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The aim of the paper is to experimentally validate a numerical design methodology for optimizing composite
wings subject to gust and fatigue loading requirements and to assess the effect of fatigue on the aeroelastic per-
formance of the wing. Traditionally, to account for fatigue in composite design, a knockdown factor on the
maximum stress allowable is applied, resulting in a conservative design. In the current design methodology,
an analytical fatigue model is used to reduce the conservativeness and exploit the potential of composite mate-
rials. To validate the proposed analytical model, a rectangular composite wing is designed and manufactured to
be critical in strength, buckling and fatigue. An experimental campaign comprising wind tunnel and fatigue
tests is performed. In the wind tunnel, both static and dynamic aeroelastic experiments are conducted to val-
idate the numerical dynamic aeroelastic model. The fatigue test is used to validate the analytical fatigue model
and to understand the effect of fatigue on aeroelastic properties of the wings. The results from experimental
campaign validated both the aeroelastic predictions as well as fatigue predictions of the numerical design
methodology. However the fatigue process resulted in degradation of the wing stiffness leading to change in
the aeroelastic response of the wing.
1. Introduction

Composite materials with their high specific strength are becoming
a preferred choice for an efficient aircraft structure. Additionally due
to the inherent anisotropic behavior, composite materials can also be
tailored to obtain higher efficiency during flight by achieving ideal
aeroelastic deformations. There has been a lot of work on the applica-
tion of composite materials to aeroelastically tailor the aircraft wings
with an objective of minimizing the structural weight [1–6].

In a majority of these studies [1–7], the static maneuver load cases
are used to size the structure with design constraints, among others on
stiffness, buckling, static strength, control reversal and static and
dynamic aeroelastic stability. As the wings become more optimized
for improved aeroelastic behavior, unsteady gust loads start to size
the structure along with the static load cases [8]. Taking into account
gust loads during the initial phase of the design process is quite chal-
lenging as one has to scan approximately 10 million load cases to iden-
tify the worst‐case gust load [9]. Additionally, after every iteration,
there is an update in the design which changes the aeroelastic proper-
ties of the wing leading to a change in critical gust load. As a result, a
rescan of all the load cases is required at every new iteration in the
design. The authors [8] in their previous work have developed a
methodology to include critical gust loads efficiently in the aeroelastic
optimization of composite wings using the TU Delft in–house prelimi-
nary aeroelastic design tool PROTEUS [10].

Typically to account for fatigue in a composite structure, a conser-
vative knockdown factor is applied to the allowable stress levels of the
laminate. With improved aeroelastic behavior, the difference between
the magnitude of typical fatigue loads and the ultimate static strength
of the design becomes smaller. As a result, fatigue loading, which, his-
torically, was not a design driver for a composite wing structure, now
becomes more important and may impact the design. The conservative
knockdown factors for fatigue would be too conservative and weight‐
inefficient. Thus there is a need to include fatigue through a physics‐
based model in the aeroelastic optimization process. The authors, in
their previous work [11] formulated an analytical model to predict
the fatigue life of composite structures. This model was integrated into
PROTEUS to perform stiffness and thickness optimization of a compos-
ite wing taking into account fatigue as one of the constraints.

The present work aims at validating the numerical methodology
developed to tailor composite wings subject to gust and fatigue loads
by design, manufacturing and testing of a composite wing having a
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representative wing structure comprising of spars, ribs and load bear-
ing skins. Additionally, the work also looks at the effect of fatigue on
the aeroelastic response of the wing. There is limited literature avail-
able on the aeroelastic experimental data sets of tailored composite
wings. Early research has been focused on testing of wings modeled
as plates [12–14] which are tailored to improve aeroelastic behavior
using the bend‐twist coupling of the composite laminate. However,
for the representative wing structure, a closed‐cell cross‐sectional con-
figuration is used where the improved aeroelastic behavior originates
from the extension‐shear coupling of the individual laminates of the
cross‐section. At the German Aerospace Center DLR, there has been
a concentrated effort on optimization, manufacturing and testing of
an aeroelastically tailored wing with representative cross section using
composite materials [15–17]. In these studies, the wing is manufac-
tured using load‐carrying skins filled with foam. The foam is used to
provide resistance against buckling. Ribs and spars are not included
in the wing, in order to simplify the manufacturing.

More recently at Delft University of Technology TU Delft, Werter
et al. [10] have manufactured and tested aeroelastically tailored wings
having load‐carrying skins filled with foam in the wind tunnel under
static maneuver loadings. The designed wing employed constant thick-
ness and stiffness along the span, such that a manufacturable stacking
sequence could be obtained by a sweep over ply angles. Although the
wings tested at DLR and TU Delft have tailored composite skins, they
all feature foam as internal structure in place of spars and ribs. Thus,
they are not entirely representative of a realistic wing as they miss
the typical wingbox structure.

The current paper extends the work done by Werter et al. [10] by
first designing and manufacturing a composite wing with an actual
wing box, which includes ribs and spars such that there are clear load
carrying paths; second, by testing under gust loading conditions, and
third by performing fatigue tests on it. For this purpose, a carbon fiber
rectangular wing is optimized subjected to static and gust loads,
including the analytical fatigue model. The optimized wing is manu-
factured using unidirectional UD prepreg and undergoes an experi-
mental test campaign comprising of following steps:

1. The pristine wing is tested in the low subsonic OJF [18] wind tun-
nel at the TU Delft under static and dynamic (gust) conditions. The
data from this wind tunnel test is used to validate the numerical
methodology of evaluating gust loads. The data will also be used
to benchmark the performance of the pristine wing.

2. In the second step, using a MTS 100KN fatigue machine, the wing is
fatigued to a predefined number of cycles that it is designed for.
The data from the fatigue tests are used to validate the formulated
analytical fatigue model.

3. The fatigued wing is finally tested again in the wind tunnel under
static and gust conditions. With this test, the effect of fatigue on the
aeroelastic response of the wing is analyzed by comparing it to the
response of the pristine wing measured in step 1.

The paper starts with giving an overview of the design methodol-
ogy in Section 2, which is formulated to optimize a manufacturable
and tailored composite wing. In Section 3, the optimization problem
is introduced and the optimized design is explained. This is followed
by Section 4, which explains the manufacturing process of the compos-
ite wing. The experimental setup is described in Section 5. Finally, the
experimental results are analyzed in Section 6, followed by the conclu-
sions in Section 7.

2. Design framework

To design and manufacture a composite wing optimized for gust
loads and fatigue loads, a design framework is formulated, which
includes, along with PROTEUS, OptiBLESS [19], an open‐source
2

stacking‐sequence‐retrieval algorithm, and a commercial software
MSC Nastran [20].

As mentioned before, PROTEUS is an in‐house preliminary aeroe-
lastic tool developed at the Delft University of Technology. In PRO-
TEUS, the three‐dimensional wing shape is defined by the planform
and the airfoil sections along the span. The structure which is repre-
sented by skins and spars is defined by means of distinct composite
laminates. These laminates are described in terms of lamination
parameters and laminate thickness, leading to a set of continuous
design variables. Based on the laminate properties, a cross‐sectional
modeler, especially developed for anisotropic shells, converts the
three dimensional structure of a wing into a Timoshenko stiffness
matrix. The geometrically nonlinear Timoshenko beam model is then
coupled to an unsteady vortex lattice aerodynamic model to carry out
a nonlinear aeroelastic solution. On top of this nonlinear equilibrium
solution, a linear dynamic aeroelastic analysis is performed. In the
post‐processing step, the strains in the three dimensional structure
are retrieved using the cross‐sectional modeler. These strains are then
used to calculate the strength, buckling and fatigue properties of the
wing. A detailed explanation of PROTEUS and the extension to
account for gust and fatigue loads is given in the references
[10,11,8].

OptiBLESS is an open‐source toolbox used to retrieve blended and
manufacturable stacking sequences from the lamination parameters
optimized by PROTEUS. This toolbox employs a patch‐based optimiza-
tion strategy including blending to obtain a blendable stacking
sequence from several sets of lamination parameters representing dif-
ferent neighboring laminates. In OptiBLESS, the stacking sequence is
considered blended when the plies of the thinnest laminate patch span
the entire structural component. A detailed explanation of the capabil-
ities and the methodologies employed in OptiBLESS is given in [19].

MSC Nastran is a standard tool for aeroelastic computation within
the aerospace industry. The reason for coupling the approach with a
finite element software such as MSC Nastran is threefold.

• The first reason is to have a numerical model which includes the
spar flanges, since these are not modeled in PROTEUS. This is nec-
essary in order to verify that the flange is sufficiently strong to
resist crippling.

• The second reason is the correction of conservative buckling calcu-
lations in PROTEUS, which is based on idealized buckling model
derived by Dillinger [21]. Besides this, the presence of spar flange
results in a stiffening effect on the wing structure, which reduces
the strains in the laminates and thus needs to be accounted for in
PROTEUS. By means of the higher fidelity model in Nastran, it is
possible to assess the level of the conservativeness of PROTEUS
analysis and apply a correction.

• Finally, using a finer mesh in MSC Nastran, a better approximation
of the local stresses in the bonded spar flange and skin is obtained.
The local stresses are needed to make sure the shear stress experi-
enced by the spars, which will be transferred through the bond line,
is lower than the shear strength of the adhesive bond itself.

A MATLAB routine is developed to translate the beam model from
PROTEUS into a 2D shell model in MSC Nastran, making use of the
wing geometry and of the laminates’ properties. By combining MSC
Nastran with PROTEUS, a multi fidelity design framework is formu-
lated which optimizes the wing in a computationally efficient manner
as compared to optimizing the wing only with MSC Nastran.

Fig. 1 shows the flow diagram of the design framework used to
optimize the composite wing. The first step consists of defining the
wing geometry, the load cases, the initial laminate distribution and
pertinent material properties. Furthermore, an initial width is chosen
for the flange, which is later used for the generation of the Nastran
model of the wing. The flange width is constant along the span. Based



Fig. 1. Flow diagram of the design framework.

Table 1
Characteristics of the experimental composite wing.

Parameter Value Unit

Half Span 1:75 m
Leading edge sweep angle 0 degr
Front spar location 25 % chord
Rear spar location 65 % chord
Number of Ribs 13 % chord
Wing aspect ratio 14 –

Taper ratio 1 –

Wing chord 0:25 m
Airfoil NACA 0010 –
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on the input variables, objective functions, design variables and
constraints, stiffness and thickness optimization of the composite wing
is performed within PROTEUS. This optimized design is fed to OptiB-
LESS, which transforms the results from the lamination parameter
domain to the stacking sequence domain. After this operation, a man-
ufacturable design in terms of feasible laminates is obtained. The new
lamination parameters, associated with the stacking sequence found
by OptiBLESS, are calculated and fed to PROTEUS, which analyzes
the design to evaluate the incurred changes in the aeroelastic behav-
ior. Following this step, the PROTEUS design is converted into a
MSC Nastran aeroelastic model. For the first loop of the process, the
model is evaluated with an initial flange width and the level of the
conservativeness of PROTEUS is assessed so that the strain and buck-
ling constraints can be corrected. From the second loop onward, a
check is performed on the crippling load of the flange as defined in
[22] and the maximum shear stress in the bond line. If the crippling
load and maximum shear stress requirements are satisfied, the process
is stopped; otherwise, a new flange size is selected and the optimiza-
tion constraints are updated according to the new conservativeness
assessment.

A more detailed analysis of the design framework is given in [23].
3

3. Optimization study

3.1. Optimization approach

Using the aforementioned framework, an aeroelastically tailored
rectangular wing having a span of 1.75 m and a chord of 0.25 m is
designed by taking into account gust and fatigue loading requirements.
The wing geometrical parameters are summarized in Table 1. The



Table 2
Material properties.

Property Value

E11 148.3 GPa
E22 9.3 GPa
G12 4.7 GPa
ν12 0.32 –

ρ 1,570 kg/m3

Xt 2,500 MPa
Xc 1,716 MPa
Yt 64 MPa
Yc 285.7 MPa
S 91.2 MPa

Table 3
Optimization setup.

Type Parameter # responses

Objective Maximize wing tip deflection 2
+

Minimize wing weight

Design Variables Lamination Parameter 70
Laminate Thickness

Constraints Laminate Feasibility 72
Static Strength 416/load case
Buckling 768/load case
Fatigue 184
Aeroelastic Stability 10/load case

Load cases Static load case 3
Dynamic load case 10

Fig. 3. Initial guess for laminate distribution of the top skin of experimental
wing.
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wing has two spars located at 25% and 65% of the chord. The location
of the rear spar is defined such as to guarantee a minimum web height
of at least 15 mm. A total of 13 ribs is used, with spacing increasing
from wing root to tip. The ribs at the root are clustered together as
the skin panels are more prone to buckle. For the present case, the
wing is divided into three design regions. An overview of the design
regions, together with the layout of spars and ribs, is given in Fig. 2.

Table 2 shows the material properties used for the experimental
wing. Knockdown factors of 0:65 and 0:80 are used to account for
damage and environment, respectively, resulting in a net knockdown
factor of 0.52 which is applied to the stress allowables. Table 3 gives
the information regarding the optimization setup considered in the
current study.

With a goal of obtaining a light and flexible wing, the objective of
the optimization is set to maximize the wing tip deflection and mini-
mize the wing weight. The laminates in the upper and lower skins
and the front and the rear spars are optimized while the laminates
in the ribs are pre‐defined. The top and bottom skins of the wing are
divided into three spanwise laminates, whereas the front and rear
spars are represented by a single laminate each. This distribution
results in eight unique laminates. Laminates are symmetric and
allowed to be unbalanced. For every laminate, there are eight lamina-
tion parameters and one thickness variable resulting in a total number
of 72 design variables. However, the thickness of the spars is set to be
0.524 mm, corresponding to four plies, which is not further optimized.
This choice is made for ease of manufacturing and to reduce the com-
plexity of the crippling assessment. Consequently, the number of
active design variables is reduced to 70. The distribution of the lami-
nates along the top skin is shown in Fig. 3. In the initial design, all
the laminates are balanced and quasi‐isotropic. In each of the lami-
nates shown in Fig. 3, the stiffness distribution is depicted in terms
of the polar plot of thickness normalized modulus of elasticity Ê11ðθÞ
which is given by

Ê11ðθÞ ¼ 1
Â�1

11 ðθÞ
ð1Þ

where Â is the thickness normalized in‐plane stiffness matrix and θ
ranges from 0 to 360 degrees. With this stiffness distribution, a circle
represents a quasi‐isotropic laminate having equal stiffness in all direc-
tions, whereas a deformed plot represents a tailored stiffness
distribution.

To ensure realistic ply distributions, Lamination feasibility equa-
tions formulated by Hammer et al. [24], Raju et al. [25] and Wu
et al. [26] are applied. Failure envelope based on the Tsai‐Wu criterion
formulated for the lamination parameter domain by Khani et al. [27] is
used to assess the static strength of the laminate. The stability of the
panel in buckling is based on the idealized buckling model formulated
by Dillinger et al. [3]. To make sure that the wing is aeroelastically
Fig. 2. Wing planform with layout of spars and ribs.

4

stable, the real part of the eigenvalues of the state matrix should be less
than zero.

The fatigue life of the laminate is calculated for the load spectrum,
which is based on spectrum, which is based on a shortened version of
the TWIST spectrumMini‐TWIST [28]. The TWIST spectrum represents
realistic loads experienced by the wing as it is based on load spectra
obtained for a number of aircraft types covering a wide range of
weights, gust loads, cruising speeds and design‐flight distance. Table 4
The different colors indicate the design regions.



Table 4
Load spectrum used to evaluate fatigue.

Load level Frequency per block Number and magnitude of amplitude level

1 2 3 4 5 6 7 8 9 10 11 12 13
3.08 2.97 2.82 2.69 2.56 2.3 1.78 0.97 0.69 0.56 0.29 0.22 0.17

Number of Cycles per load type

A 1 1 4 4 4 16 18 15 2 1 8 18 15 24
B 1 4 4 4 10 11 16 1 4 5 11 16 19
C 3 4 4 18 7 16 2 5 9 7 16 12
D 19 1 31 1 1 1 1 15 1 1 4
E 120 26 1 1 13 1 1 6
F 260 1 1 1 1
G 382 1 1 1
H 220 1 1

Total Number of Cycles per block 1 8 20 39 3,789 449 1,080 28 39 1,885 449 1,080 1,517
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depicts the load spectrum used to evaluate the fatigue of the designed
composite wing. The spectrum consists of eight load levels where each
level has thirteen different levels of stress ratio. The stress ratio has
been normalized to the stress level at cruise condition. At each stress
ratio, the number of cycles is different for different load levels. The
eight levels are repeated based on the frequency, in a random manner
to make a one block which is equal to 10,000 cycles. In reality, cycles
with highest load levels occur randomly during the fatigue life and
hence out of the eight levels in the spectrum, care needs to be taken
that the first three levels having the highest stress ratio are not clus-
tered together as they might have the highest effect on fatigue. The
block of 10,000 cycles is repeated 10 times, to accumulate 100,000
cycles which is considered as the maximum life of the wing. For eval-
uating the fatigue life of the laminate, the loads obtained from the
cruise load case are used as a mean load on top of which the fatigue
spectrum is applied.

Table 5 gives the information on the load cases which are used for
the current study. The first three load cases represent the static
manoeuver load cases. The fourth load case is a gust load case where,
for the given combination of velocity and angle of attack, ten gust gra-
dients ranging from 2 m to 6 m were applied. These load cases repre-
sent the limit load, which is defined as the maximum load the wing is
expected to experience in service. To satisfy the requirements for the
ultimate load, an additional safety factor of 1.5 is applied to the
strength and buckling values calculated for the limit loads.

3.2. Optimization results

The optimization with PROTEUS results in stiffness and thickness
distribution shown in Fig. 4. The strain, buckling and fatigue factors
of the optimized design are shown in Fig. 5 (where more than 1
denotes failure). The inner part of the top skin and the first rib bay
of the second laminate for both top and bottom skin are dominated
by buckling and fatigue. With respect to strains, only the middle part
of the bottom skin of the wing adjacent to the ply drop between first
and the second laminate is critical. Since the thickness at the transition
point between the first and the second laminate of the bottom skin
drops by 40%, this region is sensitive to buckling, fatigue and strain.
Looking at the stiffness distribution in Fig. 4, the optimizer achieves
the objective of maximizing the tip deflection by orienting the
Table 5
List of static and gust load cases.

Load case ID VEAS (m/s) Altitude (m)

1 28 0
2 28 0
3 28 0
4 28 0

5

in‐plane stiffness in all the laminates forward relative to the wing axis,
resulting in reduced stiffness in the wing axis direction and thus max-
imizing the flexibility. For the laminates, which are critical in buck-
ling, the out of plane stiffness is tailored as well.

OptiBLESS is then used to retrieve the blended stacking sequences
from the lamination parameters optimized by PROTEUS. The resulting
stacking sequences of top and bottom skins and the spars are given in
Table 6. The front and rear spars have the same stacking sequence and
since they are not critical for any constraints, they are not mentioned
further in the current discussion. The use of OptiBLESS to retrieve
blended stacking sequences inevitably affects the thickness and stiff-
ness of the laminates. The effect can be observed in Fig. 6. The only
laminate undergoing a change in laminate thickness smaller than 5%
is the one corresponding to the first design region of the top skin.
All the other laminates experience a 10 to 30 percent change in thick-
ness, caused by the fact that the blended laminate thickness must be a
multiple of the ply thickness. Moreover, it can be observed that, in
most cases, the blended laminates are thinner than the optimal lami-
nates. The reason for this is twofold. First, the result of the optimiza-
tion performed in OptiBLESS is influenced by the bounds set in
terms of number of plies. In the present case, the bounds are set such
that manufacturable design is not conservative with respect to the
PROTEUS result. Furthermore, the simultaneous symmetry and blend-
ing constraints on the laminates forces the OptiBLESS to remove an
even number of plies at the ply drops. This leads to thinner laminates
in the outboard region compared to PROTEUS result.

As far as the change in stiffness is concerned, Fig. 7 shows a com-
parison between the stiffness polars of the optimum and of the blended
laminates. As already noticed with the stacking sequence table, the
stiffness is mainly directed away from the span axis, both for the opti-
mum and the blended laminates and especially considering the in‐
plane stiffness. However, substantial differences can be observed
between the stiffness of the optimum and the blended laminates. Only
the in‐plane stiffnesses of the first design region of both skins are well
matched and the quality of the match deteriorates progressively in the
following design regions. This is the consequence of blending require-
ments combined with the relatively small number of available plies. In
fact, the laminate of the first design region of each skin is the thickest
and this gives to the optimizer used in OptiBLESS a design space large
enough to match the optimum stiffness. However, when switching to
Load Factor (–) Angle of Attack (degrees)

1 3
2.5 7.5
−1 −3
1 3



Fig. 4. Stiffness and thickness distribution for the optimized wing (Black: In-plane stiffness, Red: Out-of-plane stiffness.). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Strain and buckling factor distribution on the optimized wing.

Table 6
Stacking sequence table of top and bottom skins and spars, ply angles in degrees.

Top skin Bottom skin Spar

Design region # Design region # Design region #

1 2 3 1 2 3 1 2 3

55 55 55 �75 �75 �75 70 70 70
�65 �65 50 �60 �60 �60
75 �30 �60 �60 �60
�70 �70 �70 55 55 55 70 70 70
75 �30
�65 �65 50
55 55 55 �75 �75 �75

D. Rajpal et al. Composite Structures 275 (2021) 114373
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Fig. 6. Comparison between the thickness of non blended and blended laminates obtained from PROTEUS and OptiBLESS, respectively.

Fig. 7. Comparison between the stiffness polars of non blended and blended laminates obtained from PROTEUS and OptiBLESS respectively (Black: PROTEUS
design, Red: OptiBLESS design.). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the laminate of the adjacent patch, the design space is reduced both by
the need to continue some plies from the previous patch and by the
reduced number of plies. This makes the matching of both in‐plane
and out‐of‐plane stiffnesses over the entire skin very challenging.

4. Manufacturing

The optimized wing with a span of 1:8 m and a chord of 0:25 m is
manufactured using a hand layup technique using IM7/8552 UD pre-
preg. The experimental wing is extended by 50 mm at the root with
respect to the nominal span of 1:75 m. An aluminum block is inserted
inside the first 50 mm of the wing‐box section to facilitate the clamp-
ing mechanism of the wing. A female half mold is used to manufacture
the skins and male mold is used to manufacture the spars. Both molds
7

are milled out of aluminum. To connect the top and the bottom skins, a
bridging strip called as Leading Edge Strip LE strip is also manufac-
tured using a separate aluminum male mold. All the molds are
designed with a tolerance of 0:5 mm. The ribs are cut from prefabri-
cated 3 mm thick quasi‐isotropic carbon fiber plates. All the compo-
nents, namely: top skin, bottom skin, front spar, rear spar and the LE
strip are cured individually and then bonded together using Araldite
AW 4858. To monitor strains experienced by the wing, an optical
strain fiber sensor is attached in a criss‐cross pattern to the bottom skin
of the wing using a super‐glue. The advantage of such a strain fiber is
the high resolution of the strains obtained along the length of the fiber.
The optical fiber used for strain sensing in the current experiment is a
5 m long LUNA HD‐FOS strain sensor. The sensor is based on Rayleigh
backscattering.
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The manufacturing procedure of building the composite wing is
segmented into six main parts, starting with cutting of the necessary
patches, laying‐up of the patches in the mold followed by curing, trim-
ming, surface preparation and finally bonding. The following steps
give more insight into the steps involved in manufacturing of the com-
posite wing.

• In the first step, the UD prepreg roll is cut into the individual
patches having required dimensions and ply orientation using the
GERBER laminate cutting machine at the Delft Aerospace Struc-
tures and Materials Laboratory DASML. The cutting bench, along
Fig. 8. Manufactu

8

with the prepreg roll, can be seen in Fig. 8a. Since the width of
the roll, used to cut the patches, is 1200 mm, it is not possible to
have single patches having a length of 1:75 m with fiber orienta-
tions larger than 40 degr. Therefore, for patches having fiber orien-
tations larger than 40 degr, smaller sub‐patches are joined by
aligning them side by side along the fiber orientation to get a
longer patch. Care is taken to make sure that no two such joints
in adjacent plies lined up with each other in order to facilitate load
transfer and minimize stress concentration effects. Fig. 8b shows
the side view of the layup of the top skin where the dashed line
indicates the region of the joined sub patches.
ring process.
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• The trimmed patches are moved to the laminating clean‐room facil-
ity at the DASML where the process of laying‐up is performed. The
patches are placed on the mold based on the stacking sequence of
each part as detailed in Table 6. After every three layers, debulking
of the stacked plies for around 5 min is done to consolidate the plies
to the tooling and force out any trapped air caught between the
individual layers. Once all the plies are layed up, the mold is cov-
ered with perforated foil to allow the excess resin to flow out. A
breather material is put on top of the perforated foil and finally,
a vacuum bag covers the entire part. Fig. 8c depicts the top skin
being debulked after laying up the first three layers and Fig. 8d
shows the top skin vacuum bagged just before putting it in the auto-
clave for curing.

• The vacuum bagged part is then cured in the autoclave. The cure
process followed the cycle recommended by the material supplier
which lasts approximately 6 hours.

• The cured skins, spars and the LE strip are trimmed into the right
dimensions and the ribs are cut from the quasi‐isotropic carbon
fiber plates to the required dimensions using a CNC water‐jet cut-
ting machine.

• To achieve good adhesion and improve the durability of the
bonded structures, the surface to be bonded is mechanically
abraded using sandpaper and cleaned using acetone to remove
any contaminations. A limited number of contact angle measure-
ment tests (water break) is done to make sure the quality of the sur-
face preparation is optimal for bonding.

• Once all the parts are trimmed and the surfaces are prepared for
bonding, the bonding of the entire wing starts. Since there is a tol-
erance of 0:5 mm in the mold designs, a constant bond line thick-
ness of 0:5 mm is targeted. Care is taken to avoid creation of
bond‐lines with varying thickness by uniformly spreading the adhe-
sive paste along the bonded surface. In the bonding process, first,
the front and the rear spars and the ribs are bonded using the afore-
mentioned adhesive paste. Fig. 8e depicts the bonded skeleton of
ribs and spars.

• Next, the top skin is placed in the mold and the skeleton is bonded
to the top skin. The LE strip is also bonded to the top skin of the
wing. Weights are placed on the skeleton to get a good bond
between the spars, ribs and the skin. Fig. 8f shows the skeleton
placed on the top skin. Additionally, a chemically etched aluminum
block is also bonded to the root of the top skin. This block is later
used to clamp the wing to the test setup.

• The optical strain fiber is then attached to the bottom skin of the
wing using a super‐glue. In the first half of the bottom skin, the
fiber is layed out in a criss‐cross pattern to get strains in 3 direc-
tions, which can then be later post‐processed to get normal strains
and shear strain. In the criss‐cross pattern, the angle between the
each segment is 90 degr and the length of each segment is 25
mm. The segments are oriented at 45 degr and �45 degr alterna-
tively with respect to the span of the wing. The radius of the corner
is 5 mm. Due to the constraint on the length of the fiber, in the sec-
ond half of the wing, the fiber is layed out in a straight line along
the span of the wing. The drawing of the fiber pattern is shown in
Fig. 8g.

• Finally, the wing is closed by placing, the bottom skin with the fiber
attached, on the top skin with the skeleton, and glued together with
the adhesive paste. Care is taken to match a number of locations
around the perimeter of upper and lower skin and that the upper
skin is lowered uniformly to the lower one to avoid the creation
of bond‐lines with varying thickness. Fig. 8h shows the bottom skin
with the attached fiber and the top skin with skeleton glued just
before closing the wing.

5. Experimental setup

The aim of the experimental campaign is twofold.
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1. The first one is to validate the numerical methodology of designing
a composite wing with fatigue as an active constraint.

2. The second is to assess the effect of fatigue on the aeroelastic
response of the wing.

For this purpose, a five month experimental campaign is conducted
which involves two wind tunnel tests and one fatigue test. The Ground
Vibration Test GVT of the wing is performed using the fatigue test
assembly.

5.1. Wind tunnel

The static and dynamic aeroelastic experiments are performed in
the wind tunnel at the Delft University of Technology TU Delft. The
wind tunnel is an Open Jet Facility OJF with an octagonal test section
of 2:85 m � 2:85 m and has a maximum velocity of up to 35 m/s. The
test setup consists of the gust generator, the manufactured composite
wing and the measurement systems. Fig. 9 depicts the experimental
setup along with the major components.

The gust generator is a device that produces unsteady flows in the
form of sine and cosine gusts. The gusts are produced by two rectangu-
lar gust vanes with a symmetric NACA 0014 airfoil oscillating in pitch
around an axis located at 23.7% of the its chord [29]. The gust vanes
are supported by an aluminum frame and are placed in front of the out-
let of the wind tunnel. The gusts produced by the gust generator have a
maximum frequency of 10 Hz and maximum amplitude of 10 degrees.
The gust vanes are controlled through the interface implemented in
the National Instruments LABVIEW environment.The characteristics
and the capabilities of the gust generator are described in more detail
in [29].

The measurement systems used in the wind tunnel are the balance,
scanning vibrometer and fiber optic sensing. All the measurement sys-
tems are synchronized with the gust generator using a trigger signal
that is sent from the gust generator controller.

To measure the gust response, the gust loads are measured at the
root of the wing with a six‐component balance. The reference point
of the balance is 168.5 mm below the mounting plate which needs
to be accounted for while processing the wing root moments. Fig. 10
shows the axis system and the dimension of the balance. The wing is
mounted on the balance through the wing mount and the balance is
attached to the turn table. The turn table is a device which is used
to change the angle of attack that the wing experiences by rotating
the balance and wing setup. A splitter table is used to make sure there
is clean airflow flowing over the wing.

The Polytec PSV‐500 scanning vibrometer is used to measure the
static and dynamic displacements of the composite wing. The polytec
system is a single point non contact scanning vibration measurement
system. With the vibrometer, ten points: five points each along the
leading and the trailing edge of the wing, are monitored. Fig. 9 shows
the location of the point on the wing.

The LUNA ODiSI‐B, which is a fully distributed strain measurement
system with up to 1:28 mm spatial resolution, is used as fiber optic
sensing system. The ODiSI system uses a Optical Frequency Domain
Reflectometer OFDR, which is used to analyze the local backscatter
light intensity. The optical fiber from the wing is connected to the
LUNA ODiSI‐B through the OFDR. With this system, the spatial resolu-
tion for strain acquisition depends on the acquisition frequency: the
higher the acquisition frequency the lower the spatial resolution. For
the current experiments, the strain data is acquired every 5 mm with
an acquisition rate of 100 Hz.

5.2. Fatigue test

To perform a realistic fatigue test of the composite wing, a dis-
tributed load equivalent to the aerodynamic load wing encounters dur-
ing flight needs to be applied. For this purpose, a whiffle tree is



Fig. 9. Wind tunnel setup (blue dots represent the points monitored by the vibrometer).

Fig. 10. Balance axis system and dimension (all the dimensions are in mm).
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Fig. 11. Percentage error between the bending moment distribution achieved
with different number of cradles in the whiffle tree and the target distribution
obtained by PROTEUS.

Table 7
Summary of the final whiffle tree.

Cradle
number

Spanwise
location (%)

Fraction of total
load (%)

Fraction assigned to front
spar (%)

1 13.71 20.65 96.31
2 26.86 21.8 96.31
3 48 17.96 96.31
4 61.71 14.27 96.31
5 78.29 19.2 96.31
6 94.73 6.12 96.31
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designed and manufactured to distribute the single actuator load from
the fatigue machine into several discrete loads on the wing, thus
approximating the distributed load on the wing. The discrete loads
are applied through a cradle which is a wooden pad with a rubber
lining.

The whiffle tree is designed and optimized to match the spanwise
distribution of shear force, bending moment and torque obtained from
PROTEUS for the first load case described in Table 5. This is also the
cruise load case. The distributed loads are assumed to scale linearly
with the load‐factor. Thus all load shapes can be extrapolated from
the 1G cruise shape. The design variables for the whiffle tree are as
follows.

• The number of cradles.
• The fraction of the total load taken by each cradle.
• The spanwise location of each cradle.
• The chordwise location at which the load was introduced in all
cradles.

It follows that, for a whiffle tree with N cradles, 2N þ 1 optimiza-
tion variables will be present. The cradles are modelled as point loads
and a gradient based optimizer is used to find an optimal design. Since
it is possible to generate a different optimal design for each unique
number of cradles, several optimal designs are analyzed. Using less
than four cradles results in too large of an error between the target dis-
tributions obtained by PROTEUS and the load distributions achieved
by the whiffle tree. Using more than six cradles only gave very mar-
ginal improvements. Fig. 11 shows the percentage error for the first
10
1.2 meters of the wing between the bending moment distribution
achieved with different number of cradles in the whiffle tree and the
target distribution obtained by PROTEUS. Thus, the design with six
cradles is selected for manufacturing the whiffle tree.

Table 7 shows the details of the whiffle tree design and Fig. 12
shows the sketch of the assembled whiffle tree. Fig. 13 compares the
spanwise distributions of the shear force, torsion and bending moment
induced by the whiffle tree compared to the target distribution
obtained by PROTEUS. As can be seen, there is a good match with
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Fig. 12. Sketch of the whiffle tree setup (dimensions of the axes are in m).

Fig. 13. Spanwise distributions of the shear force, torsion and bending moment induced by the whiffle tree compared to the target.
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shear force with maximum error less than 10% and an excellent match
with the bending moment where the maximum error is less than 2%.
The error with torsional moment is on the higher side with maximum
error around 20%. The main reason for a higher error is the design
choice that the load distribution between front and rear spar is the
same for all the cradles. This design choice is made for the ease of man-
ufacturing. If the load distribution is tailored for each separate cradle,
11
then the match with the torsion could be improved. As the torsional
loads applied by the whiffle tree are lower than the target loads and
the angle of rotation of the wing is negligible, the error of 20% is
deemed to be acceptable.

The whiffle tree is assembled using the spreader bars which are
fashioned out of slotted aluminum beams, with a 40 mm by 40 mm
cross section. The links between bars are created using carabiner hooks



Table 8
Details of the components used to build the whiffle tree.

Component Manufacturer Material

Slotted aluminum beams Item24 Aluminum 6060 alloy
Lifting eye bolts Fabory Stainless Steel
Nuts and Bolts Fabory Stainless Steel
Carabiners Seilflechter Stainless Steel
D-shackles Toolstation Galvanized Steel
Cradles Gamma Plywood
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connected to a pair ofM8 lifting eye bolts (one on each beam). The lift-
ing eye bolts are in turn connected to the beams by means of a T‐slot
nut that fits in a grove running along the beam’s length. The bottom
bars are linked to the cradles by means of a carabiner, which is in turn
attached to a D‐shackle running through the cradle’s thickness. The
master beam is connected to the actuator of the fatigue machine by
means of a lifting eye bolt and a pin. Cradles are fashioned out of 18
mm thick plywood. The majority of these components can be seen in
Fig. 14. Table 8 gives information on the materials of the components
used to manufacture whiffle tree.

For each whiffle tree component, it was ensured that fatigue failure
would never occur over the entire span of testing. If fatigue data for
the particular component or material was available, it was ensured
that the most critical load‐case would be below the said endurance
limit. If no fatigue data was available, it was ensured that the most crit-
ical load case would always be at least 10 times smaller than the static
failure load.

The machine used for the fatigue testing of the composite wing is
the MTS 100 kN fatigue machine. The machine has a maximum speed
of 141 mm/s and a maximum displacement of 200 mm. Fig. 14 depicts
the composite wing mounted in the fatigue setup. The wing is clamped
onto the blue steel frame which supports the wing and connects it to
the fatigue machine. An external load cell was connected between
the machine and the wing through the whiffle tree. To measure the
displacement of the wing, a Micro Epsilon laser sensor with a maxi-
mum range of 100 mm is mounted on the fatigue machine located at
a distance of 650 mm along the span from the wing root.

5.3. Ground vibration test

To identify the natural frequencies of the composite wing, a GVT is
performed on the wing in the clamped condition when it is attached to
the blue steel frame for the fatigue testing. Fig. 15 displays the setup of
the wing during the GVT.

A rowing hammer method is used to perform the GVT. Eighteen
excitation points are chosen with 10 points on the wing itself and
the remaining eight points on the supporting structure. The response
is measured at two locations along the wing: at 75% wing span and
at the tip of the wing. At each of these locations, there are two
accelerometers; one measuring the in‐plane response and another mea-
suring the out‐of‐plane response. The responses are recorded through a
National Instruments data card in the LABVIEW [30] environment.
Simcenter Testlab [31] is then used to analyze the response and calcu-
late the modal frequencies of the structure.
Fig. 14. Fatigue
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6. Results

As mentioned before, the experimental campaign consisted of two
wind tunnel tests and one fatigue test. The first wind tunnel test aims
at validating the static and dynamic aeroelastic model from PROTEUS
and benchmarking the performance of the pristine wing. With the fati-
gue test, the objective is to validate the fatigue life prediction of the
developed analytical fatigue model in PROTEUS. Finally, the aim of
the second wind tunnel test is to understand the effect of fatigue on
the aeroelastic response of the wing. Before presenting the discussion
on the wind tunnel tests, the results from the GVT on the structural
dynamic characterization of the composite wing is presented below.

6.1. Ground vibration test results

Table 9 depicts the measured experimental natural frequency and
the calculated natural frequency of the PROTEUS model. As can be
seen, except the second and third bending mode, all the other modes
differ by more than 10%. The predictions for the second and third
bending are relatively better with an error of around 3%. There are
three main reasons for the discrepancy in the natural frequencies. First
is the distribution of the masses. In the numerical model of PROTEUS,
the LE strip is not modeled. Also, the added weight of the bond line
and the four accelerometers are not modeled. This would lead to a dif-
ferent mass configuration, which could impact the natural frequencies.
Second is the presence of the bond line and spar flanges, which affects
the stiffness of the structure resulting in an effect on the natural fre-
quencies. Both bond line and spar flanges are not modeled in PRO-
TEUS. Finally, in the numerical model, a perfectly clamped
boundary condition is used to evaluate the natural frequency, whereas,
during the experiments, it is theoretically impossible to obtain a per-
fectly clamped wing. The clamping mechanism was made out of Alu-
minum which, because of lower stiffness compared to a material like
steel, would induce some flexibility, affecting the natural frequencies.
test setup.



Fig. 15. GVT setup.

Table 9
Comparing natural frequency of the wing obtained experimentally with original PROTEUS model.

Mode No. Mode description Experiments (Hz) PROTEUS (Hz) Difference (%)

1 First Bending 5.40 6 11.1
2 Second Bending 25.99 26.39 1.9
3 First Inplane Bending 43.21 50.91 17.8
4 Third Bending 67.55 68.97 2.1
5 First Torsion 120 131.75 9.7
6 First Bending and Torsion 133.26 144.82 8.7

Table 11
Test matrix for the wind tunnel tests.

Static tests Dynamic tests

Wind Velocity (m/s) 14,26 14,26
Static Angle of Attack (degrees) −1,2,4,6,8,10 4

Gust frequency (Hz) (–) 2,4,8
Gust amplitude (degrees) (–) 5,10
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The PROTEUS model is modified by modeling the LE strip and tak-
ing into account the weights of the accelerometers. Table 10 shows the
comparison of the experimental results and the modified PROTEUS
model. As can be seen, except for the first in‐plane bending mode,
all the other modes have an error of less than 5.5%. The frequency
of the first in‐plane bending mode is approximately 9 times the fre-
quency of the first bending mode and hence it will not have much
influence over the aeroelastic response of the wing. Thus the current
modified PROTEUS model is deemed to be sufficient for the objectives
of the current experimental tests and hence, no further stiffness update
is carried out on the PROTEUS model.

6.2. First wind tunnel test

In the wind tunnel test, both static and dynamic tests have been
performed on the pristine wing. The test matrix for these tests is shown
in Table 11. The aim of the first wind tunnel test is to compare the
experimental results from static polar and gust envelope with the
numerical results obtained from PROTEUS in order to validate the
Table 10
Comparing natural frequency of the wing obtained experimentally with modified PR

Mode No. Mode Description Experiments

1 First Bending 5.40
2 Second Bending 25.99
3 First Inplane Bending 43.21
4 Third Bending 67.55
5 First Torsion 120
6 First Bending and Torsion 133.26
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tool. Also, the results are used to benchmark the performance of the
pristine wing.

As can be seen in Fig. 9, the wing is equipped with zig‐zag tapes on
pressure and suction side of the wing in order to force boundary layer
transition from laminar to turbulent and, in this way, suppress any
potential laminar separation bubble. A tape of 0:2 mm is applied on
the suction side at 5% of the chord and a tape of 0:5 mm is applied
on the pressure side at 65% of the chord. These values are selected
according to the method presented by Braslow and Knox [32] and
using airfoil pressure distributions predicted by XFoil [33].
OTEUS model.

(Hz) Modified PROTEUS (Hz) Difference (%)

5.66 4.8
25.93 -0.2
49.47 14.4
66.24 −1.9
126.66 5.5
136.11 2.1



Fig. 17. Comparison of the 2D lift coefficient between viscous and inviscid
solver.

Fig. 18. Comparison of the root bending moment coefficient of the wing
measured experimentally and numerically.
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6.2.1. Static experiments
Fig. 16 depicts the lift coefficient of the wing for various angles of

attack at a velocity of 26 m/s. With a mean error of around 8%, there is
a reasonable agreement between PROTEUS and the experimental
results with PROTEUS slightly over predicting the lift curve slope.
One possible reason for the over prediction of the lift coefficient is
the application of the zig‐zag tape. The zig‐zag tape causes the forced
transition of the flow from laminar to turbulent and this effect is not
captured by PROTEUS as the aerodynamic solver is based on the invis-
cid Vortex Lattice Method VLM. To understand the effect of zig‐zag
tape on the lift coefficient, a viscous and an inviscid analysis of the
NACA 0010 airfoil is carried out using XFoil [33]. For the viscous anal-
ysis, forced transition at 5% and 65% of the chord on the top and bot-
tom skin of the airfoil is applied, respectively. Fig. 17 compares the lift
coefficient obtained with viscous and inviscid analysis. As can be seen,
there is a mean error of around 10% between the two analyses for a 2D
airfoil. This contributes to the overprediction of the lift coefficient by
PROTEUS compared to the experimental results. Fig. 18 depicts the
root bending moment coefficient of the wing for various angles of
attack at a velocity of 26 m/s. There is an excellent agreement between
PROTEUS and experimental results with an average error of less than
1%.

Fig. 19 compares the maximum longitudinal normal strain (axial
strain) on the bottom skin measured using the optical fiber to the pre-
dictions from the PROTEUS. As can be seen, there is a good agreement
with an error of less than 3%. The maximum strain occurs at 0:58 m
from the root where the first laminate transitions into the second lam-
inate with a ply drop of 4 plies. Fig. 20 plots the longitudinal normal
strain (axial strain) distribution along the span of the bottom skin.
There is a good match for the strains predicted from the PROTEUS
and the experimental results at a lower angle of attack as the error
at the peak strain is less than 0.5%. As the angle of attack increases,
the error between the peak numerical and the experimental strain
increases to 5.5%. This is due to the fact that as the angle of attack
increases, the difference between the lift predicted by PROTEUS and
experiments increases, which leads to a difference in the deformation
of the wing leading to a higher difference in the strain experienced by
the wing.

6.2.2. Dynamic experiments
For the dynamic measurements, the support table that can be seen

in the wind tunnel setup depicted in Fig. 9 has the first eigenmode at
around 5 Hz. Since the first bending mode of the wing is also at 5.4 Hz,
Fig. 16. Comparison of the lift coefficient of the wing measured experimen-
tally with calculated numerically.

Fig. 19. Comparison of the maximum longitudinal normal strain (axial strain)
measured numerically and experimentally.
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Fig. 20. Comparison of the longitudinal normal strain (axial strain) along the
span measured numerically and experimentally ((– –) PROTEUS and (-)
Experimental).

Fig. 22. Maximum dynamic root bending moment coefficient measured at
different gust frequency and amplitude (Blue: 5 degrees gust amplitude, Black:
10 degrees gust amplitude).
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the gust response of the wing is influenced by the dynamics of the sup-
port table. In an effort to clearly separate the eigenfrequency of the
support table and the wing, the wing is fitted with a tip mass of 400
g, which reduces the first bending frequency of the wing from 5.4
Hz to 3.3 Hz.

From here on, all the dynamic results presented will be of the wing
fitted with the tip mass. Moreover, only the incremental results due to
the gust are considered in the current comparison.

Figs. 21 and 22 depict the maximum lift and root bending moment
coefficients measured experimentally and calculated numerically at
different gust frequencies and gust amplitudes for a velocity of 26
m/s. For the numerical prediction, a gust speed correction factor of
0.48 is applied to account for a decrease in the gust amplitude experi-
enced by the wing [29]. As can be seen, there is a reasonable match
between experimental and numerical predictions with a maximum
error of around 10%. The error in the prediction can be attributed to
the effect of zig‐zag tape and the uncertainty in the gust speed correc-
tion factor. In general, the gust speed correction factor depends on the
Fig. 21. Maximum dynamic lift coefficient measured at different gust
frequency and amplitude (Blue: 5 degrees gust amplitude, Black: 10 degrees
gust amplitude).
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distance of the wing from the gust generator, the speed of the wind
tunnel and the frequency of the gust. A small change in either of these
factors could lead to a different correction factor. Based on the data
available in [29], a constant correction factor of 0.48 can be reliably
estimated. Encouragingly, the trends predicted by PROTEUS for the
maximum lift and root bending moment coefficient follow the experi-
mental evidence with the critical gust having a frequency of 2 Hz.

Fig. 23 compares the maximum tip deflection obtained numerically
and experimentally at different gust frequencies and amplitudes and
velocities. There is a good match for the tip displacements between
the PROTEUS and experimental results with a maximum error of less
than 10% except for the two measurement points, which have a fre-
quency of 2 Hz and 4 Hz, gust amplitude of 10 degrees and velocity
of 26 m/s. For these two measurement points, the error was due to
the scanning vibrometer acquisition system not being able to capture
Fig. 23. Maximum tip displacement measured at different gust frequency,
amplitude and velocity (Black: 10 degrees gust amplitude and 26 m/s velocity,
Blue: 10 degrees gust amplitude and 14 m/s velocity, Red: 5 degrees gust
amplitude and 26 m/s velocity,Green: 5 degrees gust amplitude and 14 m/s
velocity). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)



Fig. 25. Time history of tip displacement for a gust having a frequency of 8
Hz, amplitude of 10 degrees and velocity of 26 m/s.
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the large tip displacement at those points. Figs. 24 and 25 compare the
time history of the tip displacement for a gust frequency of 4 Hz and 8
Hz having a velocity of 26 m/s and gust amplitude of 10 degrees. As
can be seen, with a gust frequency of 8 Hz, the numerical tip displace-
ment follows the experimental result quite well. However, for the 4 Hz
gust, even though the frequency of the numerical response is in sync
with the experimental response, the peak displacement is 30% higher
than the experimental result. To measure the tip displacement, the
laser from the scanning vibrometer is placed very close to the tip. At
high out of plane displacement, the wingtip is out of the field of view
of the laser and as a result, there is a loss of information which results
in a flat line, as can be seen in Fig. 24. Nevertheless, if one follows the
curvature of the response, the experimental tip displacement would be
close to the numerical tip displacement.

Looking at the results from the first wind tunnel test, it can be con-
cluded that PROTEUS predicts the static and gust responses of a com-
posite wing with reasonable accuracy. This gives confidence in the tool
to be used as a preliminary aeroelastic design tool for composite wing
studies. Additionally, with these results, the static and dynamic perfor-
mance of the pristine wing has been benchmarked and will be used
later to compare the effect of fatigue on the aeroelastic response of
the wing.

6.3. Fatigue results

After the first wind tunnel campaign, the wing is installed in the
fatigue test machine, as shown in Fig. 14. The wing is subjected to a
load controlled fatigue spectrum. The machine is set up in such a
way that the spectrum is applied at a constant load rate rather than
constant frequency. Constant load rate is preferred option due to ease
in stability and controllability of the specimen. The rate of load applied
is set at 60 N/s. With this applied load, a minimum frequency of 0:17
Hz and a maximum frequency of 0:65 Hz is achieved throughout the
spectrum. It takes roughly one day to apply one block of 10;000
cycles. As a result, roughly ten days are required to apply the design
life of 100;000 cycles. As mentioned before, the applied load and
the displacement at 0:65 m from the root are continuously recorded.
Additionally, at certain time intervals, the fatigue process is paused
and a static load of 118 N is applied. The load of 118 N is twice the
cruise load. At this load, the strains from the optical fiber and the
tip displacement are recorded. The displacement at the point, which
is 0:65 m from the root, will be referred to from here on as the mid‐
span displacement for the sake of brevity.
Fig. 24. Time history of tip displacement for a gust having a frequency of 4
Hz, amplitude of 10 degrees and velocity of 26 m/s.
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Fig. 26 depicts the displacement of the tip measured at the specific
interval during the fatigue life. As can be seen, there is approximately
9% increase in the tip deflection at an applied static load of 118 N over
the 100,000 cycles. Fig. 27 depicts the mid‐span displacement over the
design life. The mid‐span displacement is also increased by approxi-
mately 10%. As the mid‐span displacement is recorded continuously
at different load levels along the spectrum, in the current figure, the
mid‐span displacement of every 100 cycles is interpolated to find the
mid‐span displacement at 118 N. This assumes that the change in
deflection over 100 cycles is negligible compared to the gradual
change occurring over the 100,000 cycle duration. This leads to
1000 data points compared to 22 data points for the tip displacement.
The gap in Fig. 27 relates to the error in the data recorded by the fati-
gue test machine for the respective cycles.

The reason for the increase in deflection can be attributed to a com-
bination of reasons: relaxation of the test fixture, settling of the spec-
imen and adhesive bond‐lines, and stiffness degradation due to
multi‐scale damage creation and evolution. For a composite material,
a stiffness degradation over a fatigue life consists of three stages [34].
In stage 1, there is a steep drop in stiffness due to initial defect in the
structure and material relaxation, in stage 2, there is gradual degrada-
Fig. 26. Maximum tip displacement with respect to number of cycles.



Fig. 27. Mid-span displacement with respect to number of cycles.

D. Rajpal et al. Composite Structures 275 (2021) 114373
tion in stiffness due to the development of delamination and matrix
cracking and finally in stage 3, there is sudden degradation in stiffness
because of the fatigue induced fiber breakage leading to final failure. A
similar kind of behavior is seen in Fig. 27, where there is an initial
increase in the deflection until 20,000 cycles, after which the increase
in the displacement becomes more gradual until 100,000 cycles. The
tip deflection curve looks discontinuous with a prolonged period of
constant stiffness and a short period of stiffness drops. This is due to
the fact that tip displacement is measured manually with an accuracy
of 1 mm and at specific intervals. A behavior similar to mid‐span dis-
placement would be observed with a continuous recording of the tip
displacement over the fatigue life.

Fig. 28 displays the change in the maximum normal and shear
strain experienced by the bottom skin with respect to the number of
cycles. The maximum strains occur at the ply drop, as was the case
in the wind tunnel test. The points in the figure display the experimen-
tal values captured by the optical fiber. Since the data is noisy due to
the sensitivity of the optical fiber, a trend line calculated using least
square method, indicated by a solid line helps to understand the pat-
tern of the strain with respect to the number of cycles. There is an
increase of 20 microstrains (10%) in shear, whereas the transverse nor-
mal strain increases by 30 microstrains (8%) over 100,000 cycles. The
maximum increase is observed in the axial strain, which increases by
Fig. 28. Strain history with respect to number of cycles.
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approximately 230 microstrains (10%). This change is partly due to
the degradation in axial stiffness of the laminate. This degradation
leads to higher deflection as can be seen in Figs. 26 and 27.

Fig. 29 displays the longitudinal normal stain (axial strain) along
the wingspan at different cycles. As is mentioned before, the maximum
strain occurs at ply drop and the maximum strain increases as the num-
ber of cycles increases. An interesting observation that can be made is
that, as the number of cycles increases, the axial strain increases across
the entire wingspan except at the outer part of the wing. This is due to
the load redistribution because of the stiffness degradation. As the
wing fatigues, the reduced stiffness in the outer part attracts lower
loads, resulting in lower strains.

Traditionally, a composite wing, designed with a fatigue knock-
down factor of 0.32 on the maximum stress allowables, will not expe-
rience strains high enough to cause stiffness degradation of the
magnitude measured here. Since the current wings are designed using
the analytical fatigue model instead of the knockdown factor, higher
strains are experienced by the wing, which leads to an increased degra-
dation in stiffness. The analytical model [11] is based on the residual
strength and does not model the degradation in stiffness. Thus, numer-
ically, the wing is optimized in such a way that the wing will have suf-
ficient residual strength until 100,000 cycles to carry the critical loads.
With the experiments, after 100,000 cycles, the fatigued wing is tested
again in the wind tunnel as explained in the following section. The
wing is able to withstand critical static and gust loads. This proves that
even though there was a drop in stiffness, there was no damage at a
long enough scale to compromise strength leading to the wing having
enough residual strength to carry the applied load. This validates the
analytical fatigue model.

With the current methodology, the wing is designed for precisely
100,000 cycles. This means at the 100;001st cycle, the wing will the-
oretically fail. Looking at Fig. 27, the wing is in the second stage of the
fatigue degradation curve and since third phase is about 20% of fati-
gue life, this specific wing with the specific material batch used and
fabrication method accuracy achieved is still a bit far from a failure
after the design life of 100;000 cycles is completed. This points to
the fact that the numerical model is conservative in nature and the
wing is overdesigned. This conservativeness can be attributed to three
phenomena. First is the fact that the fatigue model is implemented
within the lamination parameter domain, which is inherently conser-
vative due to the use of the modified Tsai Wu Failure criterion. The
second reason is the use of the first ply failure criterion as the fatigue
failure criterion of the wing. With this criterion, as soon as a single ply
Fig. 29. Longitudinal normal strain (axial strain) along the span at different
cycles.



Fig. 31. Comparison of the force normalized normal strain along the wing
span of the pristine and the fatigued wing.

Fig. 32. Comparison of the maximum lift coefficient of the pristine and the
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locally fails, the wing is deemed to be failed in fatigue. Whereas in
reality, even if there is some kind of damage in the ply, the wing as
a whole has sufficient strength to carry the loads. Thirdly, the scatter
is quite high in the fatigue of composite materials [35]. There is a pos-
sibility that this experiment is on the right side of the scatter, which
would lead to a conservative result.

To understand how conservative the numerical model is, ideally,
the wing would be fatigued until failure. Since in the current experi-
mental campaign focus is also on the effect of the fatigue on the aeroe-
lastic response of the wing, the wing is not fatigued further.

6.4. Second wind tunnel test

The fatigued wing is tested again in the wind tunnel with a setup
similar to the one shown in Fig. 9. Both static and dynamic measure-
ments are performed with the aim to compare the experimental
response of the pristine wing with respect to the fatigued wing.

Fig. 30 shows the lift coefficient of the pristine and the fatigued
wing for different angle of attack at a velocity of 26 m/s. The solid
and the dashed line represent the linear fit of the experimental data
for the pristine and the fatigued wing, respectively. As can be seen,
the lift curve slope of the fatigued wing is 11% lower than that of
the pristine wing. This reduction in the lift curve slope can be attribu-
ted to the degradation of the stiffness or to the experimental scatter
that is caused due to variability in testing conditions. However, look-
ing at Figs. 26 and 27, around 9% increase in the deflection of the
wing, indicating degradation in stiffness, does point to the fact that
reduction in the lift curve slope could be mainly due to degradation
in the stiffness.

Due to the degradation in the stiffness, the fatigued wing will go to
a higher deflection resulting in a more nose‐down twist of the out-
board part of the wing leading to reduced forces generated on the
wing. This contributes to the lower lift curve slope.

Fig. 31 shows the force normalized axial strain along the wingspan
for the velocity of 26 m/s at 4 degrees angle of attack. Force normal-
ized axial strain is the axial strain normalized by applied force. Force
normalized axial strain can be considered as an equivalent to static
stiffness where, the higher the value of the force normalized strain,
the lower is the stiffness. An approximate increase of 10% in the force
normalized strain value agrees well with the increase of about 9% of
the tip deflection seen during the fatigue tests.

Fig. 32 shows the maximum lift coefficient for a different combina-
tion of velocity, gust frequency and gust amplitude. A similar behavior
Fig. 30. Comparison of the lift coefficient of the pristine and the fatigued
wing.

fatigued wing for the gust amplitude of 5 degrees.
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to the static condition is observed where the maximum lift coefficient
for the fatigued wing is lower than the pristine wing by approximately
15%. The tip displacement of the pristine and the fatigued wing for a
velocity of 26 m/s, frequency of 4 Hz and gust angle of 5 degrees is
shown in Fig. 33. As explained earlier, a combination of lower stiffness
and higher nose down twist lead to lower lift which, in turn, results in
a lower tip displacement. Additionally, the frequency of the fatigued
wing is also slightly lower (0.2 Hz) than the pristine wing. The reasons
for such a small difference is that the first bending frequency is at
3.3 Hz. So even a 6–9% drop in stiffness will result in a small change
in the first bending frequency.

Based on the results from the static and dynamic measurements,
two main conclusions can be drawn. The first is that even after under-
going fatigue for 100,000 cycles, the wing is strong enough to with-
stand both static as well as gust loads. This again validates the
numerical design methodology of accounting for fatigue through the
analytical model instead of the knockdown factor. This, as demon-
strated in [11] leads to lower weight designs. The second conclusion
is that the aeroelastic response of the fatigued wing results in a lower
lift coefficient for the same angle of attack compared to the pristine



Fig. 33. Comparison of the tip displacement of the pristine and the fatigued
wing for the gust amplitude of 5 degrees.
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wing. The primary reason for the lower lift coefficient is the degrada-
tion in the stiffness caused by the fatigue process. This means that in
order to attain a similar cruise lift coefficient, the trim angle of attack
for the fatigued wing will be higher than the pristine wing. This would
result in an increase in drag coefficient and hence, reduction in the lift
to drag ratio leading to degradation in the performance due to an
increase in fuel consumption.

In the traditional design of the composite wings, where the fatigue
is accounted for by knocking down the stress allowables, the stresses
are so low that there would not be any degradation in the stiffness
properties of the wing leading to a negligible change in the aeroelastic
response of the wing over the design life. This leads to wings being
optimized for a single cruise point. With the design methodology pro-
posed in the current research using the analytical model, the stresses in
the wing would be higher during the fatigue process, which would
lead to stiffness reduction over the life cycle of the aircraft. Even with
the degraded stiffness, the wing will still have enough residual
strength to carry the applied loads. However, the cruise condition of
the wing will change over the design life and to obtain optimum per-
formance over the entire design life, different cruise points need to be
taken into account during the optimization of the wings.

7. Summary & conclusions

The aim of the paper was to validate the numerical design method-
ology for aeroelastic optimization of composite wings designed for
gust and fatigue loads. Additionally, since the design methodology
did not take into account stiffness degradation during fatigue, the goal
was also to understand the effect of fatigue on the stiffness of the wing
and, thus, on the aeroelastic response of the wing. For this purpose, a
flexible composite wing with a span of 1:75 m and chord of 0:25 m was
designed to be critical in strength, buckling and fatigue. For fatigue, a
test spectrum load of 100,000 cycles was used as a design life. The
optimized wing was manufactured using Hexply 1M7/8552 unidirec-
tional UD prepreg.

An experimental campaign consisting of two wind tunnel tests and
a fatigue test was conducted to meet the goals of the research. The
results of the first wind tunnel campaign validated the aeroelastic part
of the numerical design methodology as the experimental static and
gust response of a composite wing matched the numerical predictions
with reasonable accuracy with a maximum error of less than 8%.
These results were also used to benchmark the static and gust perfor-
mance of the pristine wing.
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The wind tunnel test was then followed by a fatigue test, in which a
whiffle tree was used to replicate a realistic load distribution on the
wing. The wing was fatigued for 100,000 cycles using a spectrum
based on the Mini‐TWIST. The fatigue process resulted in the degrada-
tion of the stiffness, which led to an increase in tip deflection by 9%
and in normal axial strain by around 10%. After 100,000 cycles, the
wing did not experience any failure and had sufficient strength to
withstand the critical load. This validated the analytical fatigue model;
however, as the wing was not close to the failure, the analytical model
could still be conservative in the fatigue prediction.

Finally, to check the effect of fatigue on the aeroelastic response of
the wing, the fatigued wing was again mounted in the OJF and the sta-
tic and dynamic experiments were once again performed. Comparing
the performance of the fatigued wing with the pristine wing, the
degradation in the lift curve slope was observed. As the stiffness
degrades, the deflection of the wing increases for a given force leading
to a more washout, which results in a lower lift. As a result, for a given
angle of attack, the pristine wing will generate a higher lift force com-
pared to the fatigued wing. This would lead to a higher cruise angle of
attack for a fatigued wing leading to a higher drag coefficient and
lower the lift to drag ratio and thus higher fuel consumption.

A wing designed traditionally by considering a knockdown factor
for fatigue will result in a heavier wing, but with lower or no degrada-
tion in stiffness over its design life. A wing designed with the current
methodology of taking into account fatigue through analytical model
will result in the lighter wing but with degradation in stiffness over
the design life. This degradation results in a change in the cruise angle
of attack, which then also needs to be taken into account during the
optimization process to avoid degradation in performance because of
fatigue over the design life.
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