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Morphing is today widely studied in order to improve aircraft performance and  
 thereby decrease their environmental footprint. This paper deals with the 

preliminary study of several morphing winglet concepts aimed at improving load 
control and aeroelastic behavior. The first step consisted in building and validating 
low-CPU-time-consuming but accurate aeroelastic models able to take into account 
aerodynamics, structural dynamics and flight mechanics, in order to handle free flexible 
aircraft. Aeroelastic state-space models have therefore been built from a structural 
modal reduction and from a rational function approximation of the aerodynamic forces 
based on the Roger formulation. They have been validated through comparisons with 
high-fidelity fluid-structure (CFD-CSM) coupling simulations. The flight mechanics has 
been taken into account by coupling these models with the AVL software. The second 
step consisted in designing a realistic reference wing equipped with a conventional 
winglet. Then, four morphing winglet concepts were assessed: a flapping winglet, a 
winglet whose deformation in torsion is controllable, a winglet able to rotate around an 
axis along its span and a winglet equipped with a trailing edge flap. The latter concept 
was found to be the most promising in terms of load control, in particular when used 
in conjunction with the aileron. Finally, a technological study was performed in order to 
ensure the feasibility of the concepts. This study was pursued up to the drawing phase, 
but stopped before a demonstrator was manufactured. Nevertheless, it demonstrated 
the feasibility of a winglet equipped with a trailing edge flap, at both the demonstrator 
and real aircraft scales.

Introduction

Flight transport has greatly increased over these last years, which 
has entailed a great number of technological developments to make 
aircraft increasingly larger and more performant. However, recent 
events, such as the increase in oil prices in 2008, or even in the '70s, 
and the compelling need to combat global warming led the EU to define 
new objectives for the aeronautic community, in order to drastically 
decrease the aerial transport environmental footprint (VISION2020 
and FLIGHTPATH2050 [1]). In order to meet such challenges by at 
least reducing fuel consumption, both the aircraft structural weight 
and its aerodynamic performance – especially drag – must be sig-
nificantly improved.

Aerodynamic performance has been greatly improved by the use 
of winglets. Such wingtip devices, patented for the first time by 
F. W. Lanchester in 1897, were developed and made popular by 
R. Whitcomb [29]. He showed that winglets yield better lift to drag 
ratios and lead to a decrease in induced drag by diminishing the trail-
ing-edge-induced vortex intensity. They therefore enable the aircraft 
range to be increased. Nowadays, all aircraft manufacturers have car-
ried out, or are currently carrying out, studies to improve this device 
and mount it on most aircraft (e.g., Gulfstream business jets, the 
Boeing blended winglet, the Airbus Sharklet, and the Spiroid winglet 
by Partner Aviation Inc., among others). 
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Another way of improving aerodynamic performance is by morphing, 
that is, the capability of an aircraft to adapt its geometry to the flight 
conditions. Two of the most famous examples are the Grumman F14 
Tomcat fighter aircraft, able to change its wing sweep angle accord-
ing to the flight speed, and the droop nose of the Concorde aircraft, 
whose fuselage nose could be deflected downwards, not to improve 
the aerodynamic performance, but rather to make landings possible. 
Discussions about the definition of "morphing" and its challenges are 
given in [25] and [18], and potential benefits are shown in [20]. This 
kind of technique, inspired by numerous examples provided by Nature 
(birds, fish, and insects), is not recent (see C. Ader's "Eole" aircraft 
built in 1890, and the Wright Brothers’ wing wrapping used to control 
the Wright Flyer in 1903), but recent technological advances in terms 
of materials (composites, rubber or highly-flexible materials, and 
smart materials), actuators (piezoelectric, electromechanical, shape-
memory alloy), sensors, computers, controllers, and computational 
techniques, have allowed new morphing ideas and technologies to be 
developed [8]. Some of them consist in modifying the upper surface, 
in order to delay downstream the laminar-turbulent transition location 
according to the flight conditions, and thereby decrease drag and fuel 
consumption [21], through changing the wing trailing edge camber 
using a three-hinge device to improve the lift-over-drag ratio, or drag 
[19]. This is, of course, far from being exhaustive and a review of 
morphing technologies can be found in [5]. A recent overview of what 
morphing implies for aeronautics can be found in [9].

Both previous ways of decreasing drag and weight have also been 
combined. Several morphing winglet concepts have indeed been pat-
ented [23] [6] [26], or have been studied or assessed. Different kinds 
of morphing have been considered. Control surfaces at the lead-
ing or/and trailing edges have been added to the winglet to control 
vortices under high-lift conditions [3], or to improve the lift-to-drag 
ratio and the gust-load alleviation [28]. A winglet with a trailing edge 
flap has been designed and assessed in terms of both aerodynamic 
performance and loads, taking into account the certification require-
ments within the framework of the European Union project SARISTU 
[27] [17]. Another morphing winglet based on a chiral-type internal 
structure has been designed, enabling cant, twist and camber control 
throughout the flight envelope [10].

The main motivation for developing morphing winglet concepts is, 
most often, to improve the aerodynamic performance. The goal of 
this study is to assess the potentiality of such a device to improve 
load alleviation, and therefore the aircraft aeroelastic behavior. 

The first part of the paper gives a brief description of the four morph-
ing winglet concepts that are assessed. The second part, dedicated to 
the aeroelastic models used for the evaluation, presents the theoreti-
cal aspect, the preliminary results and their validation by comparisons 
with CFD simulations. The third part is devoted to the evaluation of the 
concepts, used alone or in combination with a conventional aileron. 
The last part focuses on the technological point of view to demon-
strate the feasibility of the most promising concept. 

Morphing Winglet Concepts

The main idea consists in adding a new control surface on the wing-
let, or making it moveable, in order to improve load control. The lat-
ter is assessed as the capability to decrease the wing root bending 
moment in cases where critical and sizing loads are applied. This 

bending moment decrease would thus allow the structure weight to 
be reduced. Several concepts are evaluated with that goal, as well as 
with the constraint of not altering drag (Figure 1). The first concept 
consists in applying torsion around an axis along the winglet span, 
and then driving the toe angle and modifying the apparent incidence. 
Such a morphing shape can be achieved by replacing winglet ribs 
with actuators to drive the position of the spars relative to one another 
thereby creating a kind of shear deformation of the sections. The sec-
ond concept can be seen as a limit case of the previous one, and 
consists of a rotation of the whole winglet around a span-wise axis. 
The third one is a kind of flapping, thereby allowing the cant angle to 
be driven. The last concept considers a trailing edge equipped with a 
single-hinged flap. 

torsion flap

flapping rotation

Figure 1 – Morphing winglet concepts

These morphing concepts are evaluated for a transport aircraft 
whose top level requirements and wing geometry were 
provided by Alenia within the framework of the European 
project SARISTU [30]:

• Npax: 130
• Range: 3,000 NM
• MTOW (Maximum Take Off Weight) = 60,000 kg
• MLW (Maximum Landing Weight) = 55,000 kg
• Design cruise speed = Mach 0.75 at 35,000 ft

The geometrical characteristics are:
• Reference surface = 111 m²
• Span = 34.14 m
• Dihedral angle = 3.5°
• Sweep angle at the leading edge = 18°
• Mean aerodynamic chord = 3.7457 m

The efficiency of these concepts is evaluated for cruise flight conditions.

Aeroelastic Models

Aeroelastic Reduced Model

The winglet concept efficiency is assessed using a reduced aeroelas-
tic model aimed at computing loads, the global aerodynamic lift coef-
ficient, aerodynamic forces and structural deformations. The model 
is based on a fluid-structure state-space model. It is built, on the 
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one hand, from a structural model classically projected onto a modal 
basis to compute the dynamic behavior and, on the other hand, from 
a reduced aerodynamic model to obtain the aerodynamic forces. 

The main advantage of state-space models lies in their simplicity, since 
they are able to provide any physical quantity (displacements, forces, 
moments, twist angle, etc.) from linear relations. They are also very 
useful and convenient for the control-surface controller law determina-
tion. The state-space model is indeed expressed in the time domain as

 
( ) ( ) ( )
( ) ( ) ( )

Ex t Ax t Bu t
y t Cx t Du t

 = +
 = +



 (1)

where x is the state vector, y is the vector of quantities of interest and 
u is the command (input) vector. u is, in the case of morphing winglet 
evaluation, the vector of the control-surface deflections. It can also 
be a turbulence perturbation in the case of load alleviation assess-
ment, or rigid mode coordinates in the case of flight mechanics.  
E, A, B, C and D are matrices that are independent of time, x and 
u, but can depend on other parameters (e.g., flight characteristics, 
such as the flight speed V and the air density ρ). In the case of 
aeroelastic models, these matrices are built from structural mass, 
damping and stiffness matrices, or their projection onto a modal 
basis. The structural model is enriched with the aerodynamic force 
representation resulting from a Rational Function Approximation 
(RFA) model [24]. Such a model assumes that the aerodynamic 
forces are proportional to the structural motion and that the pro-
portionality coefficient, also called the Aerodynamic Influence Coef-
ficient (matrix 21

2 V Aρ ), can be written in the Laplace domain, with 
s being the Laplace variable, as
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where 0D  1D  and 2D  denote the aerodynamic stiffness damping 
and inertia, and an  is the number of aerodynamic states. The denom-
inator zeros iλ  are the lag coefficients. With each lag term or partial 
fraction can be associated an aerodynamic state iη  defined as 

 ( ) 1
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−

+= −    

The latter relation can be expressed in the time domain as

 2i i ii E xη λη+= +   

The RFA model then allows an aeroelastic state-space model to be 
built. If the structure mass, damping and stiffness are modeled by the 
matrices M, C and K, the aeroelastic model can be written as 

The RFA model used for the assessment of the morphing winglet was 
that proposed by Roger [22]. In order to reduce the number of states, the 
structure is usually projected onto a rather small -eigen-mode basis. The 
number of aerodynamic states is then equal to the number of these struc-
ture modes times a number of lag terms ( Ln ), which has to be determined 
as a compromise between the requirement of a small number of total 
states and an accurate approximation of the Generalized Aerodynamic 
Forces (GAF, aerodynamic forces projected onto the structural modes). 
Computation of the RFA matrices is performed in such a way that the best 
approximations of tabulated known GAF data are determined using a least 
square algorithm. These tabulated data are obtained using an unsteady 
aerodynamic code able to compute the aerodynamic pressure or force 
variation due to a purely oscillatory motion at prescribed frequencies. The 
lag coefficients are determined from an optimization process aimed at 
minimizing the angular variation between the aerodynamic force compo-
nents (GAFij) resulting from the RFA model and from the tabulated data.
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The evolutions of the damping and frequencies resulting from the 
state-space model are strongly dependent on this GAF smoothing 
process. That is why the optimization process has to be carried out 
taking into account the following parameters: number of tabulated 
frequencies to be able to catch the GAF loop-like evolutions in the 
complex plane, the number ( Ln ) and type of the lag coefficients (real 
or imaginary), and the range within which they are selected. A first 
guess of the latter parameter is given by a flutter analysis using the 
classical double scanning p-k method and only the tabulated GAF. 

The system (3) represents the first equation of the aeroelastic state-
space model (1) and can be enriched by an observation equation 
expressing the expected quantity (bending moment, lift coefficient, 
displacement, etc.) as a function of the unknown states, thus repre-
senting the second equation of (1). Nevertheless, if the structure is 
modelled by a modal representation, the state-space model is used to 
compute the deformation of the wing. The latter deformation is then 
transferred (through interpolation or smoothing) to the aerodynamic 
grid, thereby updating the geometry, which can be used as input for 
a fast aerodynamic code to provide integrated forces, such as the lift 
force or the bending moment at the wing root. Another way to com-
pute them consists in calculating the integrated forces for each mode 
using the aerodynamics code and in combining them linearly with the 
generalized coordinates as coefficients.

First Evaluation of the Concepts

In a first step, a preliminary finite-element model of a wing with a con-
ventional winglet has been built, taking into account classical wing 
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architecture (spars, ribs, stringers, mass penalty for the leading edge trail-
ing edge and equipment) and primary structures (spars, ribs, stringers 
and skin). The model is made out of a composite material and has been 
sized according to two symmetric load cases with load factors equal 
to 2.5 and –1. It has been validated with respect to flutter and buckling. 
Kerosene has been added to this model as one-node elements connected 
to the wing box with rigid elements, according to the distribution shown 
in Figure 2. Furthermore, the winglet has been modeled as a continuity of 
the wing and not as a separate device that can be plugged into it. 

In the second step, aimed at morphing winglet concept assessment, an 
aeroelastic state-space model has been built from first structural elas-
tic modes, rigid modes, control surface commands (winglet concepts, 
aileron and inner flap) and generalized aerodynamic forces (GAF), 
whose dependency on the frequency is computed using the Roger for-
mulation [22] described above. The tabulated aerodynamic forces used 
as input for the Roger model are computed at some oscillation frequen-
cies using the Doublet Lattice Method (DLM) [2], which is based on the 
assumption of linear subsonic aerodynamics. This panel method actu-
ally computes the local unsteady pressure variations and then the force 
variations due to a harmonic motion at a given frequency. This motion 
can be due to rigid modes, elastic deformation modes of the wing or a 
rotation of a control surface. Since DLM is a linear formulation, those 
variations are, in fact, the derivatives of the pressure or forces (after 
integration) with respect to the lifting surface motion.

Such a model has been built from the first seven structural elastic 
deformation modes of the preliminary finite-element model (Figure 3), 
from the control surface command highlighted in light blue (winglet) 
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and yellow (aileron, inner flap and winglet flap) in Figure 4, from the 
plunge and pitch flight mechanics modes, and from a cylindrical tur-
bulence mode. The aerodynamic computations providing the tabu-
lated GAF used to build the RFA model have been performed at the 
cruise Mach number. 

The GAF smoothing has been validated by comparing the evolution 
of the fluid-structure system complex eigen-values resulting from the 
state-space model and from a flutter analysis using the p-k method 
(Figure 5 left). Figure 5, middle and right, show the vertical displace-
ment FRF of all observation points (Figure 4 right) in response to 
the aileron (middle) and to the deformable-in-torsion winglet (right) 
deflections. A displacement 5 times greater can be noticed when the 
aileron is deflected.

In a third step, every winglet concept has been assessed using this 
reduced aeroelastic model. Table 1 gives the vertical force variation at 
the wing root resulting from the different input commands at null fre-
quency (quasi-static computations): pitching flight mechanics mode, 
turbulence, wing internal flap deflection, aileron deflection, rotation of 
the whole winglet around an axis along its span, torsionally-deform-
able winglet deflection, and winglet trailing-edge-flap deflection. As 
expected at the cruise Mach number, the effectiveness loss due to the 
structural flexibility is higher for the winglet and aileron commands. 
Furthermore, the impacts on the vertical effort of the torsional winglet 
and of the winglet flap are significantly higher than the impacts of 

the other morphing winglet concepts. The wing root bending moment 
variation for non-zero frequencies has also been investigated, taking 
into account the structure flexibility (Figure 6). The effectiveness of 
the aileron is significantly higher than that of the other commands for 
the entire frequency range considered. The morphing winglet con-
cepts, like the aileron, are most efficient at a frequency matching the 
first structural bending eigen-frequency.

Comparisons with High-Fidelity Fluid-Structure Coupling Simulations

The previous aeroelastic model has been built from a DLM formula-
tion for the aerodynamic forces, which does not take into account 
either the fluid viscosity or the flow discontinuities like shocks or 
flow separation. In order to validate the latter model, high-fidelity 
fluid-structure coupling simulations have been carried out for both 
the deformable-in-torsion and the trailing-edge-flap winglet con-
cepts. Such simulations model the fluid behavior with RANS CFD 
and the structure with the preliminary finite-element model. They 
have indeed been performed using the in-house CFD software 
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rigid 
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Table 1 – Vertical effort variation (in Newton) at the wing root for 7 input static 
commands 
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elsA [7] [14] associated with the aeroelastic module Ael [15] [16] 
for the two winglet concepts, as well as for the aileron (Figure 7). 
The control-surface static deflections have been carried out by mesh 
deformation, as can be seen in Figure 8. The control-surface effec-
tiveness has been computed for cruise conditions (Mach=0.75, 
CL=0.52, altitude=35,000 ft).

aileron

winglet

TE flap

Z

Y
X

Figure 7 – Wing surface CFD mesh with the movable surfaces in orange, red 
and green

Such fluid-structure coupling simulations, like the ones using the 
reduced aeroelastic model, allow the impact of a control surface 
deflection on the aerodynamic performance to be investigated, as 
well as the impact on the aeroelastic wing deformations and on load 
alleviation. The efficiency loss due to the structural flexibility of the 
wing can also be assessed by comparing simulations carried out 
with a flexible structure (fluid-structure coupling simulations, named 
"AEL" in the following figures) and with an infinitely rigid wing (only 
fluid computations named "CFD" in the figures). First of all, the 
behavior of all control surfaces remains linear throughout the entire 

deflection range, except for the winglet trailing-edge-flap, whose lin-
earity deflection range goes up to 5°. This checks that the case of 
this wing under the considered cruise flight conditions is within the 
validity range of the DLM formulation. From the aerodynamic perfor-
mance point of view, unlike the aileron, a positive (downwards) or 
negative (upwards) deflection of the whole winglet, or of the wing-
let trailing edge flap, yields a drag increase (Figure 9 middle). This 
is indeed expected, since the simulations have been performed for 
cruise conditions, for which the shape of the transport aircraft wing 
and winglet is optimized. Nevertheless, the lift-over-drag ratio can 
be slightly increased, which shows the great potentiality of morphing 
winglet to improve the performance during at least the whole cruise. 
The second point is that an important loss of control-surface effec-
tiveness (defined as the lift variation over the deflection variation, or 
as the slope of the lift evolution with respect to the deflection angle, 
Figure 9 left) due to the structural flexibility can be noticed, except for 
the torsionally-deformable winglet (Table 2).

Control 
surface

Rigid 
effectiveness

Flexible 
effectiveness

Effectiveness 
loss

(/°) (/°) (%)

aileron 0.0063 0.0034 46

torsional winglet 0.0005 0.000375 25

winglet TE flap 0.0016 0.00073 54

Table 2 – Effectiveness of three control surfaces: aileron, deformable-in-
torsion winglet and winglet trailing edge flap 
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From an aeroelastic point of view, Figure 11 shows the aeroelastic 
deformations (twist angle variation and vertical displacements along 
the span) of the wing thanks to aileron and morphing winglet deflec-
tions. The figure also shows (plot on the right) the twist angle of the 
wing tip with respect to the deflection of the three control surfaces. 
Even if the pressure perturbations due to the deflection remain local 
(see Figure 10), particularly if the control surface is the winglet itself 
or its flap, the impact of the deflection on the twist angle variation 
along the span is significant for both the aileron and the winglet trail-
ing edge flap.

In terms of loads, the impact of morphing winglet deflections can 
be seen in Figure 12. The middle and right-side plots indeed show 
the span-wise distribution of the local bending moment induced by 
the pressure integration along the only chord for fixed sections. The 
plot on the left represents the span evolution of the bending moment 
integrated along the span.

The reduced aeroelastic model and the high-fidelity fluid-structure 
coupling modelling were then compared. A good agreement was 
noticed with regard to the qualitative behavior of the control surfaces 
in terms of aerodynamic load alleviations, even though the levels are 
slightly different, as can be seen in Table 3.

ΔCL / °

control surface elsA-Ael state-space model

aileron 0.0034 0.0025

torsional winglet 0.0004 0.00025

Table 3 – Lift variation induced by aileron or torsional-winglet deflection 

Morphing Winglet Concept Evaluation

Design of a Realistic Reference Wing

CFD computations have shown the validity of the reduced aeroelas-
tic models based on a state-space formulation for the aerodynamic 
conditions of interest in this study. In order to assess the innovative 
morphing concepts, such reduced models have to be built from a 
structural model of a wing, which should be the most representa-
tive possible of a real wing, at least from a structural point of view. 
The latter wing is called a "reference wing" in the following and has 
been designed by optimizing the preliminary finite-element model 
using the solvers SOL200 (optimization solver) and SOL144 (static 
aeroelastic solver) of the MSC/NASTRAN software, and taking into 
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account both symmetric (2.5 g pull-up maneuver, gust load) and 
antisymmetric load cases (roll maneuver) resulting from balanced 
maneuvers. Aerodynamic loads have been computed using fluid-
structure coupling simulations with a full free-free aircraft model. 
The fuselage and tail have been considered as rigid and the aircraft 
mass and inertia have been represented by a one-node element 
(CONM2) at the center of gravity of the aircraft (Figure 13 left). The 
optimization has been performed considering as design parameters 
the thickness of the skin spars and ribs of the wing box, taking into 
account the constraints of 3.2x10–3 maximal deformations in the 
composite shells (Figure 13 right).

Flutter stability has been checked for several flight speeds and mass 
configurations (MTOW, MLW and one intermediate configuration for 
which fuel mass is concentrated in the outer wing, which is a con-
figuration named MOPW, see Figure 2). The resulting optimized wing 
is then realistic and will be used as reference for morphing winglet 
concept evaluations.

Morphing Winglet Assessment Based on the Reference Wing

The evaluation of the morphing winglet concepts has been performed 
taking into account the whole free-free aircraft described in the previ-
ous section, equipped with the optimized reference wing. Two mass 

configurations have been considered: MTOW (60 tons) and the 
intermediate configuration (called MOPW), for which fuel mass is 
mainly located in the fuselage and in the outer wing (Figure 2). 

Two reduced aeroelastic models were then built from the first eight 
deformation eigen-modes, a pitching rigid mode and a "phugoid" 
mode (combination of plunge and pitch), a cylindrical turbulence 
mode, a GAF model built using a Roger approach and six control-
surface deflections: deformable-in-torsion winglets, rigid rotation of 
the winglets, winglets with trailing edge flaps, winglets flapping, aile-
rons and horizontal tail planes (HTP). In order to be able to design 
controllers and to synthetize control laws, the number of states have 
been reduced to 78 using a robust algorithm available with control 
toolboxes (Robust Control Toolbox working with Matlab). 

The latter aeroelastic models allow the effectiveness of the six control 
surfaces to be assessed in terms of lift variations. These effective-
ness data are given for both mass configurations in Table 4. One can 
note that the impact of the structure flexibility on the lift variation is 
high for the MOPW configuration, especially for the morphing winglet 
concepts. This discrepancy is significantly less for the MTOW con-
figuration, thus showing a high influence of the mass distribution on 
the control surface effectiveness. Moreover, and as expected from the 
results of the computations with the preliminary finite-element model 

MOPW MTOW

Command Rigid/flexible
∂Cz / ∂α (/deg)

Rigid/flexible
∂Cz / ∂α (/deg)

Rigid Flexible Rigid Flexible

Torsional winglet 2.22 1.42e–04 6.41e–05 1.44 1.42e–04 9.89e–05

Aileron 1.59 2.36e–03 1.48e–03 1.25 2.36e–03 1.89e–03

Winglet flap 2.22 3.02e–04 1.36e–04 1.44 3.02e–04 2.10e–04

Winglet flapping 2.10 –2.14e–05 –1.02e–05 1.41 –2.14e–05 –1.51e–05

Winglet rigid rotation 2.12 –5.98e–04 –2.83e–04 1.41 –5.98e–04 –4.24e–04

HTP 0.98 5.01e–03 5.13e–03 0.98 5.01e–03 5.14e–03

Pitch 1.12 1.13e–01 1.01e–01 1.05 1.13e–01 1.07e–01

Phugoid 1.03 1.13e–01 1.09e–01 1.01 1.13e–01 1.11e–01

Turbulence 1.03 1.13e–01 1.09e–01 1.01 1.13e–01 1.11e–01

Table 4 – Impact of commands on lift (frequency = 0Hz)

  0.005 0.009 0.00130.006 0.01 0.0140.007 0.011 0.0150.008 0.012

0.004 0.006 0.008 0.010.0045 0.0065 0.0085 0.0150.005 0.007 0.009 0.0110.0055 0.0075 0.0095

Figure 13 – Whole aircraft aeroelastic model (structure finite elements in green, aerodynamic panels in blue and control-surface aerodynamic panels in red), 
and shell-thickness distributions before (top right) and after (bottom right) optimization
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and using both reduced and high-fidelity fluid-structure models, one 
can note the greater effectiveness of the winglet flap compared to that 
of the torsional winglet. Furthermore, the structure flexibility induces 
an increase in the moment variations for all commands when their 
frequency is close to the structural eigen-frequencies. Similar conclu-
sions can be drawn for the bending moment variations at the wing 
root (Figure 14). 

The four morphing winglets presented in Figure 1 have thus been 
assessed in terms of variations of lift and bending moment at the root. 
The effectiveness of the flapping winglet has been found to be sig-
nificantly lower than that of the other control surfaces. The previous 
simulations have also shown a lower effectiveness of the torsional 
winglet than that of the winglet equipped with a flap and, of course, 
of the aileron (Table 4 and Figure 14). This can be partly explained by 
geometric considerations. Taking indeed into account the surfaces of 
the control surfaces and their projection onto a horizontal plane, the 
effective surface of the torsional winglet is decreased due to its cant 
angle of about 50° compared to a horizontal aileron. Furthermore, the 
deflection of the torsional winglet is, for technological reasons, pro-
gressive according to a quadratic function ranging from 0° at the root 
to the wanted deflection at the tip. At last, the chord decreases also 
along the span to reach its minimum when the maximal deflection is 
applied. Those three factors lead to a loss of 2/3 of the initial surface 
and finally to an effective surface of 1/4 of the aileron surface.

The rotation of the winglet around an axis along the winglet span is 
a concept that would yield a too high mass penalty to be considered 
as feasible from the technological point of view. However, it can be 
considered as a limit case of the torsional winglet, thus allowing the 
highest potential of such a morphing concept to be evaluated.

Strategy of the Command of the Winglet with Flap Combined with 
the Aileron

The winglet with a trailing edge flap seems to be the most efficient in 
terms of load control from the previous evaluations. It has therefore 
been further investigated by assessing its load alleviation capabilities, 
taking into account a trimmed aircraft in flight. The reduced aero-
elastic model built as described above is not able to compute the 

trim parameters. It has therefore been coupled with the AVL software 
developed by M. Drela and H. Youngren [13]. This code, based on 
a Vortex Lattice Method to compute aerodynamic forces, is able to 
compute the trim parameters (incidence, and control-surface deflec-
tion angle) for balanced static maneuvers of a rigid aircraft. Further-
more, it also computes drag, using the Trefftz formulation [4] and 
lift taking into account the mean chord curvature, thus allowing the 
evaluation of the lift at null incidence. The coupling with the reduced 
aeroelastic model leads then to the trim computation of a flexible air-
craft. It is performed using a classic iterative method:

• Trim computation using AVL, whose outputs are the incidence, 
HTP deflection angle, pressure distribution on the wing surfaces 
and integrated pressure forces and moments at the wing root. 

• Transfer of the pressure distribution onto the DLM mesh used 
to build the state-space aeroelastic model, and computation of 
the resulting generalized aerodynamic forces.

• Computation of the wing deformations using the aeroelastic 
state-space model.

• Translation of these deformations into AVL inputs. The vertical 
displacements and rotation of the mean chord of some wing 
sections are indeed deduced from the wing deformation.

• If no convergence is achieved, return to Step 1.

This coupling procedure has been applied to the aircraft for cruise 
flight conditions (load factor nz = 1), in order to investigate the 
effect of both aileron and winglet flap deflections. The trim has been 
computed taking into account plunge and pitch rigid motions. Con-
vergence has been reached after 7 iterations for every aileron and 
winglet flap deflection configuration, as can be seen in Figure 15, 
which represents the evolution of four quantities: trim parameters, 
i.e., incidence and HTP control-surface deflection (top left), drag 
representing the aerodynamic performance and computed using the 
Trefftz formulation (top right), the bending moment at the wing root 
(bottom left) and a combination of both the load and aerodynamic 
performance (bottom right), which is a quantity that can be used for 
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aero-structure optimization or for control-surface function optimiza-
tion. The response surfaces of the bending moment, drag, sum of 
these and product of these have therefore been determined in a rea-
sonable time for aileron and winglet flap deflections ranging from –8° 
to 8° (Figure 16). One can note that the minima of the drag and the 
quantities involving drag are reached for deflections close to 0 but not 
null. Furthermore, the curvature of the drag behavior with respect to 
the aileron deflection is higher than that with respect to the winglet flap 
deflection, thus showing a significantly stronger impact of the aileron 
on the drag than that of the winglet flap.

A preliminary study has been carried out to compute the optimal 
deflections of both the aileron and the winglet flap according to an 
objective function built from both the load (bending moment at the 
wing root) and the aerodynamic performance (drag) contributions:

 [ ]0 0min D DMfx Mfx C Cγ+  

In order to make the objective function coherent and thus make the 
bending moment and the drag coefficient dimensionless, the lat-
ter variables have been divided by reference values (Mfx0 and CD0 
matching the maximal values in the top sketches of Figure 16). Fur-
thermore, the drag coefficient is deduced only from the Trefftz formu-
lation, without any CFD result contribution. Only the induced drag is 
therefore considered for the optimization process. A weighting coef-
ficient γ has been applied to the drag contribution, in order to inves-
tigate the influence of one contribution on the other. An optimization 
problem has thus been solved for values of this weighting coefficient 
ranging from 0.2 to 2. The optimal deflections of both the aileron and 
the winglet flap are plotted in Figure 17 – Optimal objective function, 
bending moment, aileron and winglet flap deflection and drag with 
respect to the drag weighting coefficient g  in the objective function 
expression (bending moment + γ drag). The latter shows that the 
optimal deflection of the winglet flap is similar to that of the aileron 
for the entire range of γ. The winglet flap used in association with the 

aileron therefore has a significant efficiency for load alleviation, while 
having lower impact on the drag. Future works will be dedicated to 
finding the optimal aileron-winglet flap deflection configurations for 
several flight conditions, in order to assess the real gain in structure 
weight and fuel consumption.

Technological aspects

Additional work has been performed to ensure the feasibility of the 
trailing-edge-flap winglet concept. Nevertheless, the aim of the previ-
ous study was just to prove that it is possible to design a demon-
strator using current technologies. In this context, we did not pay 
particular attention to certification requirements, as presented in [17] 
for the winglet adaptive trailing edge development carried out within 
the framework of the European project SARISTU. Aerodynamic cal-
culations showed that the proposed control surface should have the 
following performances:

• Hinge moments: 67 mN, 13 mN and 28 mN at +10°, –10° and 
0° flap deflection respectively.

• Maximal flapping frequency of 5 Hz.

• Ability to operate at cruise flight conditions, i.e., Mach = 0.7 
and an altitude of 35,000 ft (this flight altitude imposes an op-
erating temperature of –55°C for the actuator).

Preliminary calculations showed that it was not possible to find actua-
tors and a hinge geometry able to ensure the required hinge moments 
for flap deflections of +/–10° at 5 Hz. Consequently, the initial require-
ment regarding the flap amplitude has been reduced to +/–5°.

The first problem that arose was the implementation of a movable 
control surface of about 30% of chord at the trailing edge. Starting 
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from the initial finite-element mesh, the winglet spar ribs and skins 
have been redesigned to take into account a straight flap hinge 
(red line in Figure 18 left). The most suitable area to implement an 
actuator was the winglet root, where the available room is the widest 
(Figure 18 middle). These conditions lead to a slight modification of 
the initial finite-element mesh, as shown in Figure 18 right.

The second step has consisted in selecting an actuator satisfying all 
of the constraints (geometry, forces, operating temperature, dynam-
ics and energy consumption). Taking into account the cruise aero-
dynamic conditions, a deflection ranging from –10° to 10° yields a 
maximal aerodynamic moment of 67 Nm. The actuator should be 
able to apply this moment with a moment arm measuring less than 
42 mm, since it has to be located in a reduced volume. The most suit-
able actuator has to have the following characteristics: maximal effort 
of 10,000 N for a displacement amplitude of 20 mm. The dynamic 
operating speed has therefore been deduced from the required dis-
placement and from the specified deflection amplitude and frequency. 
Owing to the cruise altitude, the actuator should also be able to oper-
ate at low temperatures of about –55°C. An electrical actuator seems 
to be the most suitable, but it also has to satisfy additional constraints, 
such as low energy consumption and the ability to use a power supply 
system compatible with that of the aircraft (voltage lower than 400 V). 
Some commercial actuators meet all of these specifications, as can 
be seen in [11]. It is important to note that only cruise conditions have 
been taken into account and other conditions such as "off-design" 
(take off, climb, descent, and landing) should also be considered to 
achieve the feasibility of the demonstrator. Unfortunately, this leads to 
greater loads requiring a specific actuator design to meet all certifica-
tion requirements, as has been performed in [12]. 

The next step consisted in studying the implementation of the actuator 
and flap in the winglet. Figure 19 shows a planform view of the flap, 
the actuator location, the hinge axis and the kinematic connections. A 
more detailed view of the installation of the actuator in the winglet box 
and its connection with the flap is given in Figure 20. The initial finite-
element model has therefore been modified to represent the morphing 
system as accurately as possible.

The additional mass of the actuator, connecting rods and ball joints is 
13.18 kg and that of the flap is 2.925 kg. The flap spars and stiffen-
ers are made of an aluminum alloy and the flap skin is made of the 
same composite material as that of the wing. Finite-element compu-
tations have also been performed based on the aerodynamic forces 
deduced from the specifications. A first static simulation was car-
ried out applying pressure forces to the flap skin (Figure 21 left) and 
a second simulation was carried out applying forces deduced from 
the maximal effort of the actuator (9600 N) to the actuator fixation 

nodes (Figure 21 right). These simulations have shown a maximal 
displacement of 0.458 mm at the winglet and a maximal stress of 
about 21 Mpa, which are values lower than the admissible ones. 

This technological work is obviously not sufficiently complete to 
manufacture a high TRL demonstrator, but was aimed solely at dem-
onstrating the feasibility of the concept of the morphing trailing-edge 
winglet. It has indeed shown that a flap could be mounted on a winglet 
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using commercial actuators, even though no demonstrator has been 
built. Moreover, the problem of designing a skin covering the entire 
winglet allowing smooth flap deflections has not been addressed in 
this study. Furthermore, improvement could be envisaged in the case 
of a full scale winglet, by optimizing the actuator location to increase 
its travel and to improve its efficiency, and by optimizing the connect-
ing rod angles to increase the moment arm.

Conclusions

One priority for the aeronautic community is now to significantly 
decrease the environmental footprint of aircraft. One possible way is 
to improve aerodynamic load control and alleviation, while improv-
ing, or at least not altering the aerodynamic performance, in order to 
decrease the structure weight. In this context, several morphing wing-
let concepts have been evaluated from the load control point of view.

The first step consisted in developing a numerical simulation tool able 
to accurately capture most physical phenomena, while remaining rea-
sonable in terms of computational time. This software is based on 
coupling the publicly available static flight mechanics software AVL 
with an aeroelastic reduced model able to take into account the struc-
ture dynamics, structural deformations and unsteady aerodynamics. 
This reduced model is based on a state-space model built from a set of 
structure deformation modes and from a rational function approxima-
tion of aerodynamic forces, according to the Roger formulation. This 
state-space model has been validated by comparisons with CFD and 
high-fidelity coupling fluid-structure (CFD-CSM) for the aerodynamic 
conditions of interest (high subsonic flight). The coupled aeroelastic 
model is then able to assess the performance of a flexible free-free 
aircraft, which is trimmed for a specified maneuver. This performance 

can be seen from the aerodynamic (lift or drag), load control (bend-
ing or torsion moment, vertical effort) and aeroelastic (vertical dis-
placement, twist variation, control surface efficiency) points of view. 
Furthermore, since the model is low-CPU-time-consuming, it can be 
used in an optimization process for control-surface design, as well as 
for designing a control surface driving strategy. 

The second step consisted in the determination of a reference wing, 
which has to be the most representative of a real aircraft equipped with 
a winglet. Such a wing has been designed from the wing specifications 
and geometry of a regional aircraft determined within the EU project 
SARISTU [30] and from several sizing load cases (both symmetric and 
asymmetric maneuvers) extracted from the certification standard docu-
ments (CS 25). The aeroelastic stability has also been checked.

In a third step, four morphing winglet concepts were assessed in 
terms of aerodynamic performance and load control for subsonic-
cruise-like conditions: flapping winglet (rotation of the winglet around 
the wing-tip chord axis), rotation of the whole winglet around its span-
wise axis, torsional winglet (controllable torsion deformation) and a 
trailing edge control surface. The winglet with trailing edge flap was 
found to be the most efficient in terms of load control, in particular 
when used in conjunction with the aileron. This morphing concept 
indeed has significant efficiency, though less than that of the aileron, 
but has a weaker impact on drag. 

The last step consisted in investigating the technological feasibility of 
such a morphing concept. This study did not lead to the building and 
testing of a demonstrator, as in the work by Wildschek et al. within the 
framework of the EU project SARISTU [30 Part III] [27], but it proved 
that the concept could be implemented in both a demonstrator and a 
real aircraft 
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