variables are listed in Table 5.4. Note that
the maximum value of 𝑤1 and the minimum value of 𝑤2 limit the maximum
compression the DCo can undergo.

w1

h

tside i
3

ttop

tside o

tbl

w2
30

Figure 5.14: Topology and definition of the design variables for the optimised corrugation (all dimensions in mm).
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Table 5.4: Lower and upper bounds used for the optimisation design variables. All
values are in mm.

Design variable
Top plate width
Gap width
Height
Top plate thickness
Shoulders thickness

𝑤1
𝑤2
ℎ
𝑡𝑡𝑡𝑡

𝑡𝑠𝑠𝑠𝑠 𝑖
𝑡𝑠𝑠𝑠𝑠 𝑜

Min
6
4
4
0.10

Max
18
16
20
1.00

0.05

0.50

In the optimisation, only one module of the corrugation is modelled and
the total length of the corrugation is fixed. The conventional length of the
DCo is 20 mm. However, the total length of the modelled part is 30 mm;
this is aimed at avoiding numerical problems at the edges where displacements and forces are measured.
As a baseline, a 0.5 mm thick aluminium plate is selected as it is univocally described by a minimal number of parameter (thickness, material, allowable stress). The maximum bending moment 𝑀𝑏 𝑚𝑚𝑚 is calculated from eq.
(5.3) by assuming a material yield stress of 200 MPa and a safety factor 1.5.
A maximum required axial stretching of ±10% is imposed.
The geometry of the considered DCo is shown in Figure 5.14. The corrugation is made of carbon fibre reinforced plastics (CFRP). Woven fabrics
are employed as the use of unidirectional plies would lead to questionable
results 1. The corrugations are connected to the aluminium base plate 2 (in
black in Figure 5.14) for a fixed length of 3 mm.
Because of the nonlinearity of the problem, genetic optimisation methods
are used in this work. A multi-objective controlled elitist genetic algorithm
[80] (part of the Matlab Global Optimization Toolbox) is used to optimise
the stress-box function 𝑓𝜎 𝑏𝑏𝑏 against a second performance. Each optimisation considers 100 individuals and evolves for 60 generations.
Since stiffness and strength are already included in the stress-box function
𝑓𝜎 𝑏𝑏𝑏 , two additional performance criteria are considered critical for the
DCo: the axial stiffness and the weight. The results are reported in the following sections.
1

The used model has only one element in the corrugation direction and it cannot
properly detect 3D buckling effects. Thus, the optimal solution would feature unidirectional plies oriented in the vertical direction although this design would have a
limited strength when 3D effects are considered.
2
The use of aluminium for the baseline plate is only for complying with the “baseline plate” concept. In real applications, the complete part would be manufactured
out of composites.
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5.4.1
Axial stiffness
The axial stiffness is expressed as an equivalent axial elastic modulus:
𝐸𝑎 =

𝐿𝑐 𝐹𝑎
𝑤 𝑡𝑏𝑏 𝑢𝑎

(5.14)

where 𝐿𝑐 is the conventional length (20 mm), 𝑡𝑏𝑏 the baseline thickness and
𝐹𝑎 ⁄𝑢𝑎 the axial stiffness.
The equivalent 𝐸𝑎 obtained for different baseline thicknesses is shown in
Figure 5.15: the results represent the Pareto front obtained from the multiobjective optimisations. Please note that the solution at 𝑓𝜎 𝑏𝑏𝑏 = 0 has at
least the same bending stiffness as the baseline plate on the whole calculation arena. For this solution, the equivalent axial elastic modulus is 0.75
MPa (for 𝑡𝑏𝑏 = 0.5 mm), resulting in a ratio of almost 105 between the
equivalent bending and axial moduli; this proves the extreme anisotropy
that can be obtained with the DCo concept.
In Figure 5.15, two cases are investigated: with fibres in 0/90° direction
(with respect to the corrugation direction) and in ±45°. In both cases, a safe���� =1.5 is used. For a 𝑡𝑏𝑏 of 0.5 and 1.0 mm, the fibre direction
ty factor 𝑆𝑆
does not have a significant effect. For higher baseline thickness 𝑡𝑏𝑏 , however, the configuration ±45° cannot achieve 𝑓𝜎 𝑏𝑏𝑏 = 0 and is strongly outperformed by the 0/90° design.

Equivalent Ea [MPa]

8

0.50 mm (± 45°)
0.50 mm (0/90°)
1.00 mm (± 45°)
1.00 mm (0/90°)
1.50 mm (± 45°)
1.50 mm (0/90°)

6

4

2

0
0

0.8
1
0.6
0.4
Stress-box function [ ]
Figure 5.15: Pareto fronts showing the influence of the baseline plate thickness
and of the plies orientation on the axial compliance.
0.2
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Concerning the effect of the baseline thickness, the results show that the
equivalent axial modulus increases with 𝑡𝑏𝑏 . A higher thickness implies both
3
) and higher maximum benda higher bending stiffness (proportional to 𝑡𝑏𝑏
2
ing moment (proportional to 𝑡𝑏𝑏 ).
The curves show that 𝐸𝑎 increases almost linearly for decreasing 𝑓𝜎 𝑏𝑏𝑏 .
However, when 𝑓𝜎 𝑏𝑏𝑏 approaches its lower limit, 𝐸𝑎 increases sharply. This
behaviour is due to the shape of the stiffness surface, which tends to decrease abruptly at the edges and, in particular, at the corners.
5.4.2
Weight
The weight performance is expressed as the ratio between the weight of
the double corrugation and the weight of the aluminium baseline plate
(which depends on 𝑡𝑏𝑏 ). 1
The performance for different material orientations and 𝑡𝑏𝑏 is shown in
Figure 5.16. As for the axial stiffness, the weight ratio increases with 𝑡𝑏𝑏 .
The performance of the DCo with fibres orientation 0/90° is superior to the
±45° also with regard to the weight. Thus, only the 0/90° design is considered in the following.
160
0.5
0.5
1.0
1.0
1.5
1.5

Weight ratio [%]

140
120
100

mm (± 45°)
mm (0/90°)
mm (± 45°)
mm (0/90°)
mm (± 45°)
mm (0/90°)

80
60
40
20
0

0.4
0.6
0.8
1
Stress-box function [ ]
Figure 5.16: Pareto fronts showing the influence of the baseline plate thickness on
the weight.
1

0.2

Please note that, for the same bending stiffness, a composite CFRP plate would
have either the same weight (±45° orientation) or a 1.6 times lower weight (0/90°
orientation) than the aluminium plate. The weight ratio can be scaled accordingly to
compare with a plate of a different material.
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The definition of the weight ratio can be related to the density factor 𝑘𝜌
introduced in section 4.1.1:
𝑘𝜌 =

𝑊𝑊
𝑡𝑏𝑏
100% 1 mm

(5.15)

According to the results of Figure 5.16, the DCo (0/90° design) achieves
weight ratios between 90% and 125%, which correspond to density factors
between 0.45 and 1.9.
5.4.3
Comparison with a metal DCo
In order to offer a basis for comparison, the previously discussed composite design is compared to a metallic equivalent structure.
The metal design is obtained by maintaining the aluminium baseline plate
and by replacing the composite material with steel having an allowable
stress of 400 MPa. Please note that, as reported in section 5.2.1, the material
used for manufacturing the tested corrugations has a yield stress of 1470
MPa (ultimate 1630 MPa). Thus, the assumption of 𝜎𝑚𝑚𝑚 =400 MPa is very
conservative. On the other hand, since 𝜎𝑚𝑚𝑚 is below 25% of the ultimate
stress, fatigue problems can be excluded.
The performance of the two designs, both considering the axial stiffness
and the weight, is compared for different 𝑡𝑏𝑏 values. Figure 5.17 shows that,
for a baseline thickness of 0.5 and 1.0 mm, the axial performance of the two
designs is identical while, at higher values of 𝑡𝑏𝑏 , the metal design allows
for a more axially compliant corrugation. On the other hand, the composite
design results in significantly lighter structures (Figure 5.18).
The performance of the metal design is however strongly influenced by
the maximum material allowable stress. As shown in Figure 5.19, if the allowable stress is increased to 1200 MPa 1, a convergent solution can be obtained for a baseline thickness of up to 2.0 mm. Additionally, the weight can
be reduced by 50% (for 𝑡𝑏𝑏 0.5 and 1.5 mm), even though it still results significantly higher than the one of the composite design.
It can be concluded that a metal corrugation design performs better at
higher values of bending stiffness, both in terms of axial stiffness and of
bending stiffness and strength; on the other hand, it results in a higher
weight.

1

This value is still more than 20% lower than the yield stress of the material illustrated section 5.2.1.
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Equivalent Ea [MPa]
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Figure 5.17: Comparison of the results for the metal and the composite (0/90°)
DCos for different baseline plate thickness.
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Figure 5.18: Comparison of the results for the metal and the composite (0/90°)
DCos for different baseline plate thickness.
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Figure 5.19: Pareto front showing the influence on the weight of the maximum allowable stress in the metal DCo.

5.4.4
Combined axial and weight performance
As reported in Chapter 4, morphing skins are ideally required to be flexurally stiff, axially compliant, and lightweight. It is therefore interesting to
concurrently consider these performances. However, a concurrent, threeobjective optimisation would require a high number of individuals to satisfactorily map the solution space. Moreover, conducted tests showed the
difficulty in obtaining converged results even with a high number of individuals (up to 600). This problem is overcome by using the axial stiffness
and the weight as objectives and the stress-box function 𝑓𝜎 𝑏𝑏𝑏 as a constraint. Because of the better handling of nonlinear constraints, a Nondominated Sorting Genetic Algorithm (NSGA-II) [87, 88] is used. For the
constrained optimisation, the number of individuals is increased to 200 and
the number of generations to 100. The results for different values of 𝑡𝑏𝑏 are
shown in Figure 5.20 for the composite design. As in section 5.4.1 and
5.4.2, both the axial stiffness and the weight increase with increasing baseline thickness. The results show that there is a strong interdependency between the axial stiffness and the weight: as a consequence, a compromise
between the desired properties is required and the optimal solution will depend on the specific application.
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Figure 5.20: Pareto fronts showing the influence of the baseline plate thickness on
the performance.

Figure 5.21 shows the six design variables corresponding to the solutions
of Figure 5.20. The graphs show that the top plate width 𝑤1 tends to the
maximum for all the investigated 𝑡𝑏𝑏 ; this is justified by the lower specific
weight of the composite material compared to the aluminium baseline plate,
which lead to bigger top plates.
The corrugation height ℎ tends to the maximum for the solutions having
low axial stiffness. This can be explained by considering the shoulders as a
beam (in the undeformed state). The critical buckling axial force, which
controls the maximum bending moment of the DCo, is proportional to
𝐸𝐼𝑠 ⁄ℎ2 , whereas the stiffness against shear forces, which controls the axial
stiffness of the DCo, is proportional to 𝐸𝐼𝑠 ⁄ℎ3 . Thus, high values of ℎ maximise the ratio between the buckling bending load and the corrugation’s
axial stiffness, 𝐸𝑎 . The lower buckling strength of the shoulders is compensated by a high distance between the shoulders 1. On the other hand, the corrugation weight contains a term 4 ∙ ℎ ∙ 𝑡𝑠𝑠𝑠𝑠 + 𝑤1 ∙ 𝑡𝑡𝑡𝑡 whereas the buckling bending moment is proportional to (𝑤1 − 𝑤2 ) 𝐸𝐼𝑠 ⁄ℎ2 . Thus, the
minimum corrugation weight requires a more complicated trade-off between the height and the shoulder distance.
Intuitively, the top thickness, 𝑡𝑡𝑡𝑝 , increases with the baseline thickness in
order to assure the required bending stiffness; please note that the upper
1

The distance between the inner and outer shoulders is equal to (𝑤1 − 𝑤2 )/2 .
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bound is reached for 𝑡𝑏𝑏 equal to 1.5 mm. Similarly, the shoulder thicknesses increase with 𝑡𝑏𝑏 in order to resist the higher applied moments.
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Figure 5.21: The design variables for the solutions of Figure 5.20.

The calculation arena is defined by the maximum bending moment 𝑀𝑏 𝑚𝑚𝑚
and the maximum axial stretching 𝜀𝑎 𝑚𝑚𝑚 . Figure 5.22 reports the influence
of 𝑀𝑏 𝑚𝑚𝑚 on the axial stiffness. Consistently with the baseline plate representation, the moment is expressed in term of safety factor 𝑆𝑆 (defined in
eq. (5.3)): halving the 𝑆𝑆 doubles the maximum moment. The picture shows
that the moment has a moderate effect on the equivalent 𝐸𝑎 (which increases almost linearly with the moment) and on the weight. By inspecting the
design variables for the different cases, it can be seen that the higher bending moments require a higher shoulder thickness (compensated by a lower
top plate thickness) whereas the other design parameters remain almost unchanged.
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Figure 5.22: Pareto fronts showing the influence of the maximum bending moment, expressed in term of safety factor 𝑆𝐹 (5.3), on the corrugation performance
(𝑡𝑏 𝑙 =0.5 mm).

On the other hand, as shown in Figure 5.23, the maximum axial stretching
has almost no effect on the axial stiffness for the investigated range (5% to
20%) but a significant influence on the weight. Inspecting the design variables shows that a low maximum stretching allows for obtaining a lower corrugation height ℎ, with direct consequences on the weight.
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Figure 5.23: Pareto fronts showing the influence of the maximum axial stretching
on the corrugation performance (𝑡𝑏 𝑙 =0.5 mm).
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5.4.5
Comparison with a conventional corrugation
In order to compare the proposed concept with conventional corrugated
morphing skins, the same design approach described in sections 5.3 and 5.4
is applied to a conventional trapezoidal corrugation (Figure 5.24). The same
modelling assumptions as in the DCo case are applied to assure the comparability of the results.

w2
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3

tbl

w1
30

Figure 5.24: Topology and definition of the design variables for the conventional
corrugation (all dimensions in mm).

The corrugation has the four design variables illustrated in Figure 5.24.
The parameters 𝑤1, 𝑤2 and ℎ have the same upper and lower bounds as for
the DCo (Table 5.4) whereas the thickness 𝑡𝑐𝑜𝑟𝑟 ranges between 0.05 mm
and 2.0 mm 1. CFRP woven composites with 0/90° orientation are used. As
for the DCo, the optimisation considers 200 individuals and 100 generations.
The results for different values of 𝑡𝑏𝑏 are shown in Figure 5.25. The results
show that the DCo allows obtaining, for the same weight, a lower axial
stiffness than the conventional counterpart. Moreover the DCo obtains significantly lower minimum axial stiffness (2.6, 4.7, and 7.7 times lower for,
respectively, 𝑡𝑏𝑏 equal to 0.5, 1.0, and 1.5 mm). Notably, the difference in
performance increases for increasing bending stiffness. Results show that,
for the conventional case, the minimum axial stiffness increases cubically
(𝐸𝑎 𝑚𝑚𝑚 quadratically) with the baseline thickness: this is because the axial
deformation relies on the same deformation mechanism (flexure) which
controls the bending stiffness. Instead, thanks to the decoupling explained in
section 5.1, the DCo shows only a linear increase of 𝐸𝑎 𝑚𝑚𝑚 . 2

To assure the comparability of the results, in this section the upper bound for 𝑡𝑡𝑡𝑡
for the DCo design was increased to 2.0 mm.
2
The quadratic increase of the axial stiffness is due to the (quadratic) increase of
the maximum bending moment.
1
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Figure 5.25: Comparison of the results for the DCo and the conventional corrugation for different baseline plate thickness.

5.4.6
Discussion
The presented results show that the weight of the DCo is generally higher
than the baseline plate. This is offset by the DCo capability of stretching (or
shrinking) in one direction. Additionally, it should be noted that the DCo
has a bending stiffness perpendicular to the corrugation direction 1 that is
dramatically larger when compared with that of the baseline plate. Thus, its
performance can be better compared with a stringer-reinforced plate.
For this purpose, a stringer is added to the baseline plate (of width
20 mm). The stringer has an S shape and has the same material as the corrugation (CFRP fabric with orientation 0/90°). Different stringer dimensions
are considered and the cross-section is proportionally scaled. In particular,
the length of each flange is equal to half of the height and the thickness is
equal to 0.06 the height.
The bending stiffness in the perpendicular direction is calculated as:
𝐾𝑏⊥ =

𝐸𝐸 1
= � 𝐸(𝑥, 𝑦) 𝑦 2 𝑑𝑑 𝑑𝑑
𝑤 𝑤 𝐴

(5.16)

As the bending stiffness in the parallel direction is greater or equal to the
one of the baseline plate, the ratio of 𝐾𝑏⊥ to the baseline plate stiffness is
equivalent to the stiffness ratio 𝐾𝑠𝑠𝑠𝑠𝑠 introduced in section 4.2.
1

Please see Figure 5.3 for a definition of the parallel and perpendicular directions.
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Kstiff [ ]

Figure 5.26 illustrates 𝐾𝑠𝑠𝑠𝑠𝑠 as a function of the previously explained
weight ratio (section 5.4.2); the results are shown both for the double corrugation and the plate with stringer. Since both structures were not optimised
for the transversal stiffness, the results are only indicative. It can be seen
that the weight of the DCo is significantly lower, for the same stiffness ratio, than the solution with stringers. This is explained by the fact that corrugated panels (conventional or DCo) can be more efficient in stiffening
plates than stringers [63].
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Figure 5.26: Ratio between the transversal EI for the corrugated and the stringerstiffened panel as a function of the weight.
Table 5.5: Ratios between different properties of the composite double corrugation
DCo and the aluminium baseline plate. The parallel and perpendicular directions are
defined in Figure 5.3.

Performance
Axial stiffness, perpendicular
Axial stiffness, parallel
Bending stiffness, perpendicular
Bending stiffness, parallel
Weight

Ratio
(DCo/plate)
10 -5÷10 -4
1÷10
103÷105
1
1÷1.7

In section 5.4.1 through 5.4.4, the performance of the DCo was analysed
by comparing it to an equivalent aluminium plate (called baseline plate).
The results, represented as the ratio between the performance of the (com-
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posite) DCo and the one of the baseline plate, are summarized in Table 5.5.
The reported values indicate the range that can be achieved for the different
parameters (e.g. 𝑡𝑏𝑏 , 𝑀𝑏 𝑚𝑚𝑚 , and 𝜀𝑎 𝑚𝑚𝑚 ) investigated in this paper.
The presented results also allow for analysing the sensitivity of the performance of the DCo, i.e. the axial stiffness 𝐸𝑎 and the weight, to several
design inputs. In particular, the required bending stiffness, maximum axial
stretching, maximum bending moment, used material and material properties (allowable stress) are considered. The results are summarized in Table
5.6.
Table 5.6: Influence of selected parameters.

Influence of:
Weight
𝑬𝒂
high
medium
Baseline thickness (𝑡𝑏𝑏 )
medium
none
Max. stretching (𝜀𝑎 𝑚𝑚𝑚 )
medium
medium
Max. moment (𝑀𝑏 𝑚𝑚𝑚 )
Material
none/higha
high
Allowable stress (metal)
none
high
a
none for low 𝐾𝑏 , high for high 𝐾𝑏 .
Parameter

The DCo performance is defined with respect to baseline plates of different thickness. On the other hand, the morphing skin properties calculated in
Chapter 4 are referred to a thickness of 1 mm. The two definitions are related by algebraic relations: the flexural elastic modulus in the compliant direction 𝐸𝑏1 can be obtained as:
𝑡𝑏𝑏 3
𝐸𝑏1 (1 mm) = 71 GPa �
�
1 mm

whereas axial elastic modulus in the compliant direction 𝐸𝑎1 results:
𝐸𝑎1 (1 mm) = 𝐸𝑎 (𝑡𝑏𝑏 )

𝑡𝑏𝑏
1 mm

(5.17)

(5.18)

Finally, the density factor 𝑘𝜌 can be calculated with eq. (5.15).
Table 5.7 reports the ideal morphing skin properties identified in Chapter 4
and the performance obtained by the DCo. The table shows that the ideal
properties fall within the performance range of the double corrugation,
which therefore represents an excellent candidate for morphing skin applications.
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Table 5.7: Comparison between the optimal morphing skin properties from Chapter 4 and the DCo performance.

Performance
Axial elastic modulus,
compliant direction 𝐸𝑎1 [MPa]
Flexural elastic modulus,
compliant direction 𝐸𝑏1 [GPa]
Flexural stiffness ratio,
transversal direction 𝐾𝑠𝑠𝑠𝑠𝑠 [ ]
Density factor 𝑘𝜌

5.5

Ideal
lowest
(0.5)

DCo
0.3÷20

30÷40

9÷240

highest
(105)

103÷105

lowest

0.45÷2.4

Conclusions

In this chapter, a novel corrugated morphing skin is introduced. Compared
with other solutions, the doubly corrugated (DCo) skin offers an excellent
ratio between bending and axial stiffness (respectively parallel and perpendicular to the corrugation direction). The calculations show that the bending
stiffness depends in a highly nonlinear way on the applied moment and on
the axial stretching. Notably, the bending stiffness is maintained also when
the DCo is under compression. Experimental tests confirm the numerically
predicted performance.
In a further step, numerical optimisation methods are used to increase the
performance. Using the defined stress-box fitness function, the bending
stiffness for a range of operational conditions (applied bending moments
and axial elongations), and under strength constraints is optimised against
the axial compliance and the weight.
The results show that it is possible to obtain an equivalent axial stiffness in
the order of 100 MPa while retaining a bending stiffness equal to or greater
than that of a 0.5 to 2.0 mm thick aluminium plate. The DCo has a weight
(for the composite design) that is comparable or slightly higher than the
equivalent aluminium plate. On the other hand, the DCo has a bending stiffness in the non-compliant direction that is significantly higher than the aluminium plate, making it comparable to a stiffened panel. The results show
also that the DCo has a significantly better performance than a comparable
trapezoidal corrugation.
Based on the presented results, it can be concluded that the double corrugation has a selective compliance and is able to satisfy the ideal requirements identified in Chapter 4. Therefore, the DCo represents an interesting
and promising solution for morphing skins.

Chapter 6
Multi-functional corrugated
morphing skin1

As explained in the previous chapter, the mechanical properties of the
double corrugation (DCo) match the ideal morphing skin characteristics
identified in Chapter 4. Thus, the DCo is regarded as a promising morphing
skin solution. On the other hand, as explained in section 1.3, one possible
limitation of corrugated wing skins is their detrimental effect on the shape
drag. Additionally, the high axial compliance of the DCo introduces lowenergy modes in the structure; under the effect of dynamic and aerodynamic
excitation, these modes can result in large vibrations [64].
In this chapter, the aerodynamic continuity of the corrugated skin is reintroduced by adding a continuous metal foil on the lower surface of the corrugation. Electrostatic forces are used to retain the continuous foil on the
corrugation. The use of electrostatic force for reversible bonding in electrobonded laminates (EBL) is investigated by Di Lillo et al. [51], Bergamini et
al. [89], Di Lillo et al. [90], Raither [91]. This solution has the advantage of
being spatially distributed, of requiring only a conductive foil and a dielectric, and of being affected only by limited weight penalties (the weight of
the dielectric and of the voltage generation).
One important requirement for the correct implementation of the EBL is
the need for a smooth, flat contact surface. This represents a limitation of its
usage together with conventional corrugations as, even if they offer a flat
surface in the undeformed state (as for trapezoid or “hat” topologies), this
1
This chapter is based on Previtali, Delpero, Bergamini, Arrieta, and Ermanni,
"Multi-functional extremely anisotropic structural element," Extreme Mechanics
Letters, 2015, Vol. 3 and on Previtali, Delpero, Bergamini, Arrieta, and Ermanni,
"Extremely Anisotropic Multi-functional Skin for Morphing Applications," 23rd
AIAA/ASME/AHS Adaptive Structures Conference, Kissimmee, FL, 2015.
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flexes when the corrugation is deformed. Moreover, because of the axialbending coupling, conventional corrugated panels bend when stretched. On
the other hand, the double corrugation has a negligible axial-bending coupling and its horizontal elements can be stiffened without significantly
compromising the axial performance. Thus, the DCo is well suited to exploit the adaptive capabilities of EBLs.
The strength of the electric bonding can be controlled by varying the applied voltage. When no voltage is applied, there are no electro-static forces;
thus the foil is disconnected and the system behaves as a passive DCo.
When a high enough voltage is applied, electrostatic forces connect the DCo
and the covering skin; moreover, because of friction at the interface, the
system becomes axially stiff in the otherwise compliant direction. The intermediate stages between these two configurations can be obtained by selectively varying the strength of the connection (i.e. the applied voltage); in
this stage, although the foil is attached to the corrugation, the morphing skin
can undergo axial deformations thus allowing for shape changes.
Furthermore, the friction generated at the interface by the electro-static
forces can increase the dissipation properties of the structure, thus preventing the occurrence of large vibrations caused by the high axial compliance
of the DCo. The obtained damping can be tuned by varying the applied
voltage. The achieved dissipation can be further increased by applying a foil
both on the upper and the lower surfaces of the DCo.
In this chapter, a double corrugation with an EBL closing skin is manufactured. The adhesion forces obtained with the electric bonding are experimentally measured to evaluate the suitability of the introduced system for
morphing skins applications. Furthermore, the response of both the axial
and the bending modes is measured to demonstrate the dissipation properties.

6.1

Sample manufacturing

The test specimen (schematically shown in Figure 6.1) is obtained by assembling a composite double corrugation (blue), two woven carbon prepreg
plates (red), and one electrode coated by a dielectric layer (green). The
manufacturing procedure of each single part is explained in the following.
The double corrugation is manufactured from two single corrugations (in
light and dark blue in Figure 6.1). The corrugations are made of thin unidirectional CFRP prepreg from North Thin Ply Technology (120EP-513/CF,
FAW 30 g/m2, FVC 53%). The wide part of each corrugation consists of
nine plies oriented in [90,0,90,90,0s] with respect to the corrugation direction; the remaining part of the corrugation is made of three plies with orien-
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tation [90,0,90]. The corrugations are laminated on an aluminium mould,
covered with a full silicon counter-mould, vacuum-bagged and cured in the
autoclave at 120° and 5.5 bars for two hours. The two corrugations are
glued together with a prepreg epoxy adhesive film NB-102 from Newport.
Finally, the part is trimmed to a 19.6 mm width.

12.5

81

19

8

15

Figure 6.1: Geometry of the tested specimen. In green is indicated the electrode
with the dielectric layer, in blue the composite double corrugation, and in red the
two carbon prepreg plates.

The reinforcement plates, made with a woven CFRP prepreg from SGL
(PR-FB1363 245/1200 E201S-A 45, FAW 245 g/m2, FVC 45%), are directly laminated on the corrugation. This allows for obtaining a smooth surface
at the interface between the two parts. Two plies per reinforcement are used;
the first is laid contiguously to the double corrugation while the second ply
is overlapping the corrugation (see Figure 6.1). The reinforcements are
cured in a hot press.
The surface of the specimen is ground with fine sandpaper. The grinding
reduces the probability of damages to the dielectric layer of the EBL and the
occurrence of breakdowns. Since breakdowns cause small indentations in
the surface, it is good practice to repeat the grinding after the occurrence of
a breakdown.
The electrode is made using a 0.05 mm thick 1.4310 spring steel lamina
from h+s Praezisionsfolien. The lamina is wider than the corrugation in order to limit the influence of edge effects. As dielectric, a 25 μm FEP (Fluorinated ethylene propylene) foil from CS Hyde is used. To prevent the foil
from creating ripples when the corrugation moves and to limit the formation
of air bubbles between the conductive parts, the FEP layer is bonded to the
metal lamina. After degreasing with acetone, the metal lamina is placed
between two FEP layers. The second FEP foil allows for a symmetric layup,
thus avoiding residual deformations in the plate due to the different thermal
expansion coefficients of the two materials. An additional advantage is that
the electrode results completely insulated, thus improving the safety of its
handling. The stack is placed in the hot press between two polished alumin-
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ium plates and heated to 290° (above the FEP melting point). The process is
performed under vacuum and with a cross-thickness force of around 20kN.
This process allows for the FEP layers to adhere to the steel lamina without
the need of adhesive, thus guaranteeing a good quality and uniformity of the
dielectric properties.
The electrode and the corrugation are connected in the position indicated
in Figure 6.1. Since the electrodes need to be replaced after the occurrence
of a breakdown, the connection is realized with adhesive tape and secured
with magnets, thus allowing for a fixed yet reversible connection. Finally,
one FEP layer is perforated in proximity of the fixed edge and a wire is
connected to the electrode.

Figure 6.2: Completed specimen.

6.2

Static adhesion tests

To evaluate the capability of the closing plate to remain attached to the
corrugation during operation, experimental mechanical tests are conducted.
The corrugation is positioned with the closing foil upward and then fixed to
a stiff support. The moving part of a Zwick/Roell Z005 test machine is connected using a thin, shaped film to the electrode at the middle of the corrugation (Figure 6.3). This approach avoids the introduction of bending moments and does not artificially stiffen the covering foil, thus leading to
results that are indicative for the considered practical application.
Before the test, the foil is pressed against the corrugation using a wooden
tool. The test is performed by pulling the electrode until it detaches from the
corrugation. The test is repeated four times for each voltage.

6.2 Static adhesion tests
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Figure 6.3: Experimental setup for the adhesion tests.

The average of the maximum force measured as a function of the voltage
is reported in Figure 6.4. The results show that the force increases with the
voltage. Please note that the force measured at 0 V is due to the weight and
the stiffness of the foil, to residual charges on the interface, and to the adhesion between the two smooth surfaces (suction-cup effect).
0.25
Measured
Aero. loads

Max force [N]

0.2

95 m/s (342 km/h)

75 m/s (270 km/h)

0.15
0.1

50 m/s (180 km/h)
0.05
30 m/s (108 km/h)
0

100 200 300 400 500 600 700 800 900
Voltage [V]
Figure 6.4: Maximum measured interface force as function of the applied voltage.
The dashed lines indicate the design aerodynamic fluctuation load.
0

The electro-static bonding must provide sufficient adhesion force to prevent the covering foil from detaching from the profile. Preliminary experimental tests showed that, if the closing foil is thin (as in the considered
case), the foil can follow the bending deformations of the corrugation also
when very low voltages are applied. On the other hand, the detachment can
be caused also by the aerodynamic loads.
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We can assume that the pressure under the foil (in the corrugation) is equal
to the average pressure outside the foil. However, the flow experiences
some turbulence, which causes fluctuations in the local pressure. Lawford
and Beauchamp [92] show that the standard deviation σ of the pressure fluctuations on the lower surface of a wing ranges between 0.007 and 0.02
times the dynamic pressure. 1 Assuming a Gaussian distribution of the fluctuations, the probability of a fluctuation greater than 4σ is 3.2 10-5. Because
of the non-catastrophic nature of the detachment, this value is considered
sufficient for dimensioning purposes. The pressure fluctuation ∆𝑝 results in:
1
(6.1)
∆𝑝 = 4 ∙ 𝜎 ∙ 𝑞 = 4 ∙ 𝜎 ∙ 𝜌𝑈 2
2
3
where 𝜌 is the air density (1.225 kg/m ) and 𝑈 the flow speed. Conservatively, 𝜎 is assumed equal to the maximum value in the mentioned range
(0.02). The force on one interface is equal to:
(6.2)
𝐹 = ∆𝑝 𝐿 𝑤
where 𝐿 is the length of a corrugation module (27 mm) and 𝑤 is the width
(19.6 mm). The value obtained for different speeds is reported in Figure 6.4.
It can be seen that 600 V, 760 V, and 900 V are required at, respectively,
50 m/s, 75 m/s, and 95 m/s; higher flight speed can be obtained by further
increasing the applied voltage.
The normal force exerted by the EBL can also be estimated using an analytical approach [93]. The attraction stress 𝜎𝑒 due to the electrostatic forces
is:
1
𝑉 2
(6.3)
𝜎𝑒 = 𝜖0 𝜖𝑟 � �
2
𝑑
where 𝜖0 is the permittivity of vacuum, 𝜖𝑟 is the relative permittivity of FEP
(𝜖𝑟 = 2.05), 𝑉 is the applied voltage, and d is the distance between the corrugation and the electrode, assumed equal to the thickness of the dielectric
layer (25μm). The normal force results:
(6.4)
𝐹 = 𝜎𝑒 𝐴
where 𝐴 the area of the interface (372 mm2). Unfortunately, the measured
values (Figure 6.4) are approximately one order of magnitude smaller than
the analytical ones (between 3% and 6%). The discrepancy is mostly caused
by the extremely localized nature of the failure of electro-lamination. In
fact, since the force on the covering plate is introduced in a concentrated
way, the load on the interface is not distributed uniformly. Moreover, because of imperfections caused by manufacturing tolerances, the foil does
1
The data are obtained in the wind tunnel at a speed of 45 m/s for a wing having a
thin bi-convex profile and a chord of 0.43 m. Measures are taken at 85% of the
chord. The highest fluctuations are obtained at high angles of attack.
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not lay perfectly flat. As a consequence, failure occurs in the most loaded
place and then rapidly propagates with a peeling-like mechanism. Additionally, the force is also limited by electric field inhomogeneity and by air bubbles trapped in the interface (which cause a greater gap between the two
interfaces and therefore a lower attraction stress). Nevertheless, despite the
big difference between predictions and experiments, the system is still able
to produce a sufficient performance: technological improvements will allow
for operating in even more challenging conditions and/or for reducing the
required voltage.

6.3

Damping tests

To prevent the high axial compliance of the DCo from resulting in large
vibrations, the corrugation should offer good dissipation properties. The
effect of the introduced electro-bonded foil on the axial damping of the system is experimentally investigated. Additionally, the damping of the flexural
mode is tested to offer further insight.
6.3.1
Experimental setup
For the experimental damping tests, the specimen is attached vertically to
a stiff support with the open interface pointing downwards (Figure 6.5). The
specimen is connected to a voltage source Stanford Research Systems PS
350: for safety reasons, the corrugation is kept grounded while the electrode, which is embedded in the FEP dielectric, is charged.
For the axial tests, a thin L-shaped element is connected to the lower end
of the specimen and a Keyence LC 2400A laser displacement meter with
LC 2440 laser displacement head is installed under it to measure the axial
deformation of the specimen (Figure 6.5a). The test is conducted by quasistatically applying a vertical displacement to the lower edge of the specimen
followed by a sudden release. This allows for measuring the free response
(decay) of the system. Two values of the initial displacement are considered: case A for 2 mm, and case B for 4 mm. The displacements correspond
to a relative strain of the corrugation of 3.7% and 7.4%, respectively. At
least three measurements are performed for each voltage level 1.

1
At 500 V for 2 mm imposed displacement (case A) and 700 V for 4 mm (case B),
respectively one and two tests are performed because of the occurrence of breakdown.
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Clamp

Metal foil
Corrugation
Compliant
direction

Laser sensor
(bending tests)

Laser sensor
(axial tests)

Figure 6.5: Experimental setup for the axial and the bending tests.

For the bending tests, the laser sensor is installed to the side at the bottom
of the specimen to measure the out-of-plane displacement (Figure 6.5b).
The L-shaped element added for the axial tests is retained for consistency.
The test is conducted by quasi-statically applying a horizontal displacement
of 2.5 mm to the lower edge of the specimen and then suddenly releasing it.
The response is measured for 6s. At least six measurements are performed
for each voltage level 1.
6.3.2
Axial damping tests
The time responses obtained from the two initial displacement excitations
are shown in Figure 6.6 and Figure 6.7. Note that the minimum values of
voltage needed to prevent the plate from detaching during the release phase
are 300 V and 400 V, for the 2 mm (case A) and 4 mm (case B) displacements respectively. The maximum investigated voltage is limited by the
occurrence of breakdown phenomena, which may result from progressive
wearing of the dielectric layer.
1

At 750 V, only two tests were performed because of the occurrence of breakdown.
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The results clearly show that the response is dramatically damped by the
closing plate due to the introduced electrostatic forces. The decay is logarithmic for the open configuration (0 V) and linear in the closed configuration case (as voltage is applied). This indicates that the introduced dissipation mechanism is dominated by inherent viscous damping (damping force
which is proportional to the speed) of the structure in the open configuration
and by Coulomb friction between the corrugation and the plate in the closed
configuration. The provided damping increases with the applied voltage. In
particular, the axial response for the excitation case A (2 mm) at a voltage
level of 500 V is damped out after only one oscillation (the residual oscillations are at 85 Hz, see also the spectrum in Figure 6.8).
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Figure 6.6: Time response for the 2 mm (case A) imposed axial displacement. Different tests are reported with different colours.

Figure 6.6 and Figure 6.7 show that the oscillations are not perfectly monotonically decreasing: this can be explained by the fact that there is an energy exchange between the modes that contribute to the vibration response
(i.e. bending, axial, and in plane transversal) and that the modes are not
equally damped. Additionally, the interface might locally open and close
during the oscillations.
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Figure 6.7: Time response for the 4 mm (case B) imposed axial displacement. Different tests are reported with different colours.
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Figure 6.8: Spectrum of the response for the 2 mm (case A) imposed axial displacement. Different tests are reported with different colours.
0

20

0V

0

400 V

0

10

-1

10

Bend.

10

-1

10

-2

Axial

-2

10

10

-3

0

-3

20

40

60

80

100

600 V

0

10

0

20

40

60

80

100

80

100

700 V

0

10

10

-1

-1

10

10

-2

-2

10

10

-3

10

20

10

10

10

0

0

10

10

300 V

0

10

Bend.

10

0

-3

20

40

60

80

100

10

0

20

40
60
f [Hz]

Figure 6.9: Spectrum of the response for the 4 mm (case B) imposed axial displacement. Different tests are reported with different colours.
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The spectrum of the response (calculated from the first cross of the zero to
the end of the measured time history) is shown in Figure 6.8 and Figure 6.9.
It can be seen that the axial mode at 68 Hz is damped for increasing voltages. Particularly, the mode completely disappears, for the 2 mm case (case
A), at 500 V.
6.3.2.1
Calculation of the damping properties
The damping of the structure can be estimated by considering a secondorder system with one degree-of-freedom. When viscous damping is considered, the governing equation is:
𝑥̈ (𝑡) + 2𝜁𝜔𝑛 𝑥̇ (𝑡) + 𝜔𝑛2 𝑥(𝑡) =

𝐹0
[1 − 𝑠𝑠𝑠𝑠(𝑡)]
𝑚

(6.5)

where 𝑥(𝑡) is the displacement of the d.o.f., 𝜔𝑛 is the natural frequency, 𝜁
the damping ratio, and 𝑚 is the equivalent mass.
For an underdamped linear system, the damping ratio can be estimated
from the settling time 𝑇𝑠 𝜀 of the step response 1:
𝜁=−

ln(𝜀)
ln(𝜀)
ln(𝜀)
=−
≈−
𝑇𝑠 𝜀 𝜔𝑛
𝑇𝑠 𝜀 𝜔𝑑
�(𝑇𝑠 𝜀 𝜔𝑑 )2 + ln(ε)2

(6.6)

where 𝜀 is tolerance and 𝜔𝑑 is the damped frequency (68.6 Hz). The damping ratio calculated for different tolerances is reported in Figure 6.10. The
results for the 4 mm tests show that the system can achieve damping ratios
of 8% (at 700 V); the scatter of the results for the 2 mm tests (case A) is too
large to allow for quantitative conclusions, but clearly shows the increasing
trend.
Alternatively, the damping can be calculated from the quality factor (or Qfactor) 𝑄:
𝜁=

1
1 𝑃𝑙𝑙𝑙𝑙
=
2𝑄 2 𝜔𝑛 𝐸

(6.7)

where 𝐸 is the energy in the system and 𝑃𝑙𝑙𝑙𝑙 the power loss. The damping
is obtained by averaging the ratio 𝐸/𝑃𝑙𝑙𝑙𝑙 obtained for the peaks 2 of the
measured response. Figure 6.10 shows that the estimation based on the Q1
The settling time is the time needed for the response to fall within ±ε% of the asymptotic value, which corresponds to the minimum measured displacement before
releasing the sample.
2
All the peaks, both positive and negative, having an amplitude above 0.1 mm are
considered.
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factor leads to comparable results as the estimation based on the settling
time.
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Figure 6.10: Damping ratio estimated from the settling time (with different values
of the tolerance 𝜀) and from the Q-factor. The dashed lines refer to the 2 mm tests
(case A); the full lines to the 4 mm tests (case B).

As remarked in the previous section, the response indicates that the damping introduced by the EBL is controlled by the friction. Thus, the model of
eq. (6.6) can be refined by introducing a Coulomb friction term 𝐹𝜇 :
𝑥̈ (𝑡) + 2𝜁𝜔𝑛 𝑥̇ (𝑡) +

𝐹𝜇
𝑠𝑠𝑠𝑠(𝑥̇ (𝑡)) + 𝜔𝑛2 𝑥(𝑡) = 0
𝑚

(6.8)

The response is calculated by solving eq. (6.8) under the initial conditions
𝑥(0) = ∆𝑥𝑠𝑠𝑠𝑠 and 𝑥̇ (0) = 0. To speed convergence and reduce the nonlinearity, the hysteretic term is linearized between −0.1 mm⁄𝑠 < 𝑥̇ < 0.1 mm⁄𝑠.
The system is stopped when the following condition is verified:
�2𝑘𝐸𝑚 = 𝑘�𝑥(𝑡)2 +

𝑚
𝑥̇ (𝑡)2 < 𝐹𝜇
𝑘

(6.9)

A stiffness 𝑘 of 0.48 N/mm is measured with static axial tests; the equivalent mass 𝑚 is obtained from the resonance frequency 𝜔𝑛 and the stiffness
𝑘. The step amplitude ∆𝑥𝑠𝑠𝑠𝑠 , the damping coefficient 𝜁, and the friction
force 𝐹𝜇 are determined with an optimisation that minimises the error between the peaks of the simulated and the calculated response. First, the positive and negative peaks of the measured response are identified; the peaks
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with amplitude below 0.05 mm are discarded. Then, the simulated response
is calculated and its peaks (positive and negative) are identified. The numerical points are interpolated to find the (equivalent) response at the measured
peaks. Finally, the mean square error is calculated. The optimisation is performed using Matlab genetic algorithm implementation (part of the Global
Optimization Toolbox), considering 50 individuals and a maximum of 300
generations. The results (Figure 6.11) confirm that the calculated friction
force significantly increases with the applied voltage.
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Figure 6.11: Friction force estimated from the experimental measurements.

The theoretical value of the friction force can be calculated analytically as:
𝐹𝜇 = 𝜇 𝜎𝑒 𝐴

(6.10)

where 𝜇 is the friction coefficient, 𝜎𝑒 is the attraction stress from eq. (6.3),
and 𝐴 is the area of the interface (372 mm2). For the friction coefficient, it is
assumed 𝜇 = 0.3 (kinetic coefficient of friction, film to steel, D-1894-61
ASTM method [94]).
The experimental results clearly show that friction force increases with the
applied voltage. On the other hand, the experimentally estimated values
presented in Figure 6.11 are one order of magnitude lower (around 10% for
the 2 mm displacement (case A) and 4% for the 4 mm case (case B)) than
the analytical ones calculated with eq. (6.10). The discrepancy is caused by
several factors, the main ones being:
- opening and closing of the interface due to the oscillatory motion, resulting in a lower applied force;
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- imperfection of the interface caused by manufacturing tolerances and air
bubbles which remain trapped in the interface: this results in a greater gap
between the two contact surfaces and therefore a lower attraction stress;
- degradation of the dielectric layer, as shown in [95];
- electric field inhomogeneity, both at the edge of the interfaces and on the
(composite) corrugation surface;
- impossibility of exciting the axial mode only, resulting in transfer of energy between different modes.
6.3.3
Flexural damping tests
The time response for the flexural tests at four voltages is shown in Figure
6.12. The curves indicate that closing the interface has an effect also on the
damping of the bending mode. However, the damping is more modest than
in the axial case as the sliding at the interface is considerably smaller.
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Figure 6.12: Time response for the bending tests.

In this configuration, the time decay can be reasonably approximated as
logarithmic. The response at 250 V suggests, however, that the initially linear decay becomes logarithmic as the response amplitude decreases towards
equilibrium. It can be concluded that when the oscillations become sufficiently small, the interface ceases to slide hence no dissipation through the
friction mechanism occurs.
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Figure 6.12 indicates that the damping for 250 V is higher than for voltage
levels of 500 V and 750 V. Figure 6.13 shows the damping ratio calculated
from the settling time (as explained in section 6.3.2.1) for different values of
the applied voltage. The curves show that the damping has a peak around
250 V, followed by a sharp reduction and a gradual increase after 450 V.
This behaviour can be explained as follows. At low voltages, a small electrostatic force is generated at the interface resulting in moderate dissipation.
At high voltages, a large value of electrostatic force is produced hindering
the sliding between the contact surfaces and therefore the achievable dissipation. For a certain range of voltages (for the presented case around 250
V), there exists an optimal compromise between sliding and interface force
that results in the maximisation of the obtained dissipation. This behaviour
is consistent with the results presented by Bergamini [96] on an electrostatically damped beam.
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Figure 6.13: Damping ratio (estimated from the settling time) and resonance frequency of the bending mode as a function of the applied voltage. If the settling time
is longer than the measured interval, no damping value is shown.
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The resonance frequency of the bending mode (Figure 6.13) increases
sharply between 225 V to 300 V and between 375 V and 450 V and it is
otherwise constant. Thus, the system has three configurations: open (low
voltages), completely closed (high voltages), and an intermediate configuration where, based on experimental observations, only the outer interfaces
are closed while the central one is open. The existence of the intermediate
stage is due to the manufacturing tolerances discussed at the end of section
6.3.2.1.
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Conclusions

In this chapter, the double corrugation is covered with a continuous metal
skin to minimise the effect of the non-smoothness on the aerodynamic performance. A reversible electrostatic bonding is used to keep the continuous
skin attached to the DCo.
Experimental tests show that the adhesion force of the electrical bonding
considerably increases with the applied voltage. The results indicate that the
obtained force is sufficient for resisting the fluctuations of the aerodynamic
pressure typically occurring on aircraft wings.
Furthermore, the friction forces between the double corrugation and the
electro-bonded closing structure augment the dissipation properties of the
structure. The higher damping can prevent large vibrations, which might
result from the skin high axial compliance. The damping properties of the
system are experimentally investigated, both for axial and bending modes.
The results show that the structural response is significantly damped when a
voltage is applied on the interface. The dissipation of the axial mode strongly increases with the applied voltage. In particular, for high voltage values,
the response is damped in down to one oscillation, thus highlighting the
effectiveness of the used adaptive dissipation. For the bending mode, the
dissipation has a peak for 250 V; this corresponds to the optimal tradeoff
between the interface force and the sliding.
The results indicate that the measured performance of the electric bonding
is significantly lower than the theoretical predictions. This is due to nonidealities of the tested systems, such as manufacturing tolerances and the
opening of the interface during the test. Nevertheless, it is demonstrated that
very high levels of adaptive dissipation can be realized exploiting geometrical multi-physics coupling.

Chapter 7
Design, manufacturing, and test of a
compliant morphing wing1

As explained in Chapter 5, the performance of the double corrugation is
optimised for different values of the main design parameters. The obtained
(parametric) results show that the DCo can achieve a performance that is
similar to the ideal morphing wing properties identified in Chapter 4. Thus,
the DCo represents a promising morphing wing concept.
The DCo performance as a morphing skin is further evaluated by implementing it in a camber-morphing wing concept. The morphing mechanism
should demonstrate sufficient control authority to allow for replacing conventional ailerons. At the same time, it should result in a lightweight system. For these reasons, the wing design is obtained with the help of multiobjective numerical optimisations and the best suited DCo design is determined using a parametric meta-model.
To provide for an experimental proof of the achieved performance, a demonstrator of the designed wing is manufactured and its performance is
tested. The deflections under actuation loads are measured using a digital
image correlation (DIC) system. Wind tunnel tests are conducted to evaluate
the aerodynamic performance and, in particular, the control authority of the
morphing wing. Furthermore, the effect of the corrugation on the aerodynamic performance is experimentally assessed; a solution for covering the
corrugation (similar to the system introduced in Chapter 6) is implemented
and tested.

1
This chapter is based on Previtali, Molinari, Arrieta, Guillaume, and Ermanni,
"Design and experimental characterization of a morphing wing with enhanced corrugated skin," Journal of Intelligent Material Systems and Structures, 2015.
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7.1.1
Morphing wing concept
The considered morphing wing concept (Figure 7.1) is based on the compliant wing from Chapter 4. The wing is mainly constituted of the wing skin
(part of which replaced by a corrugated panel), compliant ribs, actuators,
stringers and a spar.
The root of the wing is clamped so that the obtained deformed shape has
no discontinuities along the spanwise direction. As in Chapter 2 to Chapter
4, a rectangular wing with a half-span of 1.5 m and a chord of 0.3 m is considered. For manufacturing reasons, the aerodynamic profile (NACA 0012)
is constant along the span.

Stringers

Compliant
ribs
Spar

Actuation
Corrugation
Skin
Wing root

Figure 7.1: The morphing wing concept.

The skin is made of unidirectional CFRP layers. The skin is divided in an
array of 15 sectors with different thickness (five chordwise and three
spanwise). The layup considers four plies with ±𝜗 orientation, whereas the
remaining layers are oriented in the spanwise direction. This layup allows
for a sufficient torsional and bending stiffness of the wing while maintaining a satisfactory chordwise compliance. The area at the root where the
wing is clamped is reinforced with additional CFRP fabric layers.
The morphing skin of Chapter 4 is replaced by a double corrugated panel,
which provides the required compliance to the skin. The DCo is located on
the lower wing surface to minimise its aerodynamic penalty; based on the
results of Chapter 4, the DCo is positioned aft of the spar. The DCo, the
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spar, and the stringers are interrupted at the ribs in order to avoid interferences with the rib structure and the actuators.
The wing has ten compliant ribs, distributed pairwise along the span; one
actuator is located between each rib pair. Because of the intended manufacturing method (3D printing), the ribs are made of polymeric material (ABS).
The wing is parameterized using 145 design variables (DVs):
- Properties, position, and length of the corrugation (3 DVs). The properties
are described using the metamodel illustrated in section 7.1.3;
- Cross-sectional position of the actuators and intensity of the force (3
DVs);
- Skin thickness: the thickness of five cross-sectional, piecewise-constant
thickness segments, the (two) spanwise positions at which the thickness is
uniformly reduced and the related reduction factors (9 DVs);
- Rib topology, represented (as described in section 3.1.3) by the position of
the nodes and the thickness of the beams connecting them (115 DVs);
- Spanwise position of each rib pair (5 DVs);
- Cross-sectional position and thickness of the spar and size (length and
thickness) of its compliant joints (5 DVs);
- Cross-sectional position of each stringer (5 DVs).
7.1.2
Wing optimisation method
To assure a high performance, the wing is designed with the help of optimisation tools. A two-step approach is selected. First, the DCo is modelled
with an equivalent plate whose properties are determined by an ad hoc developed metamodel. The metamodel allows for a lower number of describing parameters, thus reducing the complexity of the optimisation. Moreover,
compared with the generic skin considered in Chapter 4, the metamodel
allows for a more realistic estimation of the corrugation properties. Based
on the obtained results, the DCo design is selected.
In a second step, the wing with the selected corrugation is re-optimised to
adapt the wing design. Finally, the optimisation is refined by physically
modelling the corrugation, thus compensating for the unavoidable approximations introduced by the equivalent model.
As the considered wing has no ailerons, the morphing deformation must be
able to provide a sufficient roll controllability and manoeuvrability. Additionally, as for all aerospace structures, the wing should be lightweight.
These two performance criteria are considered essential in order to propose
a viable morphing concept. Thus, the optimisation objective is the simultaneous maximisation of the rolling moment coefficient 𝐶ℒ (eq. (2.19)) and
minimisation of the wing weight.
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The roll moment and the wing weight 1 are calculated with the algorithm
illustrated in section 3.2. The optimisation is performed with the customized
implementation of the Matlab multi-objective controlled elitist genetic algorithm of section 3.2.
7.1.3
Corrugation metamodel
As previously explained, the corrugation is parameterized using a metamodel. Particularly, a composite DCo design is considered. As the achievable performance severely depends on parameters like the layer thickness
and the manufacturing process, the corrugation construction and material
are selected before the creation of the metamodel.
Because of their particularly low thickness (31 μm), unidirectional prepreg
plies from North Thin Ply Technology (120EP-513/CF, FAW 30 g/m2, FVC
53%) are selected for the shoulders. As the corrugation is modelled with
only one element in the width, the 3D buckling behaviour cannot be considered. This is compensated for by imposing layups with sufficient reinforcements in both directions. Four layups are considered: [0,90,0], [0,90,90,0],
[0,90,0,90,0], and [0,90,0,0,90,0]. The 90° direction is perpendicular to the
corrugation.

w1

h
w2

L

Figure 7.2: Layout and parameters of one module of the corrugation considered in
the optimisation.

The corrugation is assumed to be constructed as shown in Figure 7.2.
Apart from the mentioned layup for the shoulders, the corrugation is described by five design variables: the length of the module (𝐿), the height (ℎ),

1

The estimated weight is expected to be lower than the real one: due to the simplified modelling used for the optimisation, some elements like glue and local reinforcements are not included in the estimation. This is however not considered critical as the obtained value well represent the weight performance of the wing.
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the gap width (𝑤2), the width of the top element (𝑤1) and the thickness of
the reinforcement (in red in Figure 7.2).
The maximum height of the corrugation has a significant impact on the
achievable axial compliance (section 5.4.4). On the other hand, because of
the interference with the upper wing skin, the height also limits the most
rearward chordwise position of the corrugation on the wing. This is expected to have an impact on the performance: as shown in Chapter 4, the
compliant skin should be optimally placed close to the trailing edge. Taking
into account also manufacturing complexity, a compromise value of
12.5 mm is selected for the maximum corrugation height.
The corrugation metamodel is constructed using several multi-objective
optimisations in which the axial stiffness (in the compliant direction) is
minimised against the weight (per unit area) of the corrugation. Constraints
on the required structural strength and bending stiffness are enforced using
the stress box function 𝑓𝜎 𝑏𝑏𝑏 (section 5.3).
In the metamodel, the performance is defined as function of the bending
stiffness 𝐾𝑏 (eq. (5.1)) and the maximum transferrable bending moment
𝑀𝑏 𝑚𝑚𝑚 . Although the maximum axial elongation 𝜀𝑎 𝑚𝑚𝑚 could also be chosen as parameter, this would considerably complicate the metamodel and
require an excessive calculation time. Thus, 𝜀𝑎 𝑚𝑚𝑚 is imposed to be 25%. A
total of 28 optimisations 1 for different values of 𝐾𝑏 and 𝑀𝑏 𝑚𝑚𝑚 are performed to create the metamodel; for each optimisation, one solution with
the optimal trade-off between the axial stiffness and the weight is selected 2.
The performance obtained for several points is expanded through interpolation to the whole range of 𝐾𝑏 and 𝑀𝑏 𝑚𝑚𝑚 .
The resulting axial stiffness, 𝐾𝑎 , as a function of the bending stiffness 𝐾𝑏
and the moment 𝑀𝑏 , is reported in Figure 7.3 and the weight is reported in
Figure 7.4. Please note that, because of the definition of the stress box
function 𝑓𝜎 𝑏𝑏𝑏 , 𝐾𝑏 represents a lower bound for the stiffness over the calculation arena; the maximum bending stiffness is generally higher.

1

The optimisations require a total of 340 calculation hours on a high performance
workstation (Intel i7-3930 K 3.20 GHz, 32 GB RAM, solid-state drive)
2
As the thickness of the shoulder is bound to the previously introduced layups, the
obtained Pareto fronts have a very limited trade-off area and, in some case, converge
to one point. As a consequence, the identification of the optimal trade-off is generally simple.
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Figure 7.3: Axial stiffness as function of the bending stiffness 𝐾𝑏 and bending
moment 𝑀𝑏 𝑚 𝑎 𝑥 .
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Figure 7.4: Area weight as function of the bending stiffness 𝐾𝑏 and bending moment 𝑀𝑏 𝑚 𝑎 𝑥 .

Additionally to the axial stiffness 𝐾𝑎 and the area weight 𝜌, the axial and
bending stiffness in the transversal direction, 𝐾𝑎 𝑡𝑡 and 𝐾𝑏 𝑡𝑡 , and the shear
stiffness 𝐾𝑠 can be calculated for each obtained point. Although these pa-
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rameters are not part of the design objectives, the estimated values offer a
reasonable guess and are therefore included in the metamodel.
The corrugation is represented in the wing model with an equivalent plate.
The bending stiffness in the compliant direction 𝐾𝑏 is selected by the optimiser. A value of bending moment 𝑀𝑏 𝑚𝑚𝑚 is initially assumed and the remaining properties are obtained from the metamodel:
[𝐾𝑎 , 𝐾𝑎 𝑡𝑡 , 𝐾𝑏 𝑡𝑡 , 𝐾𝑠 , 𝜌] = 𝑓(𝐾𝑏 , 𝑀𝑏 𝑚𝑚𝑚 )

(7.1)

At each iteration of the aeroelastic calculation, the previous estimation of
𝑀𝑏 𝑚𝑚𝑚 is corrected with the calculated aero-structural loads and the corrugation properties are updated. Constraints impose that the corrugation axial
elongation 𝜀𝑎 is below 25%, which is the maximum value considered for
the metamodel.
7.1.4
Wing optimisation with corrugation metamodel
Using the approach described in section 7.1.2 and the metamodel from
section 7.1.3, the wing design is optimised. The optimisation considers 600
individuals and evolves for 150 generations; the optimisation requires
around 260 hours on a high-performance workstation 1. The obtained Pareto
front is shown in Figure 7.5. The points of the front can be assumed as lying
on the line representing the minimal wing weight for a given required rolling moment coefficient 𝐶ℒ .
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Figure 7.5: Results of the optimisation.

Intel i7-3930 K 3.20 GHz, 32 GB RAM, solid-state drive.
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Inspection of the design variables (Figure 7.6) indicates that the optimiser
prefers a corrugation having a low bending stiffness 𝐾𝑏 : the obtained value
is equivalent to a 0.12 mm thick aluminium sheet. As reported in Chapter 4,
the axial stiffness in the chordwise direction has a strong impact on the wing
performance; based on the developed metamodel (Figure 7.3), a low 𝐾𝑏
allows achieving a high axial compliance thereby reducing the actuation
work and thus weight. Moreover, the low bending stiffness 𝐾𝑏 limits the
maximum bending moment in the corrugation 𝑀𝑏 𝑚𝑚𝑚 and results in a further decrease of the corrugation axial stiffness and weight.
Thus, the resulting optimal corrugation layout, which is located in the
lower left part of the plots in Figure 7.3 and Figure 7.4, corresponds to the
design offering low axial stiffness and weight.
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Figure 7.6: Optimal bending stiffness 𝐾𝑏 of the corrugated skin and maximum
(absolute value) bending moment applied on the corrugation.

The optimal corrugation location is shown in Figure 7.7. The position is
referred to the normalized curvilineal coordinate 𝜁 running along the profile
(section 4.2). The optimal corrugation location converges to its upper
bound, which corresponds to the rearmost allowed location; as explained in
section 7.1.3, the corrugation position is limited by the corrugation height.
Figure 7.7 indicates also that the optimal corrugation length is equal to approximately 55 mm independently of the rolling moment.
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Figure 7.7: Optimal length and position of the corrugated skin. The position is referred to the normalized curvilineal coordinate 𝜁 running on the profile; the coordinate have origin at the trailing edge.

7.1.5
Wing design refinement
Based on the desired corrugation performance identified in the previous
section, a corresponding corrugation is designed.
To simplify the manufacturing process, extra design constraints are introduced. Particularly, the distance between the top elements of two modules is
imposed equal to the gap width: this results in a symmetric design and reduces the tooling required for the manufacturing. Moreover, the same ply
preform 1 used for the shoulders is used for the reinforcement. To obtain
well shaped corners and avoiding delamination between the layers, two preform layers are used for the reinforcement, one above and one below the
main foil.
Although a corrugation with low bending stiffness results in lower bending
loads and structural weight, it might also result in vibrations [64]. As only
the static aeroelastic behaviour is taken into account in the optimisation, the
bending stiffness is conservatively increased. 2

1

Because of the difficulty of handling the selected prepreg, the thin UD layers are
ordered in preforms made of three plies, pre-stacked with orientation [0,90,0] to
match the layup of the shoulders.
2
As an alternative solution for the mitigation of vibrations, a semi-active augmentation of the corrugation’s damping through a reversible electric bonding from
Chapter 6 could be used.
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The obtained design is shown in Figure 7.8; the resulting corrugation has
an axial stiffness 𝐾𝑎 of 1.0 N/mm, a weight area of 1.0 kg/m2, and a bending
stiffness 𝐾𝑏 of 355 Nmm/mm (in the undeformed and unloaded state).

19

12.5
8
27
Figure 7.8: Obtained corrugation design. Different ply preforms are indicated in
different colours; the thickness is not in scale.

To account for the modification in the corrugation properties, the wing is
re-optimised. The corrugation is represented with its equivalent model.
Since the bending stiffness is fixed, the corrugation is described only by two
parameters: the chordwise position and the length. As the length of the corrugation modules is known, the number of modules is used as design variable. Apart from the corrugation parameterization, the wing is described by
the same design variables. The optimisation considers 600 individuals and
evolves for 100 generations. The results indicate that the optimal corrugation length is two modules (54 mm), which is compatible with the result
obtained in the previous case.
Although the (linear) equivalent model reproduces the corrugation behaviour with a reasonable level of accuracy, it unavoidably represents an approximation. In particular, the shear behaviour might have significant differences. Thus, the wing model is further refined by physically modelling
the corrugation. Based on the obtained results, the corrugation length is
fixed to two modules whereas the position is still optimised. The optimisation considers the previously obtained solutions as initial population and it
therefore evolves for 50 generations only. The obtained results are reported
in Figure 7.9.
The results show that, as in section 3.4.2, the weight increases strongly
with the rolling moment coefficient 𝐶ℒ . Particularly, the structural weight
(in green) is almost independent from the 𝐶ℒ . On the other hand, the actuation weight, i.e. the difference between the red and the green curves, increases significantly with 𝐶ℒ : this is due to the higher actuation forces required, for greater levels of morphing, to elastically deform the structure.

7.2 Wing demonstrator

133

Half-wing weight [kg]

2.5
Total weight
Structural weight
Conventional wing
2

1.5

1
0

0.02

0.04 0.06 0.08 0.1 0.12 0.14
Rolling moment coefficient
Figure 7.9: Results of the wing optimisation. The results for the conventional wing
are from section 3.4.2. The selected design (s. 7.2) is indicated with a black asterisk.

The results for an equivalent conventional wing from section 3.4.2 (Figure
3.12) are compared to those of the morphing wing (Figure 7.9). These results are obtained using an equivalent modelling approach and the same
optimisation algorithm. It can be seen that the morphing solution offers a
considerably lower weight for low values of 𝐶ℒ . As a 𝐶ℒ value of 0.05-0.06
is considered sufficient for providing adequate controllability (section
2.2.5), this morphing solution is expected to be lighter than a conventional
solution.

7.2

Wing demonstrator

To demonstrate the obtained results, one solution is selected and a wing
prototype is manufactured.
The multi-objective optimisation provides a set of Pareto-optimal solutions with respect to the rolling moment and the weight. The optimal solution needs to be selected according to the intended application, for example
depending on the minimum required manoeuvrability or the maximum allowable weight.
For demonstration purposes, a solution with a 𝐶ℒ value of 0.12 and a total
weight of 1.85 kg (1.2 kg structural weight, 0.65 kg actuation weight) is
selected; the solution is indicated in Figure 7.9 by a black asterisk. The chosen design can provide a high rolling moment and is over- sized for common applications. However, the structural weight (green dots in Figure 7.9)
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is negligibly higher (3%) than for solutions having a 𝐶ℒ value between 0.05
and 0.06: the difference in weight is due to the higher actuation weight.
Thus, it is expected that by selecting different (under-dimensioned) actuators, another point on the Pareto front can be obtained and the performance
(𝐶ℒ and weight) of the chosen solution can be tuned by selecting different
actuators.
The selected wing layout is illustrated in Figure 7.10. The corrugation (in
magenta) is located on the rear part of the profile. Interestingly, owing to its
appreciable bending stiffness, the corrugation does not need to be supported
by an underlying structure , which would hinder the axial compliance of the
corrugation. Similarly for Chapter 4, the obtained rib structure (in red) is
interrupted at the corrugation position and the actuation rod (in black) reintroduces the structural continuity. The shape change is obtained by flexing
the rear part of the profile whereas the front part is mainly deputed to the
load-carrying function.
Even though the wing model used in the optimisation represents a realistic
structure, some modifications are introduced before the wing can be manufactured. Although the optimisations consider linear actuators, rotary servos
are selected because of the more compact size, the lower cost, and the higher bandwidth. The servos are attached to the upper wing skin with custom
made support and a crankshaft-like mechanism is used to transform the rotation in linear displacement.

Figure 7.10: Optimised rib layout. The skin is indicated in blue, the rib in red, the
spar in green, the corrugation in magenta, and the actuator in black. For visualization
purposes, the skin thickness is increased by a factor 2.

Moreover, the wing is recalculated using a finer, detailed FE model including the spar flanges, the rib-skin connection elements, the thickness of the
glue for bonded parts, the local reinforcements, the servos with their attachments, the crankshaft-like mechanism, and the openings for accessing
the actuators. Based on the detailed model, the skin thickness is modified to
have a maximum difference of two layers between adjacent areas; when not
possible, a transition area is introduced. The final layout of the wing is illustrated in Figure 7.11.
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Figure 7.11: Sketch of the final structural layout.
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7.2.1
Manufacturing
The wing is manufactured in the laboratory. The wing skin is laminated on
a positive aluminium mould using unidirectional CFRP prepreg from c-m-p
(CM-Preg T-C- 120/625 CP002 35). A GFRP counter-mould is used to obtain a good surface finishing and a controllable thickness.
The double corrugation is manufactured from two single corrugations. The
corrugations are laminated on an aluminium mould, covered with a solid
silicon counter-mould, vacuum-bagged and cured in the autoclave at 120°
and 5.5 bars. The two corrugations are glued together with a prepreg epoxy
adhesive film from Newport (NB-102). Unfortunately, because of excess
glue creating fillets at the sides of the bonded areas, the resulting axial stiffness of the manufactured corrugation is higher than the numerically predicted value.
Stringers are laminated using woven CFRP prepreg from SGL Group (CE
8201-245-45S). The spar is wet-laminated on a positive mould using CFRP
fabric. Compliant ribs and actuator attachments are produced in ABS using
a Dimension Elite 3D fused deposition modelling (FDM) machine.
The manufactured parts are then cut to size and assembled. Shims are used
to compensate for manufacturing tolerances between the spar and the skin.
The corrugation is bonded to the skin with a single strap joint. Two reinforced access panels are built in the skin for the installation of the actuators.
The wing is mounted on a milled aluminium support and fixed with screws;
the skin at the wing root is locally strengthened with wet-laminated woven
CFRP reinforcements to compensate for the screw holes.
The actuation is provided by five S.Bus S9074SB digital servos from
Futaba (maximum torque 2 Nm). The servos are attached to an aluminium
shaft installed in the ribs; an aluminium arm transfers the loads to a pultruded CFRP rod. The servos are powered with a Voltcraft PS 2403 Pro power
supply and are controlled using an Arduino Mega 2560 microcontroller
board and a VB6 user interface.
The completed wing is shown in Figure 7.12. The wing has a weight of
1665 g, of which 310 g are represented by the actuators.
Accession panels
Pressure side
Wing root

Figure 7.12: Morphing wing demonstrator.
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Actuation tests

The deformation under actuation loads is tested to verify the wing capability of undergoing the desired geometrical shape changes. As for the numerical calculations, the actuators are assumed to apply the same force at all rib
positions. Since the selected servos are position controlled, a direct feedback on the applied force is not available; instead, the displacement produced by the servos is scaled according to the calculated strokes. The servos
apply respectively 14%, 29%, 58%, 77%, and 100% of the displacement
applied by the actuator at the wingtip. In this work, the applied actuation is
indicated in levels: one unit corresponds to a displacement imposed by the
servos equal to 0.09, 0.18, 0.35, 0.45, and 0.57 mm.
The displacements achieved by the actuation are measured using a stereoscopic digital image correlation (DIC) system from Correlated Solutions.
The speckle patterns are printed on adhesive paper and glued to the wing.
The vertical (out-of-plane) deformation for the -5 actuation level, both for
the top and the bottom wing surfaces, is shown in Figure 7.13; please note
that, due to the DIC evaluation algorithm, the displacements close to the
wing contour cannot be obtained. The results confirm that the deformations
are concentrated in the rear part of the wing. The deformations increase
without discontinuities from the root (which remains undeformed) to the
wingtip.

BOTTOM SURFACE
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Figure 7.13: Measured out-of-plane displacements for actuation level -5. The displacements close to the wing contour cannot be obtained due to the DIC evaluation
algorithm.

The shape change for a section located at the tip of the wing is shown in
Figure 7.14. Although the deformation mainly takes place in the part aft of
the spar, the wing achieves a smooth deformed shape.
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Figure 7.14: Deformed shape of the wing at the tip for positive (+4) and negative
(-5) actuations. The dotted line represents the estimated shape (obtained by interpolation) across the corrugation gaps. Dimensions are in millimetres.

The vertical displacement close to the trailing edge (measured on the lower surface) is shown in Figure 7.15 for different spanwise positions. The
wing is deformed with actuation levels ranging between -5 to +4. Higher
levels cannot be reached due to limitations in the current produced by the
used power supply. The curves show a slow, non-linear increase of the displacement at low actuation levels, followed by a mostly linear regime. The
non-linear area is due to backlash in the actuation links and in the servo
attachment. Figure 7.15 reports also the displacement calculated (under
non-linear assumptions) for the tip section; the actuation level is increased
(absolute value) by 0.65 to account for the previously described backlash.
The numerical values agree well with the experimentally measured values
for all the considered actuation levels.
10
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Figure 7.15: Deformation of the trailing edge for different spanwise positions and
actuation levels. Please note that the total deflection is higher as the rest of the wing
moves in the opposite direction.
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Figure 7.16: Displacement of the leading edge (LE), trailing edge (TE) and an intermediate position as a function of the spanwise position. The full lines are for a
positive actuation (level +4), the dashed lines for a negative actuation (level -5).

Figure 7.16 shows that the trailing edge displacement increases (absolute
value) smoothly along the span, both for positive (full line) and negative
(dashed line) actuation levels. Interestingly, due to the wing being fixed at
the root, the forward part of the profile moves in the opposite direction
compared to the trailing edge. The displacement of an intermediate position
located at 68 mm from the TE is also shown. As in the previous case, the
measured and the calculated values are in good agreement.
Figure 7.17 shows the total corrugation elongation along the span (in
blue), and how this is distributed between the first and the second module of
the corrugation. Globally, the corrugation undergoes relatively small axial
deformations; however, the maximum local deformation of the individual
modules is considerably larger than the average value.
As the wing root is fixed, the wing sections warp when morphed: as a consequence, shear loads are introduced in the skin and, in particular, in the
corrugated skin. As explained in section 4.2, because of the low axial stiffness of the corrugation in the compliant direction, the shear loads cause an
in-plane rotation of the corrugation: this is indicated by the difference between the elongation of the first and the second corrugation modules
(Figure 7.17). As the shear stiffness increases with the spanwise length of
the corrugated panel (section 4.2), interrupting the corrugation at the rib
locations allows for a more compliant wing and thus for lower actuation
forces.
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Figure 7.17: Axial deformation of the corrugation as a function of the spanwise
position. The full lines refer to the positive actuation (level +4), the dashed to the
negative (level -5).

7.4

Wind tunnel tests

The wing demonstrator is tested in the ETH Zürich low-speed, close test
section wind tunnel to provide an experimental indication of the achieved
performance and of its functionality under both actuation and aerodynamic
loads.
The wind tunnel has a cross section of 2×3 m and a test length of 4 m.
Tests are conducted by performing a sweep of the angle of attack (AoA) at
the rate of 0.5°/s: the AoA is decreased from zero to its minimum value,
then increased to the maximum value, and finally brought back to the initial
condition. During the test, forces and moments are measured with a sixcomponent, piezoelectric balance and the displacements of the wing are
measured using the previously introduced DIC system. The test speed is
conservatively limited to 26.5 m/s due to the possible occurrence of critical
vibrations at higher speeds. 1
The wing is tested at three different speeds: 12.5 m/s (Re 240’000), 22 m/s
(Re 420’000), and 26.5 m/s (Re 510’000). The wingtip deflection measured
at the different speeds is shown in Figure 7.18. The rigid rotation of the
wing due to the AoA change is removed from the measured displacements
1
As the flutter behaviour is not considered in the wing design, the maximum allowable speed is unknown. An experimental determination of the flutter speed is
however considered out of the scope.
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and the deflection is obtained as the average of at least four points along the
chord. Please note that the irregularity of the curves is due to the presence
of vibrations and measurement noise (amplified by the removal of the AoA
rigid rotation).
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Figure 7.18: Measured and calculated wingtip deflection for different tests speeds.

The experimental values are compared with the calculated deflections. The
calculation method relies on the same fluid-structure interaction used for the
optimisation but considers a non-linear structural solution and a fixed actuation level. The results show good agreement, thus further demonstrating the
validity of the used simulation tool.
The lift coefficient measured at 22 m/s for different actuation levels is reported in Figure 7.19. The actuation shifts the curve vertically: negative
actuations increase the maximum 𝐶𝐿 whereas positive actuations decrease
the minimum 𝐶𝐿 . Depending on the AoA, the morphing deformations can
result in changes of 𝐶𝐿 of 0.35÷0.40 between the maximum and the minimum tested actuation levels.
Tests show that the lift is unchanged when the actuation is unpowered.
This is due to the fact that the aerodynamic loads are mainly carried by the
structure and therefore cause small forces on the actuators; these small forces can be reacted by friction in the actuation linkages and by the internal
resistance of the unpowered servo. Thus, for the investigated conditions, the
failure of the servos would not be critical for the wing structural integrity.
Figure 7.20 shows that the speed has a small effect on the lift coefficient
𝐶𝐿 . The 𝐶𝐿 at 22 and 26.5 m/s is practically identical, whereas the curves at
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12.5 m/s display small differences at low AoA and an earlier stall at positive
AoA. These differences are caused by the change in the Reynold number
rather than to differences in the aeroelastic behaviour. 1
1
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Figure 7.19: Lift curves for different actuation levels at 22 m/s.
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Figure 7.20: Lift curves for different test speeds at actuation levels -3, 0, and +3.
1

This is verified numerically by changing only the dynamic pressure or only the
Re number; in the first case, no visible change in the curves is obtained.
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Figure 7.21: Rolling moment curves for different actuation levels at 22 m/s.

The rolling moment ℒ is estimated as the difference between the root
bending moments when the wing is deformed in the positive and in the negative directions 1:
ℒ ≈ | +𝑀 − −𝑀|

(7.2)

The moment coefficient for different actuation levels (Figure 7.21) shows
that the wing is able to provide a sufficient roll control authority over a wide
range of angles of attack.
Figure 7.22 shows that the aerodynamic drag curves move horizontally
with the actuation level. As the lift is similarly affected by morphing, the
drag polar undergoes no significant change with the actuation level. Also,
the zero-lift drag of the actuated wing is, for the reported actuation levels,
almost equal to the undeformed case: this shows that the shape change is
obtained with minimal aerodynamic losses. It is important to highlight that
these results are obtained although the drag minimisation is not part of the
optimisation objectives. The good aerodynamic efficiency is due to the conformal changes in the aerodynamic profile shape which are characteristic of
morphing wing solutions.

1

As only one half-wing is tested in the wind tunnel, the results refer to a symmetric lift distribution. However, during a roll manoeuvre, the lift distribution is not
symmetric. Numerical calculations indicate that this results in approximately 5%
overestimation of the rolling moment.
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Figure 7.22: Drag curves for different actuation levels at 26.5 m/s.

7.4.1
Aerodynamic effect of the corrugation
The utilised corrugation allows for realizing the great anisotropy necessary
for structural purposes. On the other hand, this results in a not-smooth wing
profile. As discussed in the introduction, corrugations can lead to aerodynamic penalties and, in particular, to an increase of the drag.
To evaluate the effect of the corrugations considered in this work, the aerodynamic performance of the wing with corrugations is compared with the
one of a wing with a smooth profile. The smooth profile is obtained by covering the corrugations with a 0.05 mm thick DC01 steel foil from
MetallJobst. The forward part of the foil is attached to the wing using adhesive and further secured with tape (in blue in Figure 7.23). In the remaining
part, the foil is free to slide on the wing and on the corrugation and the wing
can still be actuated.
The foil is maintained attached to the wing using magnets glued to the inside of the wing. As illustrated in Chapter 6, the same effect can be achieved
with electro-bonding, which has the advantage of being tuneable and to
have a distributed nature. This solution was however not applied because of
technological limitations, i.e. the difficulty of producing insulated foils of
the required size and with sufficient quality to avoid the occurrence of
breakdown phenomena.
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Figure 7.23: Wing with the metal foil covering the corrugation.

The influence of the corrugation on the drag is evaluated by considering
the analytic polar:
𝐶𝐷 = 𝑘(𝐶𝐿 − 𝐶𝐿0 )2 + 𝐶𝐷0
(7.3)
The drag polar is obtained by interpolating the measured drag with a second-degree polynomial; to excluded the data close to stall, only the points
with 𝐶𝐷 <0.03 are considered in the interpolation. The results show that the
zero-lift (parasitic) drag 𝐶𝐷0 is lower when the corrugation is covered
(Figure 7.24), thus resulting in an increase of the aerodynamic efficiency by
around 2 points. On the other hand, no difference is measured on the liftinduced drag (coefficient 𝑘 in eq. (7.3)). The tests also indicate that the corrugation has no measurable effect on the generated lift in any tested condition (speed and actuation level).
The tests demonstrate that the foil remains attached to the wing during
normal operation 1 and during changes in the applied morphing. Thus, the
1
During one test, the foil separates after stall at negative AoA (-15°) due to the recirculating nature of the flow. The foil re-attaches to the wing when the profile recovers from the stall; no damage is detected.
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proposed solution can be implemented on morphing wings with corrugated
skins (not only DCo) for mitigating or eliminating the aerodynamic penalties associated with the non-smooth skin. Please note that, compared to the
segmented skin from Thill et al. [64], the suggested solution results in a
smoother skin and is therefore expected to offer a lower drag.
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Figure 7.24: Zero-lift drag coefficient as a function of the actuation level. The full
curves are at 22 m/s, the dashed ones at 26.5 m/s.
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Conclusions

The double corrugation is implemented in a compliant, camber-morphing
wing: the wing relies uniquely on morphing to produce rolling moments,
thus allowing for replacing conventional ailerons. The wing design is obtained with a multi-disciplinary methodology considering the threedimensional, aeroelastic wing behaviour and utilising numerical optimisations.
The results show that the wing can achieve high levels of control authority.
Moreover, thanks to the introduced selective and distributed compliance, the
wing has no weight penalties (for medium and low 𝐶ℒ ) compared to conventional wings with ailerons.
A demonstrator is manufactured and its performance is tested. The displacement field is measured with a DIC system showing the capability of
the wing to deform without discontinuities, both in the chord- and spanwise
directions. Furthermore, considerable trailing edge displacements are obtained. Wind tunnel tests indicate that the designed morphing wing can produce roll moments that make conventional ailerons unnecessary. Moreover,
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the obtained changes in shape have a negligible effect on the zero-lift drag,
thus demonstrating the aerodynamic efficiency of seamless shape changes.
A solution for covering the corrugation, based on a continuous skin and
magnetic elements, is presented. The wind tunnel tests show that the covering system operates correctly under the considered flight conditions and it
allows for a significant reduction of the zero-lift drag.

Conclusions

Morphing wings can potentially increase the performance of airplanes.
Although countless studies have been conducted in the past, morphing
wings have not been implemented on production airplanes. Despite allowing for a greater adaptability and a higher aerodynamic efficiency, weight
and complexity penalties usually exceed the obtained advantages, thus rendering the morphing solution impractical.
In the conducted research work, critical aspects of the design of morphing
wings are first identified. Particularly, two phenomena are observed that can
considerably reduce the performance of 2D morphing concepts: 3D coupling effects between the camber-morphing deformation and the wing torsion; detrimental effect of discrepancies between the obtained and the desired morphed shapes on the aerodynamic performance. The results indicate
the need for new design methods and for selectively compliant 3D morphing concepts.
To address the identified challenges, a new methodology for the design of
complex three-dimensional morphing structures is proposed. Multidisciplinary calculation tools are developed to concurrently analyse the 3D, aeroservo-structural morphing wing behaviour. Also, multi-objective optimisation algorithms are used for simultaneously considering the several colliding requirements and performance indices in the wing design. As a result,
the methodology allows for maximising the wing global performance, thus
leading to more viable morphing wing solutions.
The results obtained with the proposed methodology show that the considered morphing wing can produce a significant roll control authority. The
multi-objective optimisations show that there is a strong dependence between the achievable rolling moment and the weight of the system. A parametric comparison of the performance of a morphing and an equivalent
conventional wing indicates that the two systems have a comparable weight
for usual rolling moment coefficient values (𝐶ℒ ~ 0.05-0.06). Interestingly,
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the morphing solution features a lower structural weight; this is compensated for by a higher weight of the actuators, which is due to the need of
overcoming the structural stiffness and to the greater number of actuators.
As a result, the morphing solution is more suited to medium and low rolling
moments and speeds. On the other hand, thanks to the smoother deformations, it offers a considerably lower manoeuvring drag.
In a further step, the design methodology is used to identify the ideal structural characteristics of passive morphing skins. The results indicate that
morphing skins should have a highly anisotropic behaviour. In the morphing
direction, the skin should offer a very high axial compliance whereas the
desired bending stiffness is comparable to the adjacent, non-morphing skin.
In the transversal direction, the morphing skin should offer a very high
bending stiffness. Moreover, a low in-plane shear stiffness is desired to allow for the section to warp.
A novel selectively-compliant corrugated skin, called double corrugation,
is proposed. The results of experimental tests and of parametric non-linear
optimisations show that the double corrugation satisfies the previously identified ideal morphing skin properties for a wide range of operational conditions. Moreover, it offers a significantly better performance than comparable conventional corrugations. The aerodynamic penalty of the corrugation
non-smoothness can be minimised using a continuous covering skin. Experimental tests show that a reversible electrostatic bonding can effectively
keep the skin attached to the underlying corrugation. Furthermore, the friction forces at the electro-bonded interface considerably augment the dissipation properties of the structure, thus preventing large vibrations caused by
the high axial compliance of the skin.
To showcase their potentialities, the proposed methodology and the developed morphing skin are applied to the design of a morphing wing demonstrator. The numerical results show that the wing can achieve high levels of
control authority and that it can deform without discontinuities, both in the
chord- and spanwise directions. Remarkably, thanks to the use of selective
compliance, the wing is lighter than a conventional wing with ailerons.
Wind tunnel tests demonstrate that the designed morphing wing can produce roll moments that make conventional ailerons unnecessary. Furthermore, the seamless deformation results in a high aerodynamic efficiency.
It can be concluded that, owing to the developed multi-disciplinary design
methodology and to the use of efficient selectively compliant structural solutions, the camber-morphing wings can produce a considerable roll controllability while offering, compared to conventional wings, a competitive
weight and a greater aerodynamic performance. The presented research
shows that the penalties generally incurred by adaptive solutions can be
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overcome, so that morphing can indeed offer a viable alternative to conventional aileron-based wing designs.

Outlook
Although several fundamental challenges connected to the design of
morphing wings have been addressed in this work, some important aspects
still need further investigation. For instance, the calculation tool can be expanded to consider phenomena like flutter or fatigue. Furthermore, the effect of the size and geometry of morphing wings on the structural and actuation weight needs to be evaluated to determine the applicability of the
concept to large scale aircraft. Similarly, to realistically assess the advantages and disadvantages of morphing solutions, the effect of the greater
aerodynamic efficiency on the mission fuel consumption needs to be quantified.
Another major challenge is the integration of the actuation: active or semiactive materials can be embedded in the structure to obtain a lighter system
or to decrease the required actuation energy. Apart from the required design
methods, the durability of such integrated compliant structures needs to be
further investigated, both concerning material fatigue and the deterioration
of the actuation authority. Similarly, the proposed semi-active corrugated
skin needs to be further improved to overcome some identified challenges
like the durability of the interfaces, the prevention of breakdown phenomena, and the impact of manufacturing tolerances on the obtained adhesion
forces.

Appendix A
Validation of the aeroelastic tool

The aeroelastic algorithm used in this work is described in section 3.2.1.
The calculation tool is based on a self-written Matlab script calculating the
aeroelastic response of the wing under aerodynamic and actuation loads.
The scrip partially relies on external calculation tools:
• Xfoil is used for the 2D profile aerodynamic calculations. A validation
of Xfoil is offered in [73];
• MSC.Nastran (commercial product from MSC.Software Corporation) is
used for the FE calculations.
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Figure A.1: Results of the correlation between XFLR5 and the Matlabimplemented extended lifting line for two NACA profiles. The comparison is performed at 35 m/s, considering viscous effects but not compressibility effects
(Mach=0). The results refer to the lift coefficient 𝐶𝐿 (a) and to the drag coefficient
𝐶𝐷 (b).
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For the 3D aerodynamic calculation, a self-written Matlab code based on
the ELLT (Extended Lifting Line Theory) method [74] is used. The code is
validated with the program XFLR5 1 [71]; the comparison results (Figure
A.1) show that the two tools produce identical results.

A.1.

Validation of the fluid structure interaction

The fluid structure interaction (FSI) calculation is validated by comparing
the results obtained with aeroelastic calculations from MSC.Nastran. Nastran allows coupling the structural and aerodynamic responses of a wing
using a Doublet-Lattice method (DLM), which is based on a linearized aerodynamic potential theory and assumes all lifting surfaces to lie nearly parallel to the flow [97]. A subset of the structural degrees of freedom (in our
model the ones on the leading edge, the trailing edge and the middle of the
spar, see Figure A.2) are used to obtain the deformed aerodynamic shape
(via a SPLINE1 surface spline). Due to the used algorithm, Nastran can see
the global deformations but not the local profile deformations. Therefore,
the validation is carried out on the conventional wing model as it offers a
higher cross-sectional stiffness and a lower local deformations.

Figure A.2: FEM model of the structure considered for the FSI validation. The
structural nodes coupled with the aerodynamic mesh are shown as black dots.

The structure used for the validation is shortly described in the following.
The skin has a thickness of 2 mm, which is reduced by 60% at 40% of the
wingspan. Six ribs are located at 200, 400, 700, 1000, 1225 and 1450 mm in
the wingspan direction. Eight stringers are located at 41.5, 86.8, 132.4,
208.5 mm in the chord direction, both on the upper and on the lower side.
The main spar is 2 mm thick and located at 45% of the chord. The position
of the main spar is selected to increase the deformation under load (by having a more rearward shear centre position). The aileron spans from the second to the last rib; however, to limit profile deformations (which are not
1

A validation of XFLR5 is discussed in A. Deperrois, “About XFLR5 calculations
and experimental measurements”, 2009
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correctly detected by Nastran), the skin is not disconnected between the
aileron and the wing body; thus, the aileron acts only as a second, rear spar.
To compare with the Nastran calculation, Xfoil is used in inviscid mode,
the buckling and strength limits are disabled, and the actuation (aileron deflection) is put to zero. The calculation is performed at different speeds up
to 300 m/s at an angle of attack of 5°. The high speed is used to amplify the
aeroelastic effects 1.
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Figure A.3: Results of the correlation between Nastran and the Matlabimplemented FSI for a rib thickness of 1000 mm. The results refer to the lift coefficient 𝐶𝐿 (a), to the increase of 𝐶𝐿 due to the aeroelastic effects (b), and to the wingtip vertical displacement (c). The prediction of the two methods for the 2D loft coefficient 𝑐𝐿 is also shown (d).
1
Although the speed is close to sonic, no compressibility issues are considered in
either model (Mach number equal to zero). This assumption is justified because the
objective is an effective validation and not a realistic result. Please note that, since
both programs work in term of Mach and Reynolds number (or dynamic pressure for
Nastran) and not in terms of speed, the used assumption is not physically incorrect.
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The comparison shows that, for high airspeeds, the deflections are particularly high. As a consequence, the profiles next to the root of the wing undergo a significant camber-like deformation. This deformation is taken into
account in the Matlab/Xfoil program but is not in the Nastran implementation (because of the previously introduced limits of the Nastran algorithm).
Therefore, two cases are considered, one with an almost-infinitely stiff rib
(modelled by imposing an unrealistic rib thickness of 1000 mm) and one
with a deformable rib (10 mm thick). The results are shown respectively in
Figure A.3 and Figure A.4. In the figures, the lift coefficient 𝐶𝐿 (a), the increase of 𝐶𝐿 due to the aeroelastic effects (b), and the wingtip vertical displacement (c) are reported.
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Figure A.4: Results of the correlation between Nastran and the Matlabimplemented FSI for a rib thickness of 1000 mm. The results refer to the lift coefficient 𝐶𝐿 (a), to the increase of 𝐶𝐿 due to the aeroelastic effects (b), and to the wingtip vertical displacement (c).
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The results show that the 𝐶𝐿 calculated with the two methods is within a
10% difference range. This is to be expected since Nastran relies on a thin
profile theory, whereas Xfoil accounts for the profile thickness: The 2D lift
coefficients calculated with the two theories (Figure A.3d) show that the
difference is of the same order of the one observed for the 3D 𝐶𝐿 in Figure
A.3a. It is worth remembering that the (rigid) 3D 𝐶𝐿 calculated with
Matlab/Xfoil is validated (with XFLR5, Figure A.1); thus, the discrepancy
on the 𝐶𝐿 values of Figure A.3a do not represent a problem. Please note also
that the difference in the calculated 𝐶𝐿 results in a comparable difference in
the tip displacement of Figure A.3c.
The correlation on the increase of 𝐶𝐿 due to the aeroelastic effects is excellent in the case of the stiff rib (Figure A.3b) whereas, as expected, it is less
good for the more compliant design. As already mentioned, this is due to the
limits of the aeroelastic Nastran model (which cannot see the profile deformability) and not to errors in the Matlab program.
To provide further evidence, the correlation for different main spar chordwise positions is reported in Figure A.5. The calculations are also verified
for different angles of attack, confirming the results obtained at 5°.
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Figure A.5: Results of the correlation between Nastran and the Matlabimplemented FSI for a rib thickness of 1000 mm and for the spar at 35% (a) and at
55% (b) of the chord.
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Morphing skin: additional results

B.1.

Morphing skin shear behaviour

The shear behaviour of the compliant morphing skin is illustrated by performing a virtual coupon test. The morphing material has the following
properties:
- 𝐸𝑎2 =20 GPa;
- 𝐸𝑏1 =5 GPa;
- 𝐸𝑏2 =71 GPa.
The parameters 𝐸𝑎1 and 𝐺 are varied to estimate their impact on the shear
stiffness.
The flat coupon measures 30×150 mm (Figure 4.6). The plate is completely pinned on one edge (called clamped edge) while the other edge (sliding
edge) retains freedom of movement in the length direction. The load is introduced as a concentrated force on the sliding edge: the force is distributed
with a rigid element. 1 The model is calculated with MSC.Nastran under
linear assumptions.
The typical deformation behaviour (obtained for 𝐸𝑎1 = 1 MPa and 𝐺 =
1 GPa) is illustrated in Figure 4.6. Because of the extremely low axial stiffness, the elements deform axially instead than in shear, and the rows of elements seems to rotate in the plane.
Figure B.1 and Figure B.2 show the shear stiffness 𝐾𝑠ℎ𝑒𝑒𝑒
𝐾𝑠ℎ𝑒𝑒𝑒 = 𝐹�𝑢𝑥

(B.1)

as a function of the material shear modulus 𝐺 for two values of the specimen aspect ratio (5 and 20). The black, dashed line indicates the theoretical
1
Please note that this “virtual test” does not measure exactly the in-plane shear
stiffness as the short side is unloaded. However, it reproduces the working conditions in the considered morphing wing application.
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stiffness value ��������
𝐾𝑠ℎ𝑒𝑒𝑒 , assumed to be equal to
��������
𝐾𝑠ℎ𝑒𝑒𝑒 = 𝐺 𝑡 𝐿�𝑤

(B.2)

where 𝑡 is the thickness (1 mm) and 𝐿/𝑤 is the specimen aspect ratio. The
results show that, for low values of the axial modulus 𝐸𝑎1 , the stiffness is
much lower than the theoretical value. The difference decreases both with
𝐸𝑎1 and with the aspect ratio.
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Figure B.1: Dependency of the shear stiffness on the 𝐸𝑎 1 and 𝐺 for a specimen aspect ratio 5.
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Figure B.2: Dependency of the shear stiffness on the 𝐸𝑎 1 and 𝐺 for a specimen aspect ratio 20.
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As described in section 4.2, the optimal morphing skin material parameters
𝐸𝑎1 , 𝐺, 𝐸𝑏1 and 𝐾𝑠𝑡𝑖𝑓𝑓 display no significant dependence from the density
ratio kρ (Figure B.3 to Figure B.6).
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Figure B.3: Optimal parameters for the axial modulus in the chordwise direction
as a function of the rolling moment coefficient 𝐶ℒ and for different density ratios kρ.
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Figure B.4: Optimal parameters for the shear modulus as a function of the rolling
moment coefficient 𝐶ℒ and for different density ratios kρ.
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Figure B.5: Optimal parameters for the flexural elastic modulus in the compliant
direction as a function of the rolling moment coefficient 𝐶ℒ and for different density
ratios kρ.
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Figure B.6: Optimal parameters for the stiffness ratio as a function of the rolling
moment coefficient 𝐶ℒ and for different density ratios kρ.

Figure B.7 indicates that, as reported in section 4.2, the axial modulus in
the transversal direction 𝐸𝑎2 tends to intermediate values with respect to the
bounds but has a high scatter: this confirms that, for the considered application, 𝐸𝑎2 has little influence on the wing performance.
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Figure B.7: Optimal parameters for the axial modulus in the transversal direction
as a function of the rolling moment coefficient 𝐶ℒ and for different density ratios kρ.
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Figure B.8: Optimal parameters for the rib Young’s modulus as a function of the
rolling moment coefficient 𝐶ℒ and for different density ratios kρ.

Appendix C
Description of the structural models

C.1.

Morphing wing structural model

The structural model of the morphing wing from Chapter 3 is illustrated in
Figure C.1. The skin and the corrugation are modelled with shell elements
(CQUAD4). The stringers are modelled as beams (CBEAM). The beams
have a C-shaped cross-section. For the results in section 3.4, the stringer
height is optimised; the width and thickness are maintained constant. The
stringers are connected to the skin with interpolation elements (RBE3). The
spar is modelled as a laminated plate connected to the upper and the lower
wing surfaces in two points. In order to provide additional modelling flexibility, two areas of different thickness are introduced close to the skin; depending on the thickness, these areas can act as compliant hinges or as stiff
connection. The spar is modelled with shell elements (CQUAD4). The ribs
structure is a reticule of beams with a rectangular cross-section; slender
beams are subdivided in shorter elements in order to detect the occurrence
of buckling. The rib elements are modelled as beams (CBEAM) in Chapter
3 and as plates (CQUAD4) in Chapter 4 and Chapter 7. The ribs are connected to the skin with contact/interpolation elements (RSPLINE). The skin
at the root of the wing is clamped (SPC) whereas stringers, spar and the
corrugation are not constrained.
The actuators are modelled as beams (CBEAM) with a square cross section of 2.5 mm. This way of modelling allows for considering the stiffening
effect of the actuator on the structure, which is particularly important when
the buckling strength is of interest. The actuators are connected to the skin
with contact/interpolation elements (RSPLINE) modelling a hinge with axis
in the spanwise direction. A fictitious thermal expansion coefficient is used
so that a displacement can be obtained when a temperature load is applied.
As a consequence, the actuators apply an imposed stroke controlled by fictitious temperature loads. However, the actuation levels, as well as their lim-
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its, are defined in terms of forces. The following method is used for determining the relationship between forces and strokes.
One load case per rib position is created. For each of them, a unit temperature load is applied on one actuator while no temperature load is applied on
the others. The resulting forces on the actuator beam elements are combined
in a matrix:
𝐾 = [{𝐹𝐿𝐿 1 } {𝐹𝐿𝐿 2 }

⋯ {𝐹𝐿𝐿 𝑛 }]

(C.1)

It is then possible to calculate the temperature load that must be applied on
every actuation position in order to obtain the desired actuation force:
{∆𝑇} = 𝐾 −1 ∙ {𝐹}
(C.2)

The actuator stroke 𝛿𝑎𝑎𝑎 can be obtained from the applied temperature load
∆𝑇, the length of the actuator 𝐿𝑎𝑎𝑎 and the (fictitious) expansion coefficient
𝛼:
(C.3)
𝛿𝑎𝑎𝑎 = ∆𝑇 ∙ 𝐿𝑎𝑎𝑎 ∙ 𝛼
The wing skin and the spar are made of carbon fibres reinforced plastic
(CFRP). An orthotropic model (MAT8) is used for the material and a laminated plate model (PCOMP) is used for the property. The stringers and the
actuators are made of aluminium; an isotropic material model (MAT1) is
used. The mechanical properties of the materials are reported in Table C.1.

Figure C.1: FE model of the wing from Chapter 3 (detail). The thickness and the
cross-section of the elements are visualized.

C.2 Conventional wing structural model
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Table C.1: Material data.

Aluminium
E11
E22
ν12
G12
G1Z= G2Z
Density

C.2.

[MPa]
[MPa]

71 000
0.30

[MPa]
[MPa]
[kg/m3]

Isotropic
2 700

CFRP
(woven)
61 000
61 000
0.05
5 000
3 980
1 600 1

CFRP
(UD)
135 000
10 000
0.27
5 000
3 980
1 600

Conventional wing structural model

The FE model used in sections 3.4 and 3.5 is shown in Figure C.2. The differences from the model described in Appendix C.1 are illustrated in the
following. The spars are modelled with shell elements (CQUAD4). The
aileron hinges are modelled with rigid elements (RBE2) representing a ball
bearing. The actuation is modelled with a rod (CROD) with a 2.5 mm diameter circular cross section. The rod connects the edge of the aileron and the
main structure at the upper surface. As for the morphing case, aluminium
material properties and a fictitious thermal expansion coefficient are considered.

Figure C.2: FE model of the conventional wing from Chapter 3 (detail). The
thickness and the cross-section of the elements are visualized.
1

In Chapter 3, a density of 1800 kg/m3 is considered.
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Corrugation structural model

The finite element model of the double corrugation from Chapter 5 and
Chapter 7 is created using a Matlab script and is calculated using
MSC.Nastran. An example of FE model is shown in Figure C.3.
The DCo is modelled with plate elements (CQUAD4). Since the threedimensional behaviour is not of interest, only one element in the width direction is used to limit the calculation time. Offsets are used to correctly
represent the geometry in the parts with varying thickness. To account for
manufacturing tolerances, the shape of the shoulders is perturbed with a
single “1-cosine” wave of amplitude 0.1 mm.
Composites are modelled as layered laminates (PCOMP) and metals as
thin plates (PSHELL). Because of the difference in the used materials, layered laminates (PCOMP) are used also where the corrugation is connected
to the aluminium base plate. When layered laminates (PCOMP) are used,
0.001 mm thick laminas are added at the outer surfaces in order to correctly
measure the stresses due to the bending.

Figure C.3: Corrugation FE model used for the optimisation. Shell thicknesses are
visualised and colours show the different properties.

The glue between the different sheets is not modelled and the bonding is
represented only as an interface between different plies. Thus, peeling loads
are not considered in the model. Although peeling is a critical dimensioning
load, considering it would require a complicated and computationallyintensive calculation (e.g. with cohesive elements) which are deemed excessive for optimisation purposes. Please note that peeling can be prevented:
- by using technologies to increase the strength of the interface, e.g. ply
stitching for composite designs;

C.3 Corrugation structural model
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- by modifying the design to reduce the stress peaks at the corners, e.g. by
stiffening the shorter horizontal element;
- by avoiding interfaces by adopting integrated manufacturing techniques,
e.g. 3D printing.
For the metal materials, a linear-elastic, homogeneous model (MAT1) is
used. Composites are modelled as linear-elastic, orthotropic materials
(MAT8). The used material properties are reported in Table C.2. For the
carbon fibre reinforced plastic (CFRP), the allowable stress in the fibres
direction is 927 MPa (729 in compression) and the allowable shear is 133
MPa. The maximum interlaminar shear stress is 75 MPa. The Hill failure
criterion is used; the safety factor is equal to the square root of the inverse
of the failure index.
Table C.2: Material data.

Aluminium
E11
E22
ν12
G12
Density

[MPa]
[MPa]
[MPa]
[kg/m3]

71 000
0.30
Isotropic
2 700

CFRP
(woven)
61 000
61 000
0.05
5 000
1 600

Steel
200 000
0.30
Isotropic
7 900

The model is constrained by pinning the short edges. (Anti-)symmetry
constraints blocking the displacements in direction parallel to the corrugation axis are also applied on one face (Figure C.3). The constraints help
stabilizing the calculation, reducing the calculation time, and limiting the
dependence of the results from the modelled width.
Axial loads are introduced as imposed displacements (positive when
stretching the corrugation) on one short edge and opposing bending moments are applied on both edges (the sign is defined according to Figure
C.3).
The model is calculated using a geometrically nonlinear solver (SOL 106).
The convergence check is based both on the displacements, the loads and
the work.

Appendix D
Actuator data

The properties of the linear actuators considered for the regression of Figure 3.7 are indicated in Table D.1. The table indicates the actuator manufacturer, the model, the weight and the calculated output power.
Table D.1: Data for the actuators considered in the regression.

Manufacturer
Servocity

Firgelli

ServoLinear

Model
SDA4-263
HDA2-2
HDA2-50
PQ12-30
PQ12-63
PQ12-100
L12-10-50
L12-10-100
L12-10-210
L16-50-35
L16-50-63
L16-50-150
S-CT-35-12
S-CT-35-06
S-CT-55-12
S-CT-55-06

Weight
[kg]
4.034
1.083
1.083
0.015
0.015
0.015
0.028
0.028
0.028
0.056
0.056
0.056
0.700
0.700
1.700
1.700

Power
[W]
117.05
3.87
5.07
0.08
0.12
0.11
0.132
0.138
0.113
0.50
0.45
0.53
12.00
12.00
40.20
40.05
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Manufacturer
Tolomatic

Thomson
Electrak

HIWIN

Oriental
Motor

Appendix D

Model
ICR 20S BN02 SM50.0 SV1B LMI
ICR 20S BN02 SM50.0 SV1B RP1
ICR 20S BN02 SM50.0 SV1B RP2
S24-09A04-01
S24-09A08-01
S24-17A08-01
DE24-17W41-02-FS
DE24-17W42-02-FS
DE24-17W44-02-FS
LAS4-2-X-50
LAS3-2-X-100
LAS-2-X-50
EZA4D005-C
EZA4E005-C
EZA6D005-C
EZA6E005-C

Weight
[kg]
4.251
5.381
5.471
0.520
0.520
0.520
0.590
0.590
0.590
1.360
1.270
1.040
1.900
1.900
2.800
2.800

Power
[W]
63.27
60.11
60.11
5.72
7.43
5.78
4.59
4.95
5.18
9.00
9.60
9.60
21.00
21.00
60.00
60.00

Appendix E
Design parameters and boundaries

E.1.

Design parameters and boundaries from Chapter 3

A detailed description of the design parameters considered in Chapter 3 is
reported in Table E.1. The upper and the lower bounds applied in the optimisations of the considered design variables are reported in Table E.2 to
Table E.5. In particular, the general parameters are reported in Table E.2,
the profile shape parameters in Table E.3, the corrugation parameters in
Table E.4, and the aileron parameters in Table E.5.
Table E.1: Used design parameters.

Design parameter
Actuation position
Actuation force
Rib nodes
Rib ext. beams position on skin
Rib beams’ thicknesses
Skin thickness
Skin thinning parameter
Corrugation position
Corrugation size
Aerofoil NACA parameters
Spar position
Spar and compliant hinges size
Rib material
Rib positions
Stringer positions
Stringer height
Total

Number
2
1
2 ∙ 18
28
51
9
2
1
3÷5
3
2
3
1
5
7
(1)
153÷156
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Table E.2: Minimum and maximum values for the general parameters.

Parameter
Skin thickness
Skin thinning (factor)
Rib beam elements th. m
Rib plate elements th. c
Spar thickness
Spar hinge thickness m
Spar hinge length m
Rear and ailer. spar th. c
Rib E-modulus m
Actuation force
*
: element with thickness
leted from the model
m
: morphing wing only
c
: conventional wing only

[mm]
[ ]
[mm]
[mm]
[mm]
[mm]
[mm]
[mm]
[MPa]
[N]
below the

Min
Max
0.4
2.0
0.5
1.0
0.2*
5.0
0.4
2.0
0.3
2.0
0.1
2.0
0.5
5.0
0.3
2.0
5500
72000
100
200
minimum are de-

Table E.3: Minimum and maximum values for the aerodynamic profile parameters
(NACA 4-digits parameterization).

Parameter
Thickness
Camber
Max. camber position

Min
0.08
0.00
0.20

Max
0.15
0.05
0.70

Table E.4: Minimum and maximum values for the corrugation parameters. Percentage values refer to the chord length.

Parameter
Length
Height
Distance btw. shoulders d
Thickness s
[mm]
Thickness sides d
[mm]
Thickness top d
[mm]
d
: double corrugation only
s
: single corrugation only

Min
0.5%
0.5%
0.25%
0.136
0.05
0.10

Max
1.5%
2.0%
0.50 %
0.374
0.20
0.75

E.2 Design parameters boundaries from Chapter 4
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Table E.5: Minimum and maximum values for the aileron parameters. Percentage
values refer to the chord length.

Parameter
Min
Max
Position
65%
90%
Gap width
2.5%
7.5%
Innermost connection to rib *
2
4
Angle
[°]
15
25
*
: as a consequence, the aileron can range between
23% and 90% of the wingspan

E.2.

Design parameters boundaries from Chapter 4

The upper and the lower bounds applied in the optimisations of Chapter 4
are reported in Table E.6 and Table E.7. In particular, the general parameters are reported in Table E.6 and the morphing skin parameters are reported in Table E.7. For the profile shape parameters, the limits of Table
E.3 are still applied.
Table E.6: Upper and lower bounds for the general parameters.

Parameter
Min
Max
Morphing skin position
[ ]
0.55
0.98
Morphing skin length
[ ]
0.005*
0.15
Actuation force
[N]
100§
200
Skin thickness
[mm]
0.4
2.0
Skin thinning (factor)
[ ]
0.1
1.0
Skin thinning (position)
[ ]
10%
90%
Rib beam elements thick.
[mm]
0.2¶
5.0
Rib elastic modulus
[MPa] 5 500
72 000
Spar thickness
[mm]
0.3
2.0
Spar hinge thickness
[mm]
0.1
2.0
Spar hinge length
[mm]
0.5
5.0
*: if the length is below the minimum value, no morphing skin is introduced in the model
§
: values lower than the minimum can be obtained during
the evaluation if a scaling is needed.
¶
: element with thickness below the minimum are deleted
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Table E.7: Upper and lower bounds for the morphing skin material parameters.

Parameter
Axial elastic modulus, com[MPa]
pliant direction (𝐸𝑎1 )
Axial elastic modulus, stiff
[MPa]
direction (𝐸𝑎2 )
[MPa]
Shear modulus (𝐺)
Flexural elastic modulus,
[MPa]
compliant direction (𝐸𝑏1 )
Flexural elastic modulus
[ ]
ratio (𝐾𝑠𝑠𝑠𝑠𝑠 )
Coupling
[°/mm]

Min

Max

0.5

71 000

1 000

100 000

100

10 000

0.5

71 000

101

105

-6.5

6.5
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