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Abstract: This article presents the application of aeroelastic tailoring in the design of wings for a
flying demonstrator, as well as the validation of the design methodology with flight test results. The
investigations were performed in the FLEXOP project (Flutter Free Flight Envelope Expansion for
Economical Performance Improvement), funded under the Horizon 2020 framework. This project
aimed at the validation of methods and tools for active flutter control, as well as at the demonstration
of the potential of passive load alleviation through composite tailoring. The technologies were to
be demonstrated by the design, manufacturing and flight testing of an unmanned aerial vehicle of
approximately 7 m wingspan. This article addresses the work towards the load alleviation goals. The
design of the primary load-carrying wing-box in this task is performed using a joint DLR–TU Delft
optimization strategy. Two sets of wings are designed in order to demonstrate the potential benefits
of aeroelastic tailoring—first, a reference wing in which the laminates of the wing-box members are
restricted to balanced and symmetric laminates; second, a tailored wing in which the laminates are
allowed to be unbalanced, hence allowing for the shear–extension and bending–torsion couplings
essential for aeroelastic tailoring. Both designs are numerically optimized, then manufactured and
extensively tested to validate and improve the simulation models corresponding to the wing designs.
Flight tests are performed, the results of which form the basis for the validation of the applied
aeroelastic tailoring approach presented in the article.

Keywords: aeroelastic tailoring; load alleviation; composite optimization; UAV; FLEXOP

1. Introduction
1.1. The FLEXOP Project

The Flutter Free Flight Envelope Expansion for Economical Performance Improve-
ment, or FLEXOP [1], was a European research project running from 2016 to 2019, aiming
at developing and demonstrating technological concepts to improve the performance
of flexible, high-aspect ratio, swept aircraft wings. Two aspects were addressed in the
project—first, load alleviation techniques through aeroelastic tailoring and, second, active
flutter control were to be demonstrated in flight, using an unmanned aerial vehicle (UAV)
as the platform [2,3] (see Figure 1). The approaches which were developed have then been
applied to the design of a full-scale transport aircraft in a numerical scale-up task.

For the FLEXOP UAV, three different wing pairs were designed, manufactured and
tested. The first wing pair was a conventionally designed reference configuration, while
the second wing pair demonstrated the application of aeroelastic tailoring [4,5] for load
reduction. These two configurations are described in this article. A third wing pair [6]
was designed to flutter within the operational envelope of the aircraft and was intended to
demonstrate active flutter suppression.
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The design cycle of two FLEXOP wing types is presented in this article. The first
pair of wings is designed using conventional balanced-symmetric laminates, thus denoted
as “reference” throughout the following article. The second pair of wings also allows for
unbalanced laminates, thus allowing for a much larger design space and exploitation of
composite coupling benefits; this wing will be denoted in the following as “tailored”. The
wing structures were optimized using an aeroelastic tailoring toolchain, developed at the
Delft University of Technology (TUD) and the DLR Institute of Aeroelasticity (DLR). The
wings were then manufactured based on the outcome of the optimization task. Static tests
were performed to characterize the stiffness behaviour of the actual manufactured wings.
An airworthiness test was then performed, where the wings were subjected to the design
limit loads. Subsequently, a ground vibration test (GVT) was performed to obtain the
dynamic response of the aircraft. Those ground tests were used for a final update of the
finite element models. Finally, flight tests were performed with the UAV where a set of
load-relevant manoeuvres were flown, forming the basis for the comparison of predicted
and current behaviour of both sets of wings presented in this article.

1.2. Aeroelastic Tailoring for Load Alleviation

The use of composite materials in aircraft structures offers several advantages over
conventional metals. Among others, the directional nature of composite stiffness can
be optimized such that aeroelastic effects are exploited to achieve, for example, passive
load alleviation. This interactive subject involving composite optimization considering
or targeting aeroelastic effects is known as aeroelastic tailoring. Aeroelastic tailoring has
been studied extensively in the past for a great number of applications. Starnes Jr et al. [7]
applied an approximation-based optimization to minimize the weight of a wing structure
subjected to different combinations of buckling, strength, displacement and twist con-
straints. Hollowell et al. [8] demonstrated the considerable effects induced by the coupling
terms in the bending stiffness matrix by analysing the effect of bending–twist coupling
on the aeroelastic behaviour of composites’ plates with various symmetric, unbalanced
stacking sequences. A valuable survey on aeroelastic tailoring effects as a result of the
directional stiffness in orthotropic composites was provided in Shirk et al. [9]. The au-
thors investigated the possible influence of rotated fibre angles on minimum weight, twist,
normal modes, flutter and aerodynamic performance for various configurations, ranging
from fighter aircraft to forward-swept configurations. A general overview on optimization
technologies covering optimizations on the panel level to the aeroelastic optimization of
composites in aircraft wings was provided in Vanderplaats et al. [10]. Eastep et al. [11] study
the influence of layup orientation in a straight fibre design on the optimized wing mass,
subject to constraints on strength and roll-reversal velocity. Guo et al. [12] demonstrate the
potential of aeroelastic tailoring in increasing the flutter speed by optimizing for the fibre
orientations of a composite wing box. In a more recent work, Leon et al. [13] maximized
the flutter eigenfrequency of a composite plate wing with ply angles as design variables,
considering symmetric and non-symmetric laminates.
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Aeroelastic tailoring studies based on lamination parameters have also been studied
extensively. Kameyama et al. [14] used a composite plate wing to demonstrate the influence
of lamination parameters on the flutter and divergence characteristics. The minimization of
compliance of a variable-stiffness slender wing represented as a beam was demonstrated
in Abdalla et al. [15]. The cross-sectional properties of the beam were parametrized using
lamination parameters that defined the membrane stiffnesses of the box cross section. The
results show that variable stiffness layups can significantly outperform structures compris-
ing constant stiffness. Unbalanced laminates in particular, comprising bending–torsion
coupling, lead to the best performance in terms of compliance. A two-level optimization
strategy was proposed by Liu [16]. Allowing for symmetric and unbalanced laminates, a
lamination parameter-based weight minimization was performed before applying genetic
algorithms for the derivation of stacking sequences. The objective function in the second
optimization step comprises a minimization of the square distance between optimal lam-
ination parameters from the first step and lamination parameters corresponding to the
genetic algorithm step. Dillinger [17,18] presented an optimization approach for composite
aircraft wings based on lamination parameters. The introduction of that publication also
presents an extensive overview over the development in the field. Next to those sources
mentioned, the article by Livne [19] provided an extensive literature overview on load
control and contained a section on aeroelastic tailoring.

Experimental studies in wind-tunnel experiments have also been presented in recent
works. Meddaikar and Sodja described a set of experiments where aeroelastically tailored
wings have been built to validate the design process and demonstrate the feasibility of high
deflection models for wind tunnel experiments [20–22], first on an unswept wing, then on a
forward swept wing. While these experiments were performed in low-speed wind tunnels,
Dillinger et al. described a comparison of two tailored wings tested in the ONERA S2Ch
wind tunnel at transonic flow speeds [23].

Applications of aeroelastic tailoring in optimizing an actual flying aircraft in the
available literature are very limited. The HiMAT [24,25]—highly manoeuvrable aircraft
technology demonstrator—was designed to achieve a desirable twist deformation through
aeroelastic tailoring in flight tests, such that a compromise in drag performance during
transonic manoeuvre and cruise could be achieved on a remotely piloted research vehicle.
More recent work includes the T-wing project where aeroelastic tailoring was applied
to a next-generation tiltrotor composite wing [26] in order to isolate and tune the wing
bending and torsion frequencies to improve aeroelastic stability margins. The flight tests
are planned for a next phase in the project.

The present work aims to further research in this area through flight tests aimed
at demonstrating passive load alleviation, to optimize a composite wing structure for
its weight, using an aeroelastic tailoring framework that includes various constraints,
unconventional laminate types, and several load-cases, and to validate the actual benefits of
such an optimization exercise on a flying demonstrator. Initial results from the optimization
and ground tests were presented in [5], while the present paper consolidates them together
with flight test results.

2. Aeroelastic Tailoring Framework
2.1. Overall Process

The aeroelastic tailoring approach applied in this work is a multi-fidelity approach,
originally developed in the European Smart Fixed Wing Aircraft project and described
in [27]. The process addresses the fact that the design space for the design of aeroelastically
tailored wings is usually very large, due to the large number of design variables and
constraints that are typically associated with this type of problem. A two-step approach is
thus followed to systematically converge on an optimized structural design. In FLEXOP,
a modified version of the process using a sequential approach of using beam and shell
models for the wings is implemented, as shown in Figure 2.
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Step 1 of the toolchain uses a stiffness optimization tool based on a beam model
of the wing. In this step, initial design studies can be performed to explore the design
space, in which the effects of different material types, laminate reference coordinate system
definitions and wing-box layout can be studied. The optimized wing structural design
obtained from this step serves as the starting point for design Step 2.

Step 2 employs a genetic algorithm (GA) for stacking sequence optimization, and uses
a shell-based finite element model of a higher fidelity. The outcome of this step is the layup
plan that is required for manufacturing.

2.2. Beam-Model-Based Stiffness Optimization

The first step in the optimization toolchain is performed using the design tool PRO-
TEUS, developed at TUD. The tool is an aeroelastic wing design tool developed to improve
the conceptual design of aircraft wings by considering aeroelastic effects. In this regard, the
tool is computationally efficient to enable quick design optimization studies. A detailed ex-
planation of the design tool is presented in [28]. In the design process, a 3D cross-sectional
modeler [29] first compiles the wing cross-sectional properties into equivalent Timoshenko
stiffness matrices. Second, a static aeroelastic analysis combines a geometrically non-linear
Timoshenko beam model [30] based on the co-rotational formulation, to the steady vortex
lattice method (VLM)-based aerodynamic model [31]. Finally, a linear dynamic aeroelastic
analysis is based on a linearized stiffness matrix around the non-linear static equilibrium
solution. This is then coupled to a mass matrix and an aerodynamic model based on the
unsteady VLM [31].

For the composite optimization, the stiffness of the composite laminates is represented
by so-called lamination parameters. These parameters describe the stiffness behaviour of a
composite laminate by means of convenient continuous design variables. The lamination
parameters together with the laminate thickness are the design variables in this step.
Lamination parameters [32,33] present a very useful parametrization scheme for composite
laminates and have been extensively applied in the past, with some of the early works
presented in [32–34].

A detailed description of this step of the process, together with the results from the
optimization studies, was presented in [4], and validation with FLEXOP test data in [35].

2.3. Shell-Model Based Stacking Sequence Optimization

The design obtained in the previous step represents an optimal stiffness distribution of
the wing structure. This design is used as a starting point in this second optimization step.
For this step, a genetic algorithm (GA) is applied, using a technique known as stacking
sequence tables (SST) [36,37]. The GA with SST follows rules of generalized laminate
blending [38] to ensure ply continuity between adjacent design fields and also provides
information on ply-drop sequence. The GA also includes several industry-standard design
guidelines related to laminate and ply-drop requirements. For the representation of static
wing loads, an aeroelastic tailoring framework (see [27]) is utilized, which uses NASTRAN
to generate the required optimization responses and sensitivities. Part of the process is a
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modelling strategy based on NASTRAN shell-element models of the wing, coupled with a
doublet lattice model (DLM) for the aerodynamics. The aeroelastic model is then obtained
through splining between the structural and aerodynamic models, using an in-house model
generator, ModGen [39].

The numerical models of the FLEXOP wing, which are the output of the two-step
process described above, are shown in Figure 3.
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3. Wing Design and Structural Optimization
3.1. Planform and Design Specifications

The UAV wings follow a traditional wing box concept, comprising upper and lower
skins, ribs and spars, and, given the slender wing layout, no stringers. The wings have
a full span of approximately 7 m, an aspect ratio of 16.33, a leading-edge sweep angle of
20◦ and a custom asymmetric airfoil. The key design specifications of the wing are listed
in Table 1. For the structural design, a carbon fibre/epoxy material with the technical
specification Hexcel 8552/34%/UD134/AS4Tape is used.

Table 1. Design specifications of the wings.

Planform Properties

Semi-span 3.536 m
Root chord 0.4713 m
Tip chord 0.2357 m
Leading edge sweep 20◦

Airfoil thickness, root 10% chord
Airfoil thickness, tip 8% chord

Wing Box

Front spar position 15% chord
Rear spar position 71% chord

Operating requirements

Atmosphere ISA
Cruise speed 45 m/s (TAS)
Cruise altitude ASL 800 m
Landing speed 20 m/s
Landing altitude ASL 500 m
Limit load positive 5 g at cruise speed and altitude
Limit load negative −2 g at cruise speed and altitude
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Table 1. Cont.

Safety requirements

Safety factor (SF) 1.5
Knockdown factor (KDF) (B-basis) 90 ◦C/W/BVID
Stiffness Average value
Strength 1/SF*KDF*material allowable
Buckling SF*(B-basis KDF)*crit. load

One g shape requirement

Twist Linear var. root/tip: 0◦ to −2◦

Twist tolerance +/− 0.05◦

Tip deflection No requirement

3.2. Optimization Specifications

The objective of the design optimization is to minimize the structural mass of the
wing. For a sufficiently large design space, the wing is split into 12 spanwise design
regions, as shown in Figure 4. Considering ease of manufacturability, only one chord-wise
design region is applied. Each design region corresponds to an area of the wing having the
same laminate, or effectively the same stiffness. The stacking sequences in the upper and
lower skins and front and rear spars are optimized for, while the laminates in the ribs are
pre-defined. Additionally, the leading edge, trailing edge and flaps are not a part of the
optimization exercise.
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All three wing designs in FLEXOP are very different from their flexibility distribution,
and it is thus difficult to compare the performance of these designs. To ensure that all wings
perform aerodynamically similarly at cruise speed, a constraint on the 1 g cruise shape is
placed in the optimization. This certifies that the benefits obtained by means of aeroelastic
tailoring do not come at the expense of aerodynamic performance. At the 1 g cruise point,
the twist distribution varies linearly between 0◦ at the root and −2◦ at the tip.

The outputs of the optimizations are the blended stacking sequence as well as the
jig-twist. The physical constraints used in the optimization include laminate strength, buck-
ling, the tip-twist at 1 g cruise, a static divergence constraint and an aileron effectiveness
constraint, requiring an effectiveness of more than 15% in all conditions. For the laminate
constraints, a 10% rule is applied. All wings use a symmetry and ply contiguity (max. 4)
constraint. The outer plies have to obtain a ±45◦ direction, and the outer maximum dis-
orientation is set to 45◦. The reference wing is constrained to balanced laminates, and the
tailored design makes use of unbalanced laminates. As sizing load cases, two manoeuvres,
one at 45 m/s (TAS) and one at −2 g at 45 m/s (TAS), were selected.
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3.3. Optimization Results

In order to provide a comparable basis for the aeroelastic tailoring demonstration,
two wings are designed using the aeroelastic tailoring framework described in the previous
sections. The reference wing is designed with balanced-symmetric-type laminates, while
the tailored wing is restricted only to symmetric laminates. The tailored wing thus has
a larger design space. Therefore, it should be able to better exploit the bending–torsion
capabilities of anisotropic composites to design more efficient wings.

In Table 2, the optimization results of the different wings and optimization steps are
compared. The results obtained from the first optimization step using PROTEUS (“stiffness
optimization”) were detailed in [4]. Along with the optimal stiffness design of the wing,
this first step also provides the optimal jig-twist. This jig-twist is then utilized directly in
the stacking sequence optimization.

Table 2. Comparison of wing designs from the stiffness optimization step and stacking sequence
optimization step: the resulting mass and root bending moments form different manoeuvres (values
with respect to the corresponding reference wing denoted within brackets).

Mass (kg) Root Bending Moment (Nm)

1 g 5 g −2 g

Stiffness-opt.
(reference) 5.884 304 1662 −726

Stiffness-opt.
(tailored)

5.652
(0.96) 305 1555

(0.94)
−647
(0.89)

Stacking seq.
(reference) 6.878 311.0 1697.7 −729.6

Stacking seq.
(tailored)

6.307
(0.92) 314.2 1651.9

(0.97)
−689.0
(0.94)

The results from the second (“stacking sequence”) optimization step are the focus of
the following discussion. First, it can be seen that stiffness-optimal designs obtained from
the first optimization step in both the reference and tailored wings are between 12 and 17%
lighter than their stacking sequence counterparts. This increase in mass can be expected
since the stacking sequence design is constrained by the discrete steps of ply angles and
thickness. Additionally, the stacking sequence design includes the constraint of laminate
blending and additional laminate guidelines. The increase in mass in the stacking sequence
design can be attributed to these reasons, which are not accounted for in the stiffness
optimization step.

Second, the final stacking sequence design of the tailored wing results in a structural
mass of 6.30 kg per wing half, in comparison to the 6.88 kg achieved for the final stacking
sequence design of the reference wing. This weight saving of close to 8% arises purely out
of the enlarged design space on account of the unbalanced laminates, which then leads to a
better use of composite anisotropic properties. This behaviour results in the shown root
bending moments, which for the reference wings are reduced by 3% (5 g) and 6% (−2 g)
for the tailored wing when compared to the reference wing. Note that the loads are almost
identical for the 1 g case, as this was a design assumption.

The comparatively better performance of the tailored wing is a direct result of the en-
larged design space offered by unbalanced laminates. This larger design space is visualized
in Figure 5, which shows the polar distribution of the A11 term of the in-plane stiffness ma-
trix in the upper skins of the reference and tailored wings. The highly anisotropic stiffness
distribution in the tailored wing results in the classic bend–twist composite coupling that
produces a nose-down twist upon upward bending.
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design (bottom), for the upper skin.

Consequently, a pull-up manoeuvre, for instance, produces a nose-down twist, which
in turn results in an inboard-shifting of loads and, finally, in an alleviated root bending
moment, as listed in Table 2. The reduced loads result in lesser thickness requirements, as
shown in Figure 6, leading to the savings in structural weight. The thickness distribution
shows two expected trends: (1) the tailored wing requires a lower thickness in the skins
compared to the reference wing, on account of the reduced loads, (2) the thickness in the
upper skin is larger than in the lower skin for both the tailored and reference wings, given
the larger load factor for the sizing pull-up manoeuvre, i.e. +5 g against the push-down
manoeuvre −2 g, causing the upper skin to experience larger compressive loads than the
lower skin; thereby requiring larger thickness to meet buckling constraints, as well as
strength constraints given the lower strength allowables in compression.
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The lift redistribution towards the inboard section of the wing in the tailored design
is visible in Figure 7, which shows the spanwise lift distribution of the wing for different
manoeuvre loads.

The corresponding structural twist of the respective wings is shown in Figure 8. A
large negative structural twist angle at the tip of the wing implies a nose-down twist, which
is beneficial in a pull-up manoeuvre to alleviate loads. This negative structural twist in the
case of the 5 g manoeuvre load is significantly larger in the tailored wing, which in turn
helps in shifting the loads inboard.
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The optimized designs obtained from this step are used to generate full aircraft
aeroelastic models using design data available for the fuselage and empennage. These
models are subsequently used to perform aeroelastic analyses and to generate various
models required for controller synthesis.

3.4. Manufacturing of Wings

The reference and the tailored wing were built using carbon fibre-reinforced plastic
(CFRP) material at FACC (Austria), a partner participating in the project. The layup of the
CFRP material comprising the wing skins and the spars, a standard aerospace-grade carbon
fibre unidirectional prepreg material designated AS4-8552, is based on the optimisation
results presented above.

4. Ground Tests
4.1. Shape and Load Sensing Methodology

To enable in-flight wing shape and load measurements, a temperature and strain
sensing system based on fibre Bragg grating (FBG) sensors was integrated into both the
reference and tailored wing. The strain sensing system consists of 20 rosettes with FBGs ori-
ented at 0◦, 45◦, and 90◦. The rosettes were installed on both the top and bottom wing skins
along the span, for a total of 120 strain sensors. The layout is depicted in the schematic seen
in Figure 9. Due to hardware malfunctions, the temperature sensors were not operational
during the test flights and are therefore not considered in the subsequent analysis.
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The measured strain values are used for the calculation of the internal loads such
as bending moment and shear force, pertinent vertical deflection, and torsional twist.
The developed method draws upon the Euler–Bernoulli beam theory and the work of
Skopinski et al. [40] to set up a data-based framework for the calculation of the necessary
load and shape-sensing parameters based on the strain distribution along the wing span.
Using this approach, the required loads and pertinent deflections can be reconstructed [41].

The sensing parameters were calculated using the static test load cases (bending,
torsion) and resulting FBG strain distributions as calibration data. The load sensing param-
eters were found exclusively based on experimental data, requiring only one bending and
one torsion case. On the other hand, an extensive set of load cases was needed to establish
all the required shape-sensing parameters. Due to the limited number of experimental
load cases, a calibrated NASTRAN finite element model of the two wings was used to
generate a sufficient dataset of equivalent simulation strains to calculate the required shape
sensing mapping parameters. The mapping parameters were then calculated by relating
the simulation strains to the FBG data, thereby enabling the experimental calculation of the
wing shapes [41].

4.2. Static Test and Model Update

The main objective of the static test was the assessment of the stiffness properties of
the manufactured wings and validation of the pertinent structural models developed and
utilized in its design process. A pair of the manufactured wings was mounted in a dedicated
test stand, with a similar attachment mechanism as in the wing-fuselage connection. In
order to achieve representative boundary conditions at the root of the wing, both the port
and starboard halves of the wings were mounted in the test stand and connected in the
middle. Accordingly, the full aircraft structural FE model was used in the update process
with an appropriate boundary condition to account for the static fixture. Prescribed shear
and torsional loads were applied to both halves in a symmetric fashion as illustrated in
Figure 10. A laser-tracking-based system was used to measure the position of pre-placed
markers on the wing, from which the displacements and torsional rotation were calculated.

Discrete loads were applied by hanging weights at the wingtip. Both positive and
negative shear loads were applied by flipping the wing from an upside-up to an upside-
down orientation. A torque bar was mounted on top of the load clamp for torsional load
cases in order to be able to apply a sufficient amount of torque by increasing the lever
arm. To avoid accidentally damaging the wing structure during the test, a set of maximum
shear and torque loads was pre-determined. Load clamps fitted to the wing shape were
used to spread the load gradually into the wing structure to avoid causing any structural
damage due to local concentrated loads. In addition to the shear and torsion load cases,
three load-sets were also tested corresponding to equivalent flight loads at +5 g, +2.5 g
and −2 g loads using sandbags. These serve as test cases to compare the initial and final
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updated FE models, where the model-updating process uses only the simplified shear and
torsion load cases.
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Figure 10. Static test setup—load application.

The bending and torsional displacement corresponding to the tested +2.5 g equivalent
flight loads is shown in Figure 11 for the reference wing. A comparison between the initial
NASTRAN FE model and the experimental results is also shown in the same figure. The
initial FE model corresponds to the optimized design obtained in the second optimisation
step as described earlier. It is seen that a maximum deviation of close to ~10% is observed
in the tip displacement between the initial FE model and the physical structure. This
difference can be attributed to a mix of reasons—modelling assumptions and simplifications,
manufacturing deviations, material scatter, experimental accuracy, etc.
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A first attempt at updating the stiffness model was performed by introducing a
knock-down on the engineering stiffness terms (E1; E2; G12) in the FE model of the wing
and in the clamp used for the wing attachment. For the wing, the stiffness terms in
the upper and lower skin were used for the update using a similar discretization as in
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the design region definition shown in Figure 4. The objective to be minimized in the
optimization problem was a function of the difference between experimental and simulated
displacements. A weighted sum of the contributions from the bending and torsional
displacement components was used. With this relatively simple first approach to updating
the stiffness of the wing, an agreeable match for the bending displacement is seen in the
updated FE model shown in Figure 11. The twist displacement, however, improved in
the updated model, still shows some discrepancy when compared to the experimental
measurements which can be attributed to two main reasons. First, the small magnitude
of twist measured under the loads make the twist measurement very susceptible to noise,
as seen at the markers near the mid-span, on account of the accuracy of the measurement
system and experimental process itself. Second, a near constant offset between the model
and the experiment is seen, indicating some form of non-linearity in the attachment, such
as a free-play, which is not modelled. This remains to be investigated further. Nevertheless,
the stiffness characterization of the wing structure obtained from this static update is judged
to be acceptable to be used for further analyses.

A similar exercise was also performed for the tailored wing, and the results from the
model updating are shown in Figure 12.
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4.3. Airworthiness Test

In addition to the static tests, an airworthiness test was performed on the wings in
order to confirm that they can sustain the design limit loads, namely 5 g pull-up and −2 g
push-down manoeuvres at the design conditions. A picture of the test-stand with the
reference wing mounted is shown in its unloaded and loaded state in Figure 13. The wing
was loaded with a 5 g and −2 g equivalent load by hanging sandbags at six span-wise
locations on either side of the wings. In the case of the −2 g loads, the wing was flipped over
before applying the loads. The equivalent loads were derived by matching the deflected
shape of the reference wing with that of the FE model subjected to the limit loads. By
applying the loads in this way, the resulting shear force and the bending moment along
the span were recovered, as shown in Figure 14. One can observe that the equivalent shear
force changes in discrete steps due to the fact that the forces are applied at discrete locations
along the span of the wing. Nevertheless, the equivalent bending moment follows the
bending moment in flight very faithfully.
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Figure 14. Derivation of the equivalent 1 g loads.

The airworthiness tests showed that the wings can sustain the limit loads without any
detectable structural damage, and were therefore deemed safe to operate.

4.4. Ground Vibration Tests

Following the update of the stiffness properties of the numerical models using the
static test results, a ground vibration test (GVT) was performed to characterize the dynamic
behaviour of the manufactured wings, and also of the complete aircraft (see Figure 15).
In the case of the GVT, the full UAV was instrumented with accelerometers, suspended
on elastic strings and excited with an impulse hammer. From the time-response of the
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accelerometers, a modal analysis was performed to obtain the eigen frequencies, mode
shapes and damping corresponding to each of the modes. The results were used to update
the aeroservoelastic models of the full UAV aircraft, which are critical for the final controller
designs in the next phase. In addition, the GVT campaign was used to test the complete
sensor and data acquisition setup of the aircraft. Details of the ground tests of the FLEXOP
aircraft can be found in [41].
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A comparison of the modal characteristics between the GVT experimental and a modal
analysis performed on the FE model updated from the static test results is presented in
Table 3. It is seen that the FE model already captures the out-of-plane bending behaviour of
the wing well. On the other hand, the in-plane behaviour of the wing and the stiffness and
mass modelling of the fuselage and empennage need to be investigated in more detail. Thus,
in the next step, an update of the aircraft FE model was made simultaneously, considering
results from the static tests and GVTs.

Table 3. Comparison of eigen frequencies: GVT vs. stiffness-updated FE model (in—i nodes in the
mode, s—symmetric, a—antisymmetric).

Mode GVT (Hz) FE (Hz) ∆f (%)

2n_wing_bend-s 3.27 3.28 −0.43

3n_wing_bend-a 8.28 7.07 14.3

1n_wing_inplane-a 8.88 18.21 -

4n_wing_bend-s 12.12 11.05 8.8

tail_rock-a 17.32 - -

1n_wing_inplane-s 19.26 18.23 5.4

5. Flight Test
5.1. Flight Test Approach

The flight tests with the FLEXOP UAV took place at Special Airport Oberpfaffenhofen,
Germany. Due to German law, they had to be performed within visual line of sight in a
controlled airspace. The flight path has a horse-race pattern, as shown in Figure 16.
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The manoeuvre loads for the aeroelastic tailoring demonstration were introduced
during coordinated turns and push-up-push-over manoeuvres during the straight leg. The
FBGs on board recorded the in-flight strains. The measured strains along with dedicated
shape sensors were used to calculate deformations (displacement and twist), sectional
loads and the wing root bending moment. The difference in the root bending moments,
the sectional loads and the bending–torsion coupling-induced twist during the introduced
manoeuvres between the reference and tailored wing designs are crucial measures in
evaluating the aeroelastic tailoring capability of the applied framework. Additionally, an
update of the aeroelastic models was also based on these measurements.

The flight test campaign itself was divided into four phases [42]. The first and second
phases of the flight test campaign dealt with gathering data with the reference wing. For
the third phase, the tailored wing was mounted for load alleviation testing. Unfortunately,
phase 4, with the specially designed flexible wing dedicated to the demonstration of
controller-based flutter suppression, was not able to be conducted in the scope of the
FLEXOP project due to time constraints.

Five test flights for phase one and two with the reference wing were conducted. Static
aeroelastic testing manoeuvres, aircraft dynamic performance identification manoeuvres,
as well as autopilot functionality (baseline controller) checks were all performed at least
once. All of the aircraft systems were tested and performed as expected. During the final
flight, phase 3, using the tailored wing, data from 22 min of flight time were gathered and
good-quality data regarding aeroelastic manoeuvres were acquired.

Two flight manoeuvres, a sustained turn at a constant bank angle and a pull-up-push-
over manoeuvre were selected to be executed during the flight-testing campaign in order
to demonstrate the passive load alleviation mechanism due to aeroelastic tailoring and to
perform the validation of the aeroelastic tailoring toolchain developed by TU Delft and
DLR—see Section 2 above.

The sustained turn at a constant bank angle was chosen for two reasons. First, the
aircraft had to be flown in line of sight within a certain flight perimeter and altitude. With
these limitations in mind, the sustained turn could be performed at a constant velocity
for as long as necessary to collect enough data for subsequent analysis. Second, the load
factor during such a manoeuvre strongly depends on the bank angle of the turn. Therefore,
various load factors can easily be tested by simply adjusting the bank angle of the turn.

A closer description of the flight test programme and a number of selected measure-
ment results can be found in [42].

5.2. Comparison between Flight Test Results and Simulation Models

As stated above, two major goals were targeted in the flight test campaign: first, a
validation of the aeroelastic tailoring process of TU Delft and DLR by comparing simulation
results to flight test results; second, a validation of the load reduction potential in the
aeroelastic tailored wing when compared to the classic design of the reference wing.
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In the following paragraphs, the simulation results for the DLR wing model, i.e., the
finite element model, will be compared to the test flight results, both for the reference wing
and for the tailored wing. The results from a comparable exercise for the TU Delft beam
model are discussed in [35].

Table 4 lists the static manoeuvres that were tested during various test flights. The
load factors were corrected to account for a variation in flight mass due to differing fuel
levels. Additionally, only flight manoeuvres where the load factors remain relatively
steady for a useable period of time were chosen. Details on the reconstruction of flight
shape and loads, including corrections for temperature and drift from the FBG system is
presented in [41].

Table 4. Test flight manoeuvres for reference and tailored wings.

Reference Wing Tailored Wing

Manoeuvre No. Load Factor (g) Airspeed (m/s) Load Factor (g) Airspeed (m/s)

1 2.30 50.1 2.86 53.6

2 2.60 50.0 2.47 50.0

3 2.36 44.6 2.15 45.1

4 2.65 49.1 2.22 46.6

5 3.06 51.8 2.43 50.7

6 2.26 47.2 2.46 49.6

7 2.50 53.0

8 2.33 44.7

A comparison of the aeroelastic response between the flight tests and simulations
using NASTRAN is summarized in Figures 17 and 18 for the reference wings as well as in
Figures 19 and 20 for the tailored wings. The simulations are carried out using the updated
FE model discussed earlier in Section 4.3.
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With regard to the bending deformation, a good agreement between the flight test
results and the aeroelastic simulations is observed, with a maximum difference of ~7% and
~8% for the reference and tailored wings, respectively, at the wingtip. The difference in the
twist at the tip, however, does not show as good a match. The maximum difference in this
case is ~30% for both the reference and tailored wings. This can be attributed to the fact
that structural twist in itself is relatively small and any error from the strain measurements
from the FBGs is more visible in the reconstructed twist. Moreover, as discussed earlier in
the stiffness update using static test (Figures 11 and 12), while the updated models showed
good match with the experimental results for bending displacement, the match in the twist
deformation was relatively poor.
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Flight loads are compared in terms of shear force and bending moment at the wing root.
In the case of the reference wings, the difference between the flight test loads and aeroelastic
simulations are ~14% and ~6% for the root shear force and bending moment, respectively,
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and similarly ~12% and ~9% in the case of the tailored wings. In the NASTRAN simulations,
a perfect linear relationship is expected between the deformation or loads and the load
factor. However, a small deviation in the simulated points is observed with respect to a
fitted line. This is a result of different manoeuvres being performed at slightly different
velocities, as shown in Table 4.
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The wing loads for the reference and tailored wings are aggregated in Figure 21, where
the root bending moment and shear force are plotted for different flight manoeuvre points.
The shear force at the root effectively represents the amount of load the wing carries. When
neglecting the loads on the tail plane and fuselage, this shear force should amount to the
weight of the fuselage suspended between the wings.
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For a given shear force at the root, it is found that the tailored wing exhibits a lower
root bending moment when compared to the reference wing. This is a result of the tailored
wing shifting the loads more effectively inboard, reducing the bending moment and thus
potentially being able to reduce structural weight. Ideally, the trend lines for the two wings
would converge at a point which would correspond to a 1 g flight manoeuvre at the design
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mass of 65 kg. This is a result of the design requirement wherein both wings have the
same flight shape at 1 g cruise. At load levels above this, the tailored wing would have a
lower slope between the root bending moment and shear force. However, the opposite is
observed when constructing a linear fit through the measured flight data. This is largely
attributed to the scatter in flight measurement, observed more prominently in the case of
the reference wing. Based on a small number of points, the linear regression is influenced
heavily by the data scatter. It is, however, clear that for a given shear force or load carried by
the wing, the bending moment at the root is lower for the tailored wing when compared to
the reference, thereby demonstrating the passive load alleviation on account of aeroelastic
tailoring in the tailored wing.

From the above results, it can be seen that a generally good agreement is observed
between the flight test results and the simulations for both deformation and loads, with the
exception of the twist deformation. An improvement in this comparison can be expected
when the FE models of the wing are further updated, for instance to better characterize
their torsional behaviour. At the same time, there is also uncertainty when considering
the flight test data given the accuracy of the various measurement systems. This can be
observed, for instance, from the flight test data where even for flight points with similar
load factors, the deformation and loads are, at times, scattered.

6. Conclusions and Outlook

In the project FLEXOP, a joint DLR–TU Delft aeroelastic tailoring framework has been
applied in the design of two pairs of wings. The goal of the activities was the demonstration
of the benefits of aeroelastic tailoring for load alleviation, as well as of the design framework,
on an actual flying testbench. For this purpose, the partners undertook a complete cycle of
design, optimization, manufacturing and testing of an unmanned aircraft.

To be able to compare design principles, a reference wing has been designed using
conventional balanced-symmetric laminates, while, in parallel, a tailored wing has been
designed using symmetric laminates, thus allowing for better use of the beneficial bending-
torsion coupling of composite laminates. The wing-box comprising upper and lower skins
and front and rear spars has been optimized and the optimization results show a weight
saving potential of ~8% when comparing the tailored design with the reference design.

The wings were manufactured using CFRP prepregs cured in an autoclave and were
instrumented with various systems, including FBGs to measure strains and, through them,
to extract deformation and loads. An extensive ground test campaign was performed
including static tests for stiffness updating and a ground vibration test to update the
aeroservoelastic model.

Flight tests have been conducted using both the reference and tailored wing perform-
ing various static flight manoeuvres. The results from the flight tests have been used to
validate the DLR–TU Delft aeroelastic tailoring toolchain as well as to demonstrate passive
load alleviation on a flying test bench.
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