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Abstract

Morphing structures and, in particular, morph-
ing wings require of large amounts of energy.
This energy is used up in two different processes.
Some of this energy is used as ‘useful’ energy
and fights the external loads (aerodynamic pres-
sure in the case considered here). The rest of the
energy is used to make the previous process pos-
sible. In this case this energy is used in deform-
ing the material (in the case of a hinged mechan-
ical actuator this energy would be used to fight
friction and inertial forces, for instance). If the
material being deformed is part of a structural
component this energy will be high, in fact con-
siderable higher than the actual energy needed
to overcome the external loads (‘useful’ energy)
and it is, therefore, necessary to design systems
that can deform more with less deformation en-
ergy. In this paper, this problem is tackled by
the usage of buckled structures. In essence, the
lower surface of the wing is compressed with
springs so large deformations are achieved with
low actuating forces. This concept is compared
against a similar warping wing without buckled
skin demonstrating substantial energy savings.

1 Introduction

Changing the shape of a wing in order to ma-
noeuvre an aircraft has been done since the be-
ginnings of aviation. The Wright brothers’ Flyer
used warping of the wings to achieve roll con-

trol. In the successive years aircraft became heav-
ier as more payload was wanted to get on-board
and cruise-speed increased. With heavier aircraft
the wings were made stiffer in order to with-
stand higher loads and hence warping was dif-
ficult to achieve. This led to the use of ailerons.
These systems decouple the load-carrying struc-
ture and the deformation which occur around a
hinge bringing the actuating forces down. Al-
though this is advantageous as it decouples both
effects this led to other difficulties. Aileron rever-
sal appears as the camber discontinuity increases
sharply the pitching moment. Also, separation
may occur at this hinge location which decreases
performance in manoeuvres (e.g., turns).

Several studies suggest that the use of mor-
phing structures or morphing vehicles can pro-
vide advantageous performance over conven-
tional configurations [1, 2]. For instance, in the
work by Khot et al. [1], it is explained that the use
of twist of the wing to provide roll control has the
advantage of not having reversal effect at hight
dynamic pressure. Though a good improvement,
it does come as a high cost in terms of energy
consumption and required actuating forces.

Austing et al. [3] show another application of
a morphing concept. In their work they reduce
the shock-induced drag of an aerofoil. This is a
very beneficial application as aerofoils designed
to operate in the subsonic design can then be used
at higher speeds enhancing the aircraft flight en-
velope. Although the concept was tested experi-
mentally this still requires of some improvements
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especially in the actuator front as it requires high
and heavy actuators.

Not only these systems can provide an ad-
vantage over conventional systems in terms of
manoeuvrability and drag reductions but also
they can improve the flight envelope by flut-
ter suppression. For instance in the work by
McGowan [4] several methods for load allevia-
tion and flutter suppression are considered which
show the increasing interest in these technolo-
gies.

The problem with all these systems is the
amount of energy required to perform the
changes on the structure that provide the perfor-
mance benefit. This is acknowledged by many
of the authors and is indeed source of active re-
search [6, 5, 7]. Namgoong et al. [6], for in-
stance, recommend the addition of energy con-
siderations during aerodynamic optimisation and
propose a method to account for the strain energy
required (based on linear springs) to morph be-
tween a given aerofoil shape and any other shape
optimised for a different aerodynamic condition.
In they work several studies are carried out that
highlight the different geometries achieved when
including energy considerations in the optimisa-
tion against the purely aerodynamic method. In
the work by Gern et al [5] they study the appli-
cation of an array of distributed actuators over a
wing and compare it against the same wing with
ailerons. It is shown how at low dynamic pres-
sures the energy required to provide the same
roll performance as a conventional wing is much
higher for the morphing one. The situation is
the opposite when the dynamic pressure has gone
beyond the conventional wing reversal dynamic
pressure.

Due to the large amount of energy required
to produce acceptable levels of roll a part of
the research of morphing and compliant mech-
anisms has been focused on reducing this energy.
A clever approach has been the use of buckled
structures. These structures require less input
energy to be deformed. This is the case stud-
ied by Vos et al. [8]. In their work they study
the usage of actuators with embedded piezoelec-
tric actuators which they pre-compress and which

they call pre-compressed piezoelectric actuators
(PBP). In the case studied by Vos et al. the actua-
tor was compressed by the skin and they managed
to achieve a roll authority 38% higher than with
the use of ailerons and a weight saving of 3.5%.

The work presented here shows our results on
reducing the energy requirement for a warping
wing design for a small unmanned aerial vehicle
(UAV) making use of buckled structures in which
spring energy is used to provoke the buckling. An
initial wing concept was designed and tested both
in-flight and in the wind-tunnel which worked as
a proof-of-concept. It was realised that high cur-
rent was drawn from the servos indicating the
need for study in the lines of reducing energy
requirements. The initial concept as well as the
new modified concept are described in section 2.
A description of the numerical model can be read
in section 3. The rest of this work is devoted to
the exploitation of the system. Computations are
made to understand what is the behaviour of the
wing with varying spring properties and an as-
sessment of the energy saving is made.

2 Wing concept

The design of a wing for warping is a compli-
cated task. On the one hand it has to be flexible
enough as for the actuating loads deforming the
structure to be low enough so the system is vi-
able. On the other hand the structure has to have
the rigidity to withstand the aerodynamic loads.
These are contradicting requirements which need
to be tackled simultaneously.

The wing concept (this concept was analysed
in [10]) presented here is based on open cross-
section beams. It is known from beam theory
(see, for instance, [9]) that open cross-sections
beams present much lower torsion rigidity than
the closed counterparts as seen from equations 1
and 2

Jclosed =
4A2∮ ds

t

(1)

Jopen =
1
3

∫
sect

t3ds (2)

where A is the area enclosed by the beam cross-
section, s is the a coordinate along the cross-

2



WARPING WING ENERGY MINIMIZATION

section line and t is the cross-section material
thickness. Jclosed and Jopen are the torsional
rigidity of the closed and open cross-sections re-
spectively.

Figure 1 shows the way the open cross-
section skin works. It can be seen that the sec-
tion is opened at the profile trailing edge. Forces
are applied at the two sides of this opening result-
ing in a change of camber of the airfoil. In order
for the profile to deformed as shown (figure 1(b))
both sides of the opening are restrained to only
slide over each other. This is, the sides of the
opening are only allowed to move in the opening
plane.

(a) Cross-section initial configuration and actuating loads.

(b) Deformed cross-section.

Fig. 1 Schematic of how the open cross-section
works.

The use of this concept resulted in large
amounts of energy being used to drive the ser-
vos providing the actuating loads and alternative
ways to reduce the load were sought. An alterna-
tive solution was studied that made use of struc-
tures in the post-buckled region. Structures in the
post-buckled region (see the work by Narcis et
al. [11]) present lower stiffness than in the lin-
ear regime hence providing a potential advantage
when morphing. The idea is to buckle the lower
surface skin in such a way that it provides the ap-
propriate curvature. This curvature can then be
changed with the actuating loads hence provid-
ing roll control. The idea would be as depicted
in figure 2. As it can be seen in the figure the
application of a force at the lower surface trail-
ing edge provides large amount of displacement
provided the surface buckles as seen. The prob-

Fig. 2 Schematic of the buckled lower surface.

lem is, therefore, to provide the force that buckles
the surface before any loads are applied. This is,
the actuator must only provide the force required
to control the deformation but not the force re-
quired to buckle the surface. The way that is
done in this work is by means of springs. Springs
would be attached to the main spar of the struc-
ture (or any other fixed part) and linked to the
lower surface (an array of these would be used).
A schematic drawing of the concept can be seen
in figure 3. The springs have reference lengths

Fig. 3 Schematic of the buckled cross-section
with spring.

shorter than the distance between the attachment
point and the trailing edge point at its span-wise
location, hence pulling the surface. These com-
pression loads provide the buckling force.

3 Wing model

A numerical model of the concept previously ex-
plained was built. This model is flexible in or-
der to allow for optimisation algorithms to oper-
ate over it. The main part of the model is struc-
tural as the problem is of an elastic nature. Never-
theless, aerodynamic coupling must be provided
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as the flexibility of these structures can compro-
mise the performance. Also, performance can
be over-predicted if aeroelastic considerations are
not taken into account.

3.1 Structural Model

The structural model is the main part of the sim-
ulation. This model generates the geometry ac-
cording to the specified parameters, i.e., taper ra-
tio, chord at root, aspect ratio, number of springs
across the span direction to be modelled, etc.
Some of the parameters are purely geometrical,
that is, the shape of the modelled wing. Addi-
tionally, there are a set of parameters that influ-
ence the buckling behaviour. These are related,
in turn, to the spring characteristics. Variables
of this type include the spring stiffness coeffi-
cient (spring constant) and the reference length
of individual springs. In order to reduce the num-
ber of variables two reduction rates of the ref-
erence length are defined: chord-wise reduction
rate coefficient and span-wise reduction rate co-
efficient. The first one is related to length of the
spring in relation to the local chord length, that is,
how much shorter the spring is in relation to the
chord; the latter, is an addition reduction of ref-
erence length depending on the spring span-wise
position. This latter parameter changes the be-
haviour of the wing and the overall performance
as it makes it more responsive to loading in dif-
ferent span-wise locations.

Examples of different achievable geometries
can be seen in the following figure 4 where the
dashed lines represent the springs. Extra cross-
sections are defined to the sides of the actuating
points (not represented in the figures). This is
done in order to capture more details when trans-
ferring data to the aerodynamic code (section 3.2)
in regions where higher deformations exist.

As well as the geometry the code written to
generate the geometry also meshes the surfaces.
Shell elements are used to model the skin and ax-
ial constraints are used to model the springs.

(a) Wing with 11 springs and taper ratio of 0.45.

(b) Wing with 6 springs and no taper ratio.

Fig. 4 Examples of the generated geometries.

3.2 Aerodynamic Model

Aerodynamic analysis are carried out in order
to compute the pressure distribution over the
aerodynamic surfaces as well as to assess the
performance of the system. These analyses
are performed using a full potential equations
solver [12]. This full potential method [12]
(called FP) is coded in Fortran and computes the
solution of the stationary inviscid equations (sta-
tionary Euler equations) of fluids by a method
of finite differences. The necessary mesh for fi-
nite difference is also generated by these code us-
ing conformal transformations from the physical
space to the computational space which consist
of a cylinder of radius 1 and length 1. The Kutta-
Joukovsky condition is satisfied at the trailing
edge which require a vorticity sheet to be intro-
duced emanating from the wing’s trailing edge.
This sheet is supposed to remain planar during
the analysis and so roll-up effects are neglected.
This is a rather good approximation at low angles
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Fig. 5 Aerodynamics-Structure staggered cou-
pling flowchart.

of attack.

3.3 Static Aeroelastic Coupling

Because the structure under consideration is of
a flexible nature aeroelastic consideration must
be taken into account. Without these considera-
tions the performance of the wing could be over-
predicted leading to false conclusions.

The approach followed here is a staggered ap-
proach. This is graphically described in figure 5
and goes as follows: Deformation due to actua-
tion loads is computed without the effect of the
aerodynamic loads. The aerodynamics charac-
teristics of this deformed shape are then calcu-
lated. The resulting pressure distributions over
the upper and lower surfaces are transferred to
the structural model which is again run with these
pressure loads. This process is then repeated until
convergence of lift coefficient is achieved. In or-
der to avoid “over-shooting” the pressure distri-
butions are relaxed between structural analyses.
That is, the pressure distribution of the last aero-
dynamic computation is linearly combined with
the previous one as in equation 3 in order to sta-

bilise the process (see also [13]).

C̄P
n+1

(x,y) = k ·Cn+1
P (x,y)+(1− k) ·Cn

P(x,y)
(3)

In equation 3 x and y are the coordinates along the
longitudinal axis of the aeroplane and the span-
wise direction respectively.Cn

P(x,y) is the pres-
sure coefficient function at iteration n, Cn+1

P (x,y)
is the pressure distribution function at iteration
n + 1 and CP

n+1(x,y) is the pressure distribu-
tion function that is used for the following iter-
ation (n+ 2) provided convergence has not been
achieved.

4 Computations

The main purpose of the lower surface to work
in a post-buckled regime is purely to reduce the
forces applied to actuate the wing. The amount
of energy actually saved by reducing the actu-
ating force is dependant on the actuating mech-
anism. In the case studied here electric servo-
actuators are considered. For these actuators, the
input electrical power is proportional to the out-
put torque and hence the force. The proportion-
ality between the force and the current draw1 is
roughly linear. Since the input power can be ex-
pressed as in equation 4

P(t) =V · I(t) (4)

where the voltage V is constant and the current
draw I is a function of time, t; and the current
draw can be considered linear with the output
force as in equation 5

I(t) = k f e ·Factuating (5)

where the constant k f e is a proportionality con-
stant that relates output force with electric current
draw and Factuating is the actual output or actuat-
ing force; the input power can then be expressed
as in equation 6.

P(t) =V · k f e ·Factuating (6)

1These servos function at constant voltage.
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As seen in the equation (6) the power behaves
linearly with the actuating force so when integrat-
ing the power over the same period of time, a de-
crease in the actuating force in half reduces the
input power in the same amount.

One would, of course, be interested in in-
creasing the slope of the curve CL(Factuating), this
is, ∂CL

∂Factuating
. A study was performed to analyse

what is the effect of the spring characteristics
on this slope. In a first instance, a study was
performed to analyse the effect of the reference
length on slope. To this aim, different analyses
with constant spring constant but varying refer-
ence lengths was performed and can be seen in
figure 6. In the figure the spring constant is in all
cases 0.05N/m. This high rigidity makes the lift
to change strongly with the reference length vari-
ations but not much with the applied force. Also,
as the reference length shortens further (see Fig-
ure 6(e)) high deformation of the lower surface
occur leading to stall effects. Stall effects can-
not be computed by the aerodynamic code. In-
stead, it fails to solve converging to previous val-
ues (before deformation occurs) which explains
the shape of the curves.

As it can be noticed, the slope of the curves
remains roughly constant with varying reference
lengths (except for the cases when stall occurs).
This suggests the slope is dependent on the spring
constant. A similar experiment was carried out
and the results can be seen in Figure 7. Compared
with the graphs in Figure 6 the slope of Figure 7
is twice higher. Notice that the spring reduction
is larger in this case. This is due to the inabil-
ity of the spring to provide forces high enough as
to provide enough force for buckling. The slope
now seems to not vary linearly as before. These
non-linearities seem to arise from the aeroelas-
tic interaction as a more stretched surface tends
to deform more under the aerodynamic pressure
than a more bent surface (a more buckled sur-
face).

A linear reduction of the reference length
span-wise and chord-wise of 30% seems to pro-
vide the highest slope.These values will be used
for the rest of the analysis.

4.1 Wing concepts comparison

This concept (buckled wing concept) is compared
against the previous concept (explained in sec-
tion 2). For both wings the same level of per-
formance is demanded in order to compare the
amounts of energy required to achieve this. Since
the previous concept was optimised to achieve
high roll authority, difference in lift coefficient
between a camber-up and a camber-down defor-
mation (equivalent to an aileron down and up
deflection) is compared which is proportional to
roll moment given the centre of pressure does not
change heavily (this also assumes unsymmetrical
wing loading plays a second-order effect on the
semi-wing loading).

The following results are found. In order to
achieve a difference in lift coefficient of 0.15 a
force applied to the upper and lower surface of
the previous concept of 10N for the “down” con-
figuration and -10N for the “up” configuration is
required, totalling 80N (two servos are used). For
the buckled wing concept a 5N force for the up
configuration applied to the lower surface only
and -10N for the down configuration are required,
totalling 30N. This means a reduction in applied
force of over 60% which in turn, translates in the
same energy reduction as explained above.

5 Conclusions

A new wing concept based in buckling of the
lower surface has been explained as well as its
numerical model. This concept uses an array of
springs spread over the length of the wing to pro-
voke the buckling of the lower surface. Once
buckled, the wing is actuated at several locations.
Both the number of springs and the actuation lo-
cations can be defined in the parametric model of
the wing along with other geometric parameters.

It has been studied how the behaviour of the
wing changes with the spring characteristics. In
particular, the slope of the lift coefficient curve
against actuating force has been analysed. This
slope seems to not change in great measure with
reference length provided stall effects do not oc-
cur. This slope does, however, changes with

6



WARPING WING ENERGY MINIMIZATION

spring stiffness.
The new wing concept has been compared

against an previous concept optimised for roll
control. Even with a non-optimised design this
new concept is able to achieve the same perfor-
mance level with over a 60% energy savings.

Future work should be aimed at further study-
ing the materials employed as these affect the
slope of the lift coefficient against actuation load
curve. Optimisation should be run over the model
to further exploit the capabilities of the model.
After these, experimental validation should be
done.
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(a) Lift coefficient variation against actuating force for a
chord-wise reference length reduction of 1E-6 and a re-
duction span-wise of 1E-6, 0.01, 0.03 and 0.04.

(b) Lift coefficient variation against actuating force for a
chord-wise reference length reduction of 0.01 and a re-
duction span-wise of 1E-6, 0.01, 0.03 and 0.04.

(c) Lift coefficient variation against actuating force for a
chord-wise reference length reduction of 0.02 and a re-
duction span-wise of 1E-6, 0.01, 0.03 and 0.04.

(d) Lift coefficient variation against actuating force for a
chord-wise reference length reduction of 0.03 and a re-
duction span-wise of 1E-6, 0.01, 0.03 and 0.04.

(e) Lift coefficient variation against actuating force for a
chord-wise reference length reduction of 0.04 and a re-
duction span-wise of 1E-6, 0.01, 0.03 and 0.04.

Fig. 6 Variations of the curve CL(Factuating) with different values of the reference length defined by the
percentage reductions chordwise and spanwise for a spring constant of 0.05N/m.
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(a) Lift coefficient variation against actuating force for a
chord-wise reference length reduction of 0.2 and a reduc-
tion span-wise of 0.2, 0.3 and 0.4.

(b) Lift coefficient variation against actuating force for a
chord-wise reference length reduction of 0.2 and a reduc-
tion span-wise of 0.2, 0.3 and 0.4.

(c) Lift coefficient variation against actuating force for a
chord-wise reference length reduction of 0.02 and a re-
duction span-wise of 0.2, 0.3 and 0.4.

Fig. 7 Variations of the curve CL(Factuating) with different values of the reference length defined by the
percentage reductions chordwise and spanwise for a spring constant of 0.01N/m.
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