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Active camber morphing technology can be used to improve aircraft performance in takeoff and landing flight
conditions, while preserving a smooth wing shape. This study begins with the design of a morphing droop nose
to be installed on a regional aircraft, and focuses on the manufacturing and testing of a full-scale and fully
representative experimental prototype. All work is driven by the morphing shape change, which was optimized
to provide the required aerodynamic performance. The adoption of a composite structure that combines a

flexible skin with a compliant structure makes this device capable of achieving such a shape change, and
sufficiently insensitive to external load variations. These capabilities are successfully demonstrated through
experimental testing. A validation phase was conducted based on strain gauge measurements, and a motion
capture system was used to identify three-dimensional shape changes due to the morphing. Finally, a validated
numerical model is used to assess the aerodynamic performance of the experimental prototype.

1. Introduction

Adaptive wing technology exploits structural deformation to opti-
mize the shape of lifting surfaces in all phases of aircraft flight. It
distinguishes between fully adaptive wings and active camber wings
by the ability of the structural wing box to take part in the morphing
process. Multi-stable composite structures are a recent but promis-
ing opportunity for the twisting control of fully adaptive composite
wings [1], as well as there is some attempt to involve the wing box
in the induced deformation through the use of compliant cellular struc-
tures based on the design of chiral honeycomb cores [2,3]. On the other
hand, most active camber wings consist of morphing devices installed
around a traditional wing box, with greater level of technological
maturity achieved today. They usually are composite structures able to
actively or passively provide some kind of morphing deflection. In the
case of trailing edge devices, bistable composite laminates can be used
in various morphing applications, as they involve low energy actuation
systems and high fatigue life [4]. Otherwise, corrugated structures can
be used to manufacture the internal core of adaptive trailing edges [5]
or to exploit the anisotropy of corrugated panels [6] in combination
with other morphing concepts, such as the Fishbone active camber [7].

Focusing on leading edge devices, various solutions based on a flexi-
ble skin coupled with an internal mechanism composed of a cascade of
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rigid levers and kinematic joints have been proposed over the years.
One of the pioneering activities dates back to the mission adaptive
wing (MAW) program that equipped an F-111 A test bed research
airplane with a smooth variable-camber mission adaptive wing. The
design incorporated flexible fiberglass skins on the upper leading and
trailing edges, while the bottom skin was cut to obtain a discontinuity
that allows for overlapping sliding panels [8].

More recent activities have focused on the development of morph-
ing droop nose devices for use in high lift conditions, based on a fully
compliant skin fixed to both the upper and lower spar caps to avoid
any type of discontinuity. Interesting solutions capable of obtaining
very high deflection angles have been proposed by DLR over the
years [9,10]. The thin composite skin concept proposed by DLR in [11]
was further developed through the optimization of a variable stiffness
skin to improve the quality of external deformation, after freezing the
topology of the internal mechanism [12]. Compared to the sliding skin
solution, these smooth and gap-less solutions are more promising from
an aerodynamic point of view, but require higher actuation forces to de-
form the skin. For this reason, within the EU funded SARISTU project,
Airbus developed a kinematic solution dedicated to the actuation of an
unslotted adaptive droop nose prototype, showing significant benefits
in terms of reduction in weight and required actuation force [13].
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However, solutions based on rigid mechanisms suffer from the
typical issues of mechanical components, such as wear, backlash, total
weight, friction, and the disadvantages associated with numerous as-
sembled parts. In addition, mechanical hinges transmit forces from the
internal mechanism to the external skin, but are not able to transmit
moments, so that once the device is activated, non-optimal aerody-
namic shapes are obtained. Then, the friction in the joints further
increases the actuation force and the backlash between different me-
chanical parts makes the shape achievable during flight uncertain [14].

Moreover, although the purpose of these devices is to generate high
lift coefficients, delaying stall and providing smooth and gap-less skin
deformation, the works cited above almost never refer to aerodynamic
performance. Such morphing concepts are designed without starting
from the aerodynamic requirements and, except in a few cases [15],
the aerodynamic performance is not even verified a posteriori. The
aerodynamic performance is closely linked to the shape quality of the
deformed skin, but even this type of assessment, carried out under
different loading conditions, is often overlooked.

This article proposes the experimental and performance verification
of a morphing droop nose device, designed through a multi-disciplinary
and multi-level optimization method that starts from the required
aerodynamic performance and exploits the concept of composite com-
pliant structure. This structural concept is based on the distributed
compliance concept, originally proposed in [16], and extended in this
work to the design of a composite structure consisting of an effec-
tive combination of parts made of aluminum alloy and parts made
of glass fiber fabric. Compliant structures represent an alternative to
the rigid kinematics. They spread the elastic deformation inside the
entire structure, thus reducing stress concentrations and overcoming
the typical mechanical component issues mentioned above. In this way,
the load-carrying capability typical of structures is conciliated with the
ability to transmit forces typical of mechanisms, reducing the overall
weight. Applying this concept to the design of morphing devices gives
them the flexibility needed to change shape by deforming, and the
stiffness for maintaining insensitive to the aerodynamic loads. Indeed,
devices installed on a variable camber wing must behave like control
surfaces, so the shape variation that they introduce into the wing must
be deterministic and not dependent on external load variations [17].

In the first section of this article the design optimization phases that
led to the development of the presented morphing droop nose device
are summarized. All other sections focus on the manufacturing, experi-
mental testing and validation of a full-scale prototype derived from the
previous design. The aim of this study is to carry out functionality tests,
evaluate the quality of the achievable morphed shapes and validate
the expected performance of the prototype. Experimental activities
constitute a key step for two main reasons. The potential benefits
of morphing, estimated through numerical simulations, are often in
conflict with the technological aspects related to the implementation
on real aircraft. Testing the full-scale prototype therefore represents an
opportunity at the end of the design process to address manufacturing
and installation issues. The results of the laboratory tests also allow
the validation of a structural numerical model which is used to assess
the aerodynamic performance of the prototype and its ability to deform
while being insensitive to external loads applied to the skin.

2. Design optimization of the morphing droop nose

The morphing droop nose developed in this study is one of the
technologies to be installed on the innovative wing of a turboprop
Regional Aircraft (RA), within the framework of the Clean Sky 2 REG-
IADP Airgreen 2 project [18]. The main goal of this device is to delay
the wing stall in high-lift conditions, preserving the Natural Laminar
Flow (NLF) wing shape in cruise. The structural flexibility allows the
device to deflect, modifying its shape, without introducing geometric
discontinuities and avoiding any kind of step and gap over the skin.
The maximum achievable deflection depends on the skin structural
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Fig. 1. Wing configuration and target shape of morphing droop nose.

constraints, according to the material properties and position of the
front spar which is placed at 16% of the local chord. The complete
configuration of the morphing droop nose is depicted in Fig. 1. The
droop nose device covers both the inboard and outboard wing regions,
the former extending from the wing root to the wing kink, the latter
starting from the kink. In the outboard region, the active device starts
at the kink and ends after 5.2 m along the span, where the deflection
begins to linearly decrease until vanishing at the wing tip.

The design of the morphing droop nose was based on a multi-
level and multi-disciplinary optimization consisting of four main steps
[17,19]. The complete design optimization procedure is represented in
Fig. 2. Starting from the design requirements, an aero-structural shape
optimization first defined the morphing’s optimal external shape able to
guarantee the required aerodynamic performances. The obtained shape
was used as target shape for the subsequent structural design phase:
a topology optimization designed the droop nose compliant structure,
including the skin, able to bear external loads and to deform itself for
matching, once actuated, the target shape. Then, the structural design
was refined and finalized through a sizing optimization. In the last step,
high-fidelity models were used to perform virtual functionality tests on
the complete device installed on the wing-box.

2.1. Aero-structural shape optimization

The aero-structural shape optimization is based on the Class-Shape
function Transformation (CST) technique which is a geometry param-
eterization method that has been appropriately modified to introduce
shape changes due to the morphing, taking into account the structural
behavior of the skin [20]. This shape optimization was applied to the
wing of the RA with the aim of maximizing the droop nose deflection
and, at the same time, reducing the aerodynamic drag coefficient in
high-lift conditions. The optimization scheme consists of two nested
optimization loops: the inner one produces only feasible morphing
shapes, while the outer one performs the aerodynamic evaluations. In
this way, only morphing shapes that meet the structural requirements
of the morphing skin are considered during the aerodynamic compu-
tation. The aerodynamic performances were evaluated at the aircraft
level, in combination with the morphing flap developed by the Federico
II University [21], by means of computational fluid dynamics (CFD)
computations using the ONERA elsA software [22]. Two structural
constraints were embedded in the droop nose design scheme: the skin
length computed in the airfoil section was constrained to be constant
during the optimization process, according to the constant cross-section
length (CCL) strategy [23]; the bending strain was limited below 1%
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Fig. 2. Multi-level design optimization.
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Fig. 3. Comparison between the wing pressure distribution with undeflected droop
nose (left half wing) and with morphing droop nose at maximum deflection (right half
wing) at 12.5deg angle of attack.

which corresponds to a maximum skin curvature change of 20m™!,
according to a minimum skin thickness of 1 mm.

The described optimization finds the optimal shape depicted in
Fig. 1. The maximum droop deflection is equal to 16.2deg which is
constant in the inboard region. In the outboard region, the deflection
linearly decreases from 16 deg at the kink to 10deg before the aileron.
The pressure coefficient distribution over the wing with morphed droop
nose, compared to the baseline wing, is depicted in Fig. 3. The use
of the morphing droop nose increases the stall angle by 2.5deg in the
take-off configuration, which is more than required by the performance
design requirements, and by 5 deg in the landing configuration, making
the device necessary to achieve the design requirements. Indeed, at
higher angles of attack, the droop nose device delays the stall onset
and enables to achieve the design lift coefficient. It is found that the
combined use of morphing droop nose and flap allows to meet the
aerodynamic requirements in landing condition, which is not possible
with the flap only [24].

2.2. Topology optimization

The optimal shape was then used as target shape for the design
of the droop nose compliant structure. This phase involves the use of
an in-house design tool consisting of a topology optimization, based
on a load-path representation method [23] coupled with nonlinear
finite element analyses and a dedicated multi-objective genetic algo-
rithm (MOGA). The multi-objective approach enables the simultaneous
satisfaction of the conflicting requirements characterizing morphing
solutions. Two different types of objective functions were considered
in this study to meet both kinematic and structural requirements. The
structural requirement guaranteed the load-carrying capability of the
structure, while preserving the NLF wing shape when the device was

not actuated. This was implemented by minimizing the strain energy
of the undeployed device, under the aerodynamic loads corresponding
to the dive speed condition at sea level (Mach = 0.48). The kine-
matic requirement guaranteed the attainment of the morphing shape.
This was implemented by minimizing the least-squared error (LSE)
between the target shape and the skin deformation of the droop nose
due to morphing, under the aerodynamic loads corresponding to the
landing flight condition at sea level (Mach = 0.197 and 10deg angle
of attack). Moreover, the maximum normal strain within the internal
structure, calculated as the combination of axial and bending strains,
was minimized to assure structural feasibility. This optimization was
conducted considering a limited spanwise extension of the device,
corresponding to the distance between two compliant ribs. Isotropic
materials with mechanical properties equivalent to the actual materials
of the subsequent sizing optimization were adopted: glass fiber for the
skin and aluminum alloy for the rib.

The outcome of the multi-objective optimization is a Pareto front,
which was used to select the optimal solution as a satisfactory compro-
mise between conflicting kinematic, structural and strain requirements,
taking into account manufacturing requirements not included in the op-
timization problem [19]. The selected topology solution, representing
the starting point for the next design phase, is depicted in Fig. 4 which
explains how the device works.

2.3. Sizing optimization

This optimization level assumes the previously determined topology
solution and only acts on sizing variables, taking into account actual
materials and design aspects not included in the finite element mod-
els (FEMs) adopted by topology optimization. A model of the type
represented in Fig. 4 was used for the design of several sections of
the full-scale device along the wingspan. A single rib and a reduced
spanwise extension of the skin, equal to 260 mm, were considered and
constant material properties in the spanwise direction were assumed. In
this final solution, the skin was made of glass fiber composite material
and the internal compliant rib was made of glass fiber combined
with aluminum alloy, exploiting the high elongation of the glass fiber
material to meet material limits also in the most strained internal
regions.

Two different algorithms were used to determine the optimal siz-
ing variables according to the material choice, while the topology
solution was kept fixed: a simpler MOGA than the one adopted by
the topology optimization, considering the same objective functions;
a single-objective sequential quadratic programming (SQP) algorithm,
preserving only one of the previous objective functions and making
the others constraint functions. Sizing variables included the thickness
of each element belonging to the internal rib and the thicknesses
associated with ten skin sectors which were appropriately defined
to determine the optimal skin thickness distribution. In this phase,
care was taken to verify that the device was able to satisfy both the
structural and kinematic requirements without its deformation being
affected by the magnitude of the external aerodynamic loads nor by
the considered flight condition.
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Fig. 4. Working principle of the compliant droop nose device.

Fig. 5. Morphing droop nose installed on the wing-box: complete active device composed of its inboard and outboard regions (left) and experimental demonstrator (right).

2.4. Design of the complete device

The solutions obtained from the previously described design stages
constituted the starting point for the design of the complete device.
Although the sizing optimization was repeated for different sections
along the span, the skin thickness, while varying along the chord, was
kept uniform in the spanwise direction for manufacturing convenience.
On the contrary, the ribs differ from each other in both in-plane thick-
nesses and size as the wing is tapered, and they are equally spaced by
260 mm. The rib sections are perpendicular to the front spar of the wing
and the width of each rib is 40 mm. Four stringers were embedded into
the skin to increase the spanwise stiffness, minimizing the anticlastic
deformations, and to introduce the physical connections between the
skin and the compliant ribs. As will be described in the next sections,
the skin made of glass fiber was manufactured using two sequential
curing stages. Finally, a dedicated kinematic chain was designed to
transfer actuation from a single rotary motor to all compliant ribs, as
shown in Fig. 4.

The complete device is shown in the left-hand side of Fig. 5. Based
on this design, corresponding high-fidelity FEMs were generated to
perform bird strike simulations [25] and virtual functionality tests

aimed to check aeroelastic effects due to the interaction between wing-
box and morphing droop nose [17]. These tests enabled to assess the
impact of the wing-box deformability on the droop nose deployment
capabilities. The results obtained from these further analyses led to
small changes to the design up to the final solution which represents
the starting point for the work presented in this article.

3. Full-scale prototype

After the design phase, an experimental prototype of the morphing
droop nose is conceived to evaluate the morphing shape quality, and to
validate the structural and mechanical concept at the full-scale level.
The full-scale demonstrator is 1.3m long in the spanwise direction
which is less than the 5.2m span of the active device in the outboard
region of the wing, but is considered sufficient to study the 3D behavior
of the device. The right-hand side of Fig. 5 shows the position and
dimensions of the droop nose prototype installed on the outer wing-box,
compared to the complete device shown on the left-hand side. The wing
geometry is tapered, so the root and tip chords of the prototype are
464 mm and 438 mm long, respectively, while the front spar is 408 mm
high at the root and 372 mm at the tip.
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Fig. 6. Undeformed and deformed finite element model of the full-scale droop nose prototype, and maximum principal strain distribution.

3.1. Numerical modeling

A high-fidelity FEM of the prototype is realized in Abaqus™. The
central body of the compliant ribs is modeled with solid elements,
whereas skin, stringers and the parts of the ribs made of glass-fiber are
modeled with shell elements. Tie constraints are used to connect the
ribs to the stringers, and the different parts of the ribs to each other.
Actuation is introduced by imposing a rotation at the points where the
shaft axis intersects the rib planes. Rigid elements connected to each
other by hinges transform the shaft rotation into the movements of the
input points of the ribs, forming a kinematic chain like the one in Fig. 4.
The connection between the kinematic chain and the compliant ribs
is achieved through a continuum distributing coupling element, which
links the displacement of the point belonging to the kinematic chain to
the displacements of the nodes placed on the internal surface of a hole
belonging to the ribs.

Nonlinear finite element analyses are performed to simulate the
behavior of the device when actuated. An imposed displacement history
is used to rotate the shaft from 0deg to 80deg, while the aerodynamic
loads, applied to the skin, increase from the pressure values obtained
on the undeformed shape to the pressure values obtained on the
target shape defined in Section 2.1. The aerodynamic loads correspond
to the landing condition at 16deg angle of attack (AoA). Since the
final deformed shape approximates the target shape, the aerodynamic
loads on the achieved deformed shape are considered accurate. The
comparison between the initial and morphing configurations obtained
from the finite element analysis is illustrated in Fig. 6. The same figure
also highlights the distribution of the maximum principal strain which
reaches peaks of 1.5% located at the connection points of the ribs with
the stringers embedded into the skin, and at the point of maximum
curvature variation of the skin. The corresponding Tsai-Hill failure
index in the skin is depicted in Fig. 7, showing how the device at its
maximum deflection does not achieve the composite material failure
by a margin greater than 20%. The failure index reaches its maximum
value at the same point where the skin reaches the maximum curvature
variation.

In parallel with the strain analysis, the quality of the three-
dimensional deformed shape is evaluated by comparing it with the
target shape. The results are not discussed here because they will be
presented in sections 5.1 and 6, after updating the FEM following the
numerical/experimental correlation. However, it can be mentioned that
the three-dimensional deformation is in good agreement with the target
shape both considering and not considering aerodynamic loads applied
to the skin. The deformed shape is therefore negligibly affected by the
application of external loads. This confirms the results obtained by the
MOGA described in Section 2.2 and that an optimum trade-off has been
achieved between the conflicting requirements that characterize the
morphing solution. The designed structure can deform to achieve the
desired shape change and, at the same time, withstand the aerodynamic
loads while being sufficiently insensitive to their variation.

Fig. 7. Tsai-Hill failure index in the skin.

Table 1
Material properties of the glass-fiber fabric EE302S
ER450 38%.

Parameter Value
0° Tensile modulus 28.4GPa
90° Tensile modulus 27.2GPa

Poisson’s ratio 0.16

In Plane Shear modulus 3.98 GPa
0° Tensile strength 687 MPa
0° Compressive strength 540 MPa
90° Tensile strength 580 MPa
90° Compressive strength 505 MPa
In Plane Shear strength 97.5MPa

Elongation at failure 3.05%
Cured Ply Thickness 0.271 mm

3.2. Manufacturing

The manufacturing phase begins with the computer-aided design
(CAD) of the prototype depicted in Fig. 8. The optimum thickness
values of the parts made of glass-fiber, obtained from the sizing op-
timization described in Section 2.3, are approximated in this phase to
obtain an integer number of plies, each characterized by a cured ply
thickness equal to 0.271 mm. A composite material made of S glass-fiber
fabric and an epoxy resin is selected for the skin, the stringers, the parts
of the ribs not made of aluminum, identified with a color other than
green in the CAD model, and the spar to which the prototype connects.
The material properties are reported in Table 1 and a lamination
sequence of [0,90], has been selected for all these parts.

The skin is divided into sections of different thickness as depicted
in Fig. 9 which also reports the number of plies needed for each section
of the skin and for the stringers. The stringers are used to reinforce the
skin in the spanwise direction and to introduce the physical connections
between the skin and the compliant ribs. Each stringer is embedded into
the skin using two sequential curing stages, so that the outer layer of
stringers coincides with the inner layer of the skin. It should be noted
that the optimization variables related to the skin cause a discretization
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Fig. 8. CAD model of the full-scale prototype and details of connections between rib and skin.

Fig. 9. Partition of constant thickness skin sections and number of plies for each skin
region and for the stringers.

in constant-thickness sectors, determining an abrupt transition between
two adjacent thicknesses in the above numerical models. This issue has
been improved in the stacking phase by properly cutting the laminae
to realize a gradual linear transition. This solution will prove helpful in
obtaining smoother deformation of the external surface.

Dedicated mold and tools are realized for the curing process of the
glass-fiber laminates, as depicted in the left-hand side of Fig. 10, which
also shows the manufactured skin with embedded stringers and the
front spar. A C-shape spar trunk, connected to the skin, represents the
front spar of the wing-box that supports the droop nose device. It is
also made of glass-fiber and is stiffened with honeycomb panels.

The material selected for the central body of the ribs is the high-
strength 7075 aluminum alloy (Ergal), having an elastic modulus of
72 GPa. Water jet cutting technology is used to manufacture the alu-
minum part of the ribs and to cut cams and rods making up the
kinematic chain.

Bolted joints are adopted to assemble the aluminum body of the ribs
with their glass-fiber elements and to connect the ribs to the stringers,
as shown in the right-hand side of Fig. 8. Particular attention is devoted
to the actuation shaft supports that must sustain the reaction loads
coming from the actuated ribs. The shaft is connected to the front spar
via four supports housing the same number of ball bearings.

The fully-assembled prototype mounted on the test rig at the
PoliMi’s structural testing laboratory is shown in Fig. 11. The mass per
unit span length of the morphing device is 9kgm~!. Typical values of
leading edge structures for regional aircraft are about 13kgm~! and
6.5kgm™! with and without slat, respectively [26].

4. Experimental testing

The main scope of the experimental test is the functionality assess-
ment of the actuated device and its numerical/experimental correla-
tion. This is essential to validate the proposed morphing concept and
to demonstrate the effectiveness of the engineering solution at full-scale
level using conventional aeronautical materials.

4.1. Experimental setup

The droop nose prototype has been mounted on the test rig using
the front spar as an interface structure between the device and some
modular blocks connected to a ground test platform. The front spar
is connected to the blocks via 2 rows of five equally spaced bolted
joints passing through the shear web, as depicted in Fig. 11. The skin is
connected to the front spar via 20 equally spaced bolted screws placed
along the upper spar cap and another 20 along the lower spar cap.

The instrumentation used for the test includes strain gauge sensors
for force, torque and strain measurements, and a marker-based motion
capture system for the identification of shape changes due to the
morphing.

A full-bridge strain gauge configuration is used for measuring the
actuation torque applied to the shaft via shear strains. A full-bridge
configuration is used for measuring the axial force into the five rods
that make up the kinematic chains used to transmit actuation in each
compliant rib. A quarter-bridge configuration is used for measuring
bending strains on the skin external surface. The first one can be seen
in Fig. 11, the other two in Fig. 12. The adopted data acquisition
system is the Micro-Measurements System 7000, while Vishay Micro-
Measurements strain gauges are used, characterized by a grid resistance
of 350 Q, a gauge factor equal to 2.15, and a maximum strain of 3%.

The actuation torque is directly measured on the shaft, but it can
also be estimated from the axial forces acting on the connecting rods.
The bending strain of the skin is measured on two sections located at
20% and 80% of the span, in the minimum thickness region where the
greatest curvature change is expected. All these measurements will be
used to perform the numerical/experimental correlation described in
Section 5. Based on the outcome of this correlation, the FEM described
in Section 3.1 will be updated and used for further numerical anal-
yses that cannot be performed in the laboratory on the experimental
demonstrator.

The identification of the external shape is based on a motion cap-
ture system provided by Qualisys. The system consists of eight 2 MP
cameras. Once the system is calibrated, the cameras track the position
of spherical markers installed on the object of interest, and the software
computes the trajectories of the markers. The choice of the number
and position of the markers installed on the outer surface of the skin is
based on an approach aimed at finding the best compromise between
the number of markers and the local error expected from an in-house
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Fig. 10. The mold with tools and the glass-fiber skin, wi
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Fig. 11. Full-scale prototype of the morphing droop nose.

procedure involving the FEM, which will be described below. At the
end of this procedure, 155 markers have been used with a higher
density in the leading edge region, where the greatest curvature change
occurs. The arrangement of the cameras around the droop nose and the
distribution of markers on the skin surface are depicted in Fig. 13. It
should be noted that the black and white pattern painted on the surface
was necessary for a different photogrammetry technique adopted in a
preliminary test that was not used in this work.

A dedicated procedure has been developed to identify, in a post-
processing phase, the shape of the entire outer surface of the skin. This
procedure is based on a Radial Basis Function (RBF) technique and
takes inspiration from the fluid—structure interaction techniques used in
coupled aeroelastic simulations [27]. The interpolation of the markers’
displacements, instead of the markers’ positions, allows to overcome
the issue related to the tracking of the markers’ centroid, which has an
offset from the surface in a normal direction that changes depending
on the position of the markers. In the adopted procedure, the marker
grid represents the coarser mesh whose displacements are measured by
the motion capture system, thus defining the centers of the RBFs. The
FEM grid represents the finer mesh describing the geometry where the

ith embedded stringers, connected to the front spar.

displacements are interpolated. The Wendland C? compactly supported
function [28] is used during this work and the RBF scheme interpolates
in three-dimensional space. This procedure has been applied to the
undeformed prototype to establish the number and position of markers,
as mentioned above, and used to evaluate the quality of its deformation
in Sections 5.1 and 6.1.

4.2. Functionadlity test

The experimental test is conducted by applying a torque to the shaft
through a lever actuated by a motorized hoist positioned above the
prototype. The hoist applies an upward force to the lever to reach a
certain shaft rotation, measured with an inclinometer, and the device
is held in that position for a few seconds before further increasing
the deflection level. This loading cycle is repeated until the desired
maximum deflection is achieved. Strain gauge sensors are continuously
acquiring data during the device deployment, while cameras track the
motion of the markers.

The deflection is increased by monitoring the strain values mea-
sured on the skin, using the limit considered in Section 2.1 as a
conservative reference. The shaft rotation is stopped at 65deg, cor-
responding to 12.5deg equivalent rotation, when a 1.14% maximum
strain is measured by the strain gauge located at 80% of the span. The
glass-fiber material used to build the skin would allow to go beyond this
deflection, but the test was interrupted so as not to compromise the
structural integrity of the prototype, also considering the lamination
uncertainties. The strain values acquired by the two strain gauges
during the entire load cycle are shown in Fig. 14, together with the
corresponding values obtained from the FEM. The experimentally mea-
sured strain values are 8% higher than the numerical values. Looking at
the experimental curves, a 1% maximum strain occurs at about 60 deg
shaft rotation, corresponding to an equivalent rotation of 11.3 deg.

The comparison between the undeformed shape and the deformed
shape obtained at 65 deg shaft rotation is represented in Fig. 15. The be-
havior of the internal structure matches the FEM prediction, previously
shown in Fig. 6. The complete deformed configuration of the prototype
is also depicted in Fig. 16.

5. Experimental validation

The data acquired during the experimental test are compared with
the numerical results and used to perform a numerical/experimental
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Fig. 13. Motion capture system setup: position of cameras and distribution of markers.
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Fig. 14. Maximum strains in the skin as functions of the shaft rotation: comparison
between numerical and experimental results.

correlation, providing an updated FEM. The comparison is based on
both strain gauge measurements and the experimental shape identifi-
cation described in the previous section.

The numerical/experimental correlation begins with the compar-
ison between the numerical and the experimental actuation torque
which are represented in Fig. 17. The experimental torque is derived
from the axial forces measured in the rods, to ensure that the updating
process is not affected by the friction due to the coupling between
the shaft and the supports. The numerical torque is computed as the

sum of the torque contributions of each rib, obtained as the product
of the axial forces and the local distance between the rods and the
shaft axis. The dependence of these distances on the shaft rotation is
evaluated by the numerical simulation. Thanks to the adoption of ball
bearings, the friction computed as the difference between the torque
derived from the axial forces and the torque measured directly on the
shaft is negligible. Indeed, the device tries to spring back towards the
initial configuration as soon as the applied torque is removed. This is
a consequence of the strain energy stored in the device and highlights
the elastic behavior of the device. For this reason, the device should
be equipped with a brake to keep the desired position without power
consumption.

Analyzing Fig. 17, the numerical torque is 58% higher than the
experimental torque at 65deg shaft rotation. A similar comparison is
carried out between the numerical and experimental strain energies
which are depicted in Fig. 18. The experimental strain energy is cal-
culated as the work done by the actuation torque to rotate the shaft,
thus computing the integral of the curves in Fig. 17. This calculation
assumes that friction in the compliant device as well as inertial con-
tributions due to the slow rotation of the shaft are negligible. The
numerical strain energy is 44% higher than the experimental strain
energy at 65 deg.

The difference between experimental and numerical results is in-
vestigated by evaluating the different strain energy contributions in
the numerical model. The contribution of the skin represents 91%
of the total strain energy. Therefore, the FEM updating is performed
by changing the elastic modulus assigned to the glass-fiber fabric
material, with the aim of minimizing the discrepancy between the
numerical and experimental strain energy curves. It is assumed that



A. De Gaspari et al.

Composite Structures 348 (2024) 118502

Fig. 16. Deformed shape of the full-scale prototype at 65deg shaft rotation.
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Fig. 17. Actuation torque comparisons as functions of the shaft rotation.

the actual mechanical properties of the material can be lower than
those reported in the data sheet due to manufacturing issues related
to the lamination process, such as an incorrect orientation of the
fibers and some difficulties encountered in the deposition of the fabric
layers in the high curvature regions of the mold. A 31% reduction in
the elastic modulus is carried out to make the updated FEM model
capable of fitting the experimental strain energy trend, as shown in
Fig. 18. The corresponding actuation torque is also improved while still
exhibiting some differences that are shown in Fig. 17. Comparison of
skin deformation values is not reported because they are not affected
by the updating process.

350 T T T T T T T
Total Energy = Strain Energy (FEM)
300 | Total Energy = Strain Energy (Updated FEM)
Total Energy (Updated FEM with AeroLoad)
————— Strain Energy (Updated FEM with AeroLoad)
250 | |- = = Total Energy = Strain Energy (Experimental)
—
=
~ 200 f
>
a0
5}
= 150
[£a)
100 1
50 r
0 i . . .

0 10 20 30 40 50 60 70 80
Shaft Rotation (deg)

Fig. 18. Actuation energy comparisons as functions of the shaft rotation.

5.1. Final updating for shape quality improvement

The comparison between the identified experimental shape and
the deformation of the updated FEM, both obtained at 65deg shaft
rotation, shows that they are almost overlapping. A numerical quan-
tification of the geometric error is performed using the RBF-based
procedure described in Section 4.1 and the result is reported in the
left-hand side of Fig. 19. The highest error values of 7.6mm are re-
ported on the upper surface of the droop nose, whereas the root mean
square error computed over the entire skin surface is 4.2 mm. While
the shape comparison is globally satisfying, the largest discrepancy
is concentrated on the upper skin. The FEM deformation exhibits a
kind of beveled corner at the upper stringer’s location, whereas the
experimental deformation is smooth. This can be due to the abrupt
thickness change that characterizes the FEM in that skin region. The
maximum local error corresponds to 27% of the local displacement
and could be improved with a model updating. Therefore, the FEM
is updated a second time by including gradual thickness transitions
between adjacent sectors of the skin, similarly to what was done for the
experimental prototype. Thanks to this local modification the numerical
deformation becomes smoother and the shape correlation improves, as
depicted in Fig. 19 which compares the error distribution before and
after the second updating process. This modification does not affect the
energetic considerations outlined above. The discrepancy between the
experimental shape and the deformation of the final updated FEM is
now characterized by a maximum local error of 5.9 mm, whereas the
root mean square error computed over the entire skin surface drops
to 3.6mm. The maximum local error decreases to 21% of the local
displacement. Despite the reduction achieved, the error still seems large
because the local shape variation of the device is small in this region.
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Fig. 19. Shape comparison at 65deg shaft rotation: local error (mm) between the experimental deformation and the numerical deformation of the updated FEM before (left) and

after (right) including gradual thickness transitions into the skin.

However, this region is narrow and the local error is small compared
to the maximum shape changes of the complete device. Indeed, the
residual error has no effect on the overall aerodynamic performance,
as will be seen in the following.

6. Performance assessment

Once the updated FEM is available and able to reproduce the
behavior of the experimental prototype, it can be used to thoroughly
investigate the morphing device. Performance assessment includes two
additional virtual tests: a functionality test to evaluate the capability of
the device to achieve the target shape while remaining insensitive to
variations in external aerodynamic loads; a series of aeroelastic analy-
ses, based on CFD simulations, aimed at verifying that the aerodynamic
performance of the deformed device corresponds to that of the target
shape resulting from the shape optimization described in Section 2.1.

6.1. Validation of structural performances

The updated FEM model is first used to simulate the structural
behavior of the device subjected to the aerodynamic loads, in the flight
conditions relevant for the use of the device. In particular, we are
interested in evaluating how the application of the aerodynamic loads
affects the device in terms of deformation, shape change, and energy.
Thanks to the multi-objective approach adopted during the design of
compliant structures, the deformation due to the external loads should
be limited. The verification is performed by simulating the structural
solution of the updated model under pressure loads in landing condition
for two cases, namely 10deg and 16deg angles of attack. The local
difference between the two deformed shapes is depicted in Fig. 20 and
gives a root mean square deviation of 1.3 mm. This difference represents
the sensitivity of the deformed shape to the application of aerodynamic
loads. The greatest discrepancy is found on the upper skin which is
the most loaded region characterized by a small thickness of the skin.
Indeed, here there is a peak of negative pressure, as shown in Fig. 3, and
the small thickness is needed to realize the large curvature variation
on the upper skin [24]. However, the maximum difference of 3.9 mm
corresponds to less than 1% of the device chord length, confirming the
ability of the designed compliant structure to make negligible the wing
shape deformation at different loading conditions.

The deformations of the updated model are then compared with
the target shape, considering both 10deg and 16 deg angles of attack.
The results are shown in Fig. 21. The local difference between the
deformed and target shapes assumes higher values than the local
difference shown in Fig. 20. This means that the sensitivity of the
morphing deformation to the variation of aerodynamic loads is much
lower than the error compared to the target shape. However, as it will
be shown in Section 6.2, it does not make an appreciable difference in
the aerodynamic performances.

Finally, the effect of the external loads on the skin strain is inves-
tigated, showing that the maximum strain increases by 3% compared
to the unloaded case. Therefore, at the local level, the presence of
the aerodynamic loads has a minimum effect in terms of shape and
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Fig. 20. Local difference (mm) between the numerical deformation computed consid-
ering the aerodynamic loads at 10deg and 16deg angles of attack.

strains. The situation is different from the energy point of view. The
total energy of the loaded device reported in Fig. 18 is the sum of
two contributions: the former is the strain energy associated with the
shape change due to the morphing, the latter is the work associated
with the external aerodynamic loads. The total energy of the loaded
device is higher than the energy of the device subject only to the
actuation torque. At the maximum shaft rotation, the actuation energy
required applying aerodynamic loads is 19% higher than in the case
without loads and the corresponding actuation torque is 13% higher.
Moreover, contributions to the total energy can be divided into the 84%
needed to deform the structure and the 16% needed to withstand the
external loads. Therefore, for this leading edge device the dominant
contribution to the required actuation energy is associated with the
morphing process. The effect of the external aerodynamics loads is
lower, although not negligible from an energy point of view.

6.2. Validation of aerodynamic performances

The developed prototype is not intended for wind tunnel testing,
therefore the validation of the aerodynamic performance associated
with the obtained deformed shape is conducted numerically. The results
of the nonlinear finite element analyses are used to produce a CFD
model covering the same portion of the wing as the experimental
demonstrator. The CFD simulations are performed using the SU2 open-
source code [29] and are based on Reynolds-averaged Navier-Stokes
(RANS) equations, selecting the Menter’s Shear Stress Transport (SST)
turbulence model.

The ability of the device to be insensitive to the variation of aerody-
namic loads was exploited to perform a linear static aeroelastic analysis
without simulating the entire actuation history. After the updated finite
element model is actuated to achieve the 16 deg maximum deflection,
the aerodynamic loads coming from the CFD simulations are applied to
the skin and updated iteratively along with the CFD mesh deformation.
Since the aerodynamic loads have minimum effects on the deforma-
tion of the finite element model, the linear static aeroelastic analysis
converges in two iterations.

The CFD mesh is depicted in Fig. 22 in its undeformed config-
uration. It is characterized by approximately 6 million vertices and,
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Fig. 22. CFD mesh corresponding to the undeformed wing portion.

although barely visible, finer structured mesh cells are used for the
boundary layer. The aerodynamic model is representative of a wind
tunnel experiment in which the device covers the entire span of the
test section. Therefore, two walls are placed at the root and tip of
the wing with no penetration boundary conditions. No-slip boundary
condition is adopted at the wing surface, whereas the far field boundary
condition determines the flow variables using Riemann invariants. Due
to the limited spanwise extension of the aerodynamic model, the aim
of the aerodynamic evaluation is not the validation of the aircraft
performance, but rather the assessment of the achieved deformed shape
compared with the target and the undeformed shapes.

The analyses are repeated for different angles of attack, from 0deg
to 21 deg, in landing flight condition at sea level (Mach = 0.197). Three
different shapes are analyzed, namely the undeformed shape, the target
shape, and the deformed shape achieved by the updated model. The lift
coefficient as a function of AoA and the polar curve are compared in
Fig. 23. Moreover, the undeformed and deformed shape are compared
in Fig. 24 for 20 deg AoA, in terms of streamlines and momentum along
the wind direction.

The aerodynamic results for the deformed shape show negligible
differences compared to the target shape despite the geometrical dis-
crepancy highlighted in Fig. 21. Therefore, they demonstrate that the
aerodynamic performance which the designed device can provide cor-
responds to those of the target shape, even showing less aerodynamic
drag in the conditions around stall. Moreover, the comparison between
the results obtained using the undeformed and the deformed shape
confirms that the droop nose device is effective in delaying the stall
onset, while the undeformed configuration is characterized by a wider
separation region that penalizes the lift production at high incidence.

A final note concerns the values of the aerodynamic coefficients
shown in Fig. 23. They do not refer to the complete aircraft, being
valid only for the designed prototype which has a limited spanwise
extension. Therefore, the obtained results cannot be compared with
the aircraft performance presented in [24], but they are meaningful for
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the assessment of the designed device with respect to the target shape,
concluding the validation phase.

7. Conclusions

This paper has described the experimental validation of a morph-
ing droop nose design. The device, designed to be installed on the
innovative wing of a regional aircraft, has been conceived to provide
high-lift capabilities in take-off and landing conditions, together with a
smooth and gap-less skin surface. A multi-level and multi-disciplinary
optimization procedure has been adopted to design and validate the
concept. Starting from the performance augmentation requirements, an
optimal target shape has been determined and used to drive the design
of the compliant structure in the initial phase of the project. Then, the
work concentrated on the design and the experimental validation of a
full-scale prototype of the morphing droop nose device. A detailed finite
element model of the complete prototype has been realized and the
numerical results have assessed the structural feasibility and the quality
of the achieved morphing shape. Manufacturing and assembly phases
have proven to be effective, and the adopted processes seem promising
for the industrialization of the designed device. The experimental test of
the full-scale prototype has assessed the functionality of the device and
demonstrated the effectiveness of the engineering solution, showing an
elasto-mechanical behavior that is consistent with the numerical simu-
lation. A motion capture technique has proven to be a viable solution
to identify the experimental external shape which has been compared
with the results of numerical simulations. A numerical/experimental
correlation has been performed aimed at minimizing the strain energy
discrepancy between experimental results and numerical simulations.
An updated numerical model, matching the experimental strain energy,
has been obtained after two validation loops. The updated model has
been used to assess the stiffness of the device under external loads,
proving that the droop nose deflection and the quality of the deforma-
tion does not depend on variations in flight conditions. Moreover, the
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Fig. 23. Comparison between CFD results of undeformed shape, optimal target shape and updated FEM deformed shape: lift coefficient vs AoA (left) and polar curves (right) in

landing flight condition at sea level.

Fig. 24. CFD results in terms of momentum (kgm=2s~') along the wind direction and streamlines, at 20deg AoA: comparison between undeformed shape (left) and updated FEM

deformation (right) in landing flight condition at sea level.

total energy stored in the droop nose has been numerically investigated,
showing that the strain energy due to the morphing process prevails
over the work done to counteract the aerodynamic loads. Finally,
high-fidelity calculations demonstrated that the external shape change
achieved by the designed device guarantees the same aerodynamic
performances as the optimal target shape defined at the beginning of
the design.
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