
Results in Engineering 9 (2021) 100190
Contents lists available at ScienceDirect

Results in Engineering

journal homepage: www.editorialmanager.com/rineng/Default.aspx
Prediction of the business jet Global 7500 wing deformed shape using fiber
Bragg gratings and neural network

T. Klotz a,*, R. Pothier b, D. Walch c, T. Colombo d

a Aviation Systems Development and Integration, Centre Technologique en A�erospatiale (CTA), QC, J3Y 8Y9, Saint-Hubert, Canada
b Experimental Department, Bombardier Aviation, QC, H3C 1K3, Saint-Laurent, Canada
c Core Engineering, Bombardier Aviation, QC, H9P 1A2, Dorval, Canada
d Load and Dynamics, Bombardier Aviation, QC, H9P 1A2, Dorval, Canada
A R T I C L E I N F O

Keywords:
Wing deflection
Wing twist
Optical fiber
Bragg gratings
Strain measurements
Neural network
* Corresponding author.
E-mail addresses: thierry.klotz@ena.ca (T. Klo

colombo@aero.bombardier.com (T. Colombo).

https://doi.org/10.1016/j.rineng.2020.100190
Received 22 October 2020; Accepted 19 November
2590-1230/© 2020 The Author(s). Published by Els
nc-nd/4.0/).
A B S T R A C T

To develop a common deflection and twist measuring method applicable for both ground and flight tests, the left
wing of a Global 7500 business jet was instrumented with fiber Bragg gratings and underwent durability and
damage tolerance certification testing. This fiber optical sensing system allows distributed strain measurements
on the wing. Fatigue and static tests were monitored. It was shown that the front and rear spar deflections could
be analytically calculated with an acceptable accuracy. However, the twist could not be successfully calculated. A
neural network was then used to address this issue. Even though the deflection predictions were less accurate than
those analytically calculated, the wing twist was successfully predicted. This study shows the potential of using
fiber Bragg grating as a shared ground and flight tests strain measuring method allowing to calculate the aircraft
wing deflection and to determine the wing twist angle using a neural network.
1. Introduction

Aeronautical engineers use structural numerical models and ground
tests on representative aircraft structures to optimize new wing designs.
The load cases applied on both the numerical models and the ground
tested structures must be as close as possible to the ones that the aircraft
will encounter in-flight. For this reason, using the same measurement
methods during flight and ground tests will allow to ensure that the
applied load cases are properly defined.

Wing deflection and twist angle measurement is relatively straight-
forward when tests are performed on the ground. Different types of
sensors such as vertical transducers, inclinometers and strain gauges can
be used. However, these sensors are not adequate for flight test cam-
paigns due to their weight, size, wiring and absence of ground reference.
Optical observation techniques such as photogrammetry [1,2] or inter-
ferometry [3] can be used. However, during flight tests, the field of view
can be limited and perturbations such as the lack of visibility due to
weather conditions or aircraft window deformations resulting from cabin
pressurization may compromise accurate measurements.

Following the crash, in June 2003, of the unmanned solar powered
prototype aircraft Helios [4], the National Aeronautics and Space
tz), robert.pothier@aero.bombar
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Administration (NASA) started to develop the use of fiber optic sensing
systems to monitor the in-flight aircraft wings deformation and health.
The fiber optic sensing systems, made of Fiber Bragg Gratings (FBG), are
optical fibers in which gratings were written using ultraviolet rays. These
gratings reflect, according to Bragg’s law [5], a light signal having a
wavelength which depends on the distance between the gratings. Hence,
when a FBG is bonded on a structure, the distance between the gratings
will vary evenly with the deformation of the structure and the variation
of the reflected wavelength can be used as a strain measurement using
the equation [6]

ε¼ λ� λref
λref

1
k

(1)

in which ε represents the measured strain, λ is the reflected wavelength,
λref is the reflected wavelength at a zero-strain state and k is the FBG
gauge factor. Equation (1) is valid when the temperature is constant. In
case of temperature variation, temperature dependent terms can be
added [6]. When gratings are distributed all along the FBG, continuous
strain measurements can be acquired. For more technical information on
this technology the extensive literature review performed by Ma and
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Abbreviations

FBG Fiber Bragg Gratings
FEM Finite Element Model
DADTT Durability and Damage Tolerance Testing
RST Residual Strength Test
ε strain
λ wave length
λref reference wave length
FBG fiber Bragg gratings
k FBG gauge factor
Δl distance between two FBG strain measurements
n total number of gratings
i specifies the number of the strain measurement. It can be

used as a subscript
x coordinate along the FBG
C distance between the FBG and the neutral axis
Ctop distance between the FBG on the upper skin and the neutral

axis
Cbottom distance between the FBG on the lower skin and the neutral

axis
εtop upper skin strain
εbottom lower skin strain
h wing thickness
y deflection
θ spanwise angle
φ twist angle
yleadingedge leading edge deflection
ytrailingedge trailing edge deflection
d distance between the leading and trailing edges
κ curvature
L beam length
E Young modulus
D applied displacement

IZ axis beam cross section area moment of inertia
X coordinate along the beam
MZ axis bending moment
εtheory strain calculated using the beam theory
εFEM strain obtained using the FEM
εFEM;approx approximation of εFEM
a, b εFEM fitting parameters
ytheory deflection calculated using the beam theory
P applied force
yFEMerror deflection percentage error
yFEM deflection obtained using the FEM
ypred predicted deflection
εerror relative strain error
εSG strain measured using a strain gauge
εSG;max maximum strain measured using strain gauges
εFBG strain measured using FBG
εnorm normalized strain
WSnorm normalized wing span
WSpos position on the wing span
WSmax span at wing tip.
ynorm normalized deflection
ymax maximum deflection
yerror deflection relative error
yPT measured deflection
Δθ spanwise angle relative error
θpred predicted spanwise angle
θINC6 spanwise angle measured by INC6
φnorm normalized twist angle
φmax maximum twist angle
Δφ twist angle error
φpred predicted twist angle
φINC measured twist angle
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Chen [7] can be consulted. The FBG may be adequate for flight tests due
to their light weight, negligible diameter (� 0.2 mm) and their contin-
uous strain measurement capabilities. Moreover, the FBG can be
embedded in composite wings [8] and can be used for structural health
monitoring [9–11]. The FBG main disadvantage is that it can only mea-
sure unidirectional strain oriented along the fiber.

In 2007, Ko et al. [12] developed a patented [13] analytical model
allowing calculation of the wing deflection by measuring the span wise
strain distribution using FBG [14]. This model, commonly called the Ko
theory in the literature, is iterative and based on the beam theory. Jutte
et al. [2] used the Ko theory to calculate the deflection of a 53 m span
wing with a � 69 mm error on a maximum wing tip deflection of 2.9 m.
The Ko theory was then successfully re-tested on a 1.3 m aluminum plate
by Bakalyar and Jutte [15] and Derkevorkian et al. [16], and on a 5.5 m
span composite wing by Nicolas et al. [17]. The beam theory was also
used by Li et al. [18] to compute the deflection of a wing spar using
multiple FBG rosettes. Meng et al. [19] reported that the Ko theory is not
suitable for structures submitted to large deformation and they devel-
oped another analytical deformed shape calculation model, herein
referred as Meng’s model, based on the curvature and successfully
applied it, using FBG, on a 1 m span metallic wing. Yi et al. [20] also used
the curvature to compute the deformed shape of a 380 mm epoxy resin
plate.

The wing twist angle could theoretically be calculated from the
deflection difference between the leading and the trailing edges using
trigonometry. However, Jutte et al. [2] obtained large twist angle errors
as high as 6∘. As they reported, even with a good accuracy on the
deflection calculations, a small error on the computed deflections leads to
2

a large error on the calculated twist angle.
Another method based on the inverse Finite Element Method (iFEM)

was developed by Tessler and Spangler [21] using their previous work on
least-squares variational formulation [22,23]. The strain measured on
the structure are implemented in a Finite Element Model (FEM) that
computes the deformed shape of the structure. This method was suc-
cessfully used by Vazques et al. [24] to calculate the deflection of a 1.2 m
aluminum bar and by Song and Liang [25] to predict the dynamic
displacement of beam structures. Gherlone et al. [26] found this method
to be more accurate than the Ko theory. However, as previously reported
by Gherlone et al. [27], this efficient method is still to adapt to real
aircraft structures that have complex geometries and loading. Although
FBG can provide a fine discretization of strain measurements, the FEM of
an aicraft’s wing is complex and computationally costly, which is a
barrier to the use of this method, especially when a large number of load
cases are applied on the wing.

The deflection of a structure can also be deducted from the compar-
ison between the results of a FEM and the experimentally measured
strain. The efficiency of this method was proven by Murayama et al. [28]
on a 6m composite wing box and by Cui et al. [29] on an airfoil for which
the span was not reported. This method could be adapted to a real scale
large airplane’s wing to calculate the deflection and the twist. However,
the relations between the measured strain and the wing deformation
would be complex to determine.

Neural Network (NN) is a method that can create complex correla-
tions between input parameters. It can produce results that would be
impossible to obtain analytically. Nguyen et al. [30] predicted the
bending and torsional moments in a 25.7 m span wing virtually
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submitted to atmospheric turbulence with an error inferior to 5%. They
reported that the results could be obtained instantaneously when
compared to the numerical program commonly used that can run for
hours. However, they also reported that the NN accuracy was much lower
for atmospheric turbulence with gust velocities higher than the ones it
was trained with. It is a drawback of the NN method: the NN has to be
trained with a data set having the same parameter ranges than those it
will face. Wada and Tamayama [31] used a NN on a 3.6 m span wing
tested in a wind tunnel. The wing was equipped with FBGs. They showed
that it was possible to predict the angle of attack and the distributed lift
load along the span with error ranges from�1.03 to 0.46∘ and from�1.5
to 1.4 N, respectively. NN can also be used to calculate deflections.
Kaczmarek and Szyma�nska [32] used it to calculate the deflection of
reinforced concrete beams. They reported that the calculated deflections
were more accurate than those calculated according to the standards
commonly used in civil engineering. The NN would be worth trying to
address the issue of the wing twist angle calculation.

The Global 7500, developed by Bombardier Aviation, is the largest
and longest range business jet in the world. Equipped with new transonic
wings, it can reach cruise speeds as high as Mach 0.90 [33]. Transport
Canada delivered its type certificate in 2018. A complete representative
structure of the Global 7500 was still under Durability And Damage
Tolerance Testing (DADTT) until January 2020. The DADTT test rig has
already been described by Beltempo et al. [34]. The Global 7500 repre-
sentative structure’s left wing was instrumented with FBGs to calculate
its deflection and twist angle, with the long-term objective to develop a
unifiedmeasuringmethod of the wing deformed shape for both flight and
ground tests. The Global 7500 has a wing span of 31.7 m [33]. A sketch of
the DADTT test rig is presented in Fig. 1.

This study, led in the Bombardier Aviation’s Experimental depart-
ment facility during certification tests, presents the results of deflection
and twist angle calculations led on the Global 7500 complete represen-
tative structure’s left wing DADTT test article. Analytical methods and
Fig. 1. Durability and damage tolerance test rig of th
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NN are used for this purpose and their results are discussed. This paper is
organized as follows: the Ko theory and Meng’s model are detailed in
Section 2. Section 3 presents the experimental setup, the tests and the
data acquisition and processing. The Ko theory and the Meng’s model are
compared in Section 4. The deflection and twist angle calculations using
the analytical model chosen in Section 4 and using NN are presented and
discussed in Section 5. Finally, Section 6 concludes this work.

2. Background

This section aims at presenting both the Ko theory and Meng’s model.

2.1. Ko theory

Supposing that a FBG with n distributed strain measurement points is
bonded along the span of a wing and that xi denotes the 1D coordinate of
the ith strain measurement point (i ¼ 1,2,3 …,n) along the FBG, the

distance between the ði� 1Þth and the ith (i � 2) strain measurement
points is defined as

Δli ¼ xi � xi�1: (2)

The model requires the distance to the neutral axis, C, as an input
parameter. It represents the distance between the FBG and the axis of the
structure for which the resulting bending strain is equal to zero. In
complex geometry wings, the position of the neutral axis is not accurately
known. Indeed, its position can change depending on the applied loads.
In linear mechanics, the strain resulting from bending evolves linearly
from the surface to the neutral axis. Thus, if two FBGs are installed on the
wing and symmetrically opposed, one on the upper skin and the other
one on the lower skin, the distance between the FBGs and the neutral axis
can then be expressed as [2]
e Global 7500 complete representative structure.
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Ctop;i ¼ εtop;i
εbottom;i � εtop;i

hi (3)
and

Cbottom;i ¼ εbottom;i
εbottom;i � εtop;i

hi (4)

where h represents the distance between the FBGs located on the upper
and lower skins (wing thickness). The subscripts top and bottom refers to
the FBGs installed on the upper and lower skins, respectively.

The deflection is computed as [2]
Fig. 2. Sensor locations on

4

yi ¼ Δl2i
6Ci�1

��
3� Ci

Ci�1

�
εi�1 þ εi

�
þ yi�1 þ Δli tanðθi�1Þ (5)
in which the spanwise angle (slope) θ is defined as

tanðθiÞ¼ Δli
2Ci�1

��
2� Ci

Ci�1

�
εi�1 þ εi

�
þ yi�1 þ tanðθi�1Þ: (6)

Note that, in Equations (5) and (6), i is superior or equal to 2. It im-
plies that the deflection and the spanwise angle at the first measurement
point (y1 and θ1) must be defined as boundary conditions.

If yleadingedge;i and ytrailingedge;i represent the calculated deflections close
the left wing panels.
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to the leading and trailing edges, respectively, the twist angle φi can be
expressed as [2]

φi ¼ sin�1

�
yleadingedge;i � ytrailingedge;i

di

�
(7)

where di represents the distance between the FBGs located at the leading
and trailing edges, at the ith measuring point.
Fig. 3. Position of the FBG FUF2 with respect to the front spar.

Table 1
List of the installed FBGs with their lengths and locations.

Length
(m)

Location/remark

FUF1 5.6 Upper skin, front spar, from
wing root to loading strap

FUF2 10.0 Upper skin, front spar, from
loading strap to wing tip

FUR1 8.7 Upper skin, rear spar, from wing
kink to mid-wing

Cross pattern
FUR2 9.3 Upper skin, rear spar, from mid-

wing to wing tip
Cross pattern and chordwise at wing
tip

FLF1 5.8 Front spar, lower skin, from
wing root to loading strap

FLF2 10.7 Front spar, lower skin, from
loading strap to wing tip

Access panels bypass
FLR1 9.0 Lower skin, rear spar, from wing

kink to mid-wing
Cross pattern
FLR2 9.9 Lower skin, rear spar, from mid-

wing to wing tip
Cross pattern, access panel bypass
and chordwise at wing tip
2.2. Meng’s model

Meng’s model is a continuous model. If x denotes the 1D coordinate
along the FBG, the curvature is expressed as [19]

κðxÞ¼ εðxÞ
CðxÞ (8)

where C is computed using Equations (3) and (4). The spanwise angle is
then expressed as

θðxÞ¼
Z x

0
κðxÞdxþ θð0Þ (9)

where θð0Þ is a boundary condition representing the spanwise angle at
the first measuring point. Finally, the deflection can be computed as

yðxÞ ¼
Z x

0
cosðθðxÞÞdxþ yð0Þ (10)

in which yð0Þ is the deflection as the first measuring point and is a
boundary condition. The twist angle can be computed using Equation (7).

3. Experimental setup, tests and data acquisition

3.1. Experimental setup

3.1.1. Fiber Bragg gratings
The Global 7500 wing skin panels are made in chromic acid anodized

and shot peened aluminum alloys. The surfaces on which the FBG were
installed were manually sanded with 320 grit sand paper and then
cleaned with a degreaser and with isopropyl alcohol. The FBGS AGF-
A3A4-000 FBGs were bonded using Micro-Measurements M-BOND 200
adhesive. A protective layer of Momentive RTV108 silicone was applied
on the FBGs.

Eight FBGs were installed on the left wing: two FBGs along the front
spar and two FBGs along the rear spar, on the lower and upper skins. A
schematics of the FBGs location on the wing panels is presented in Fig. 2.
The FBGs installed along the rear spar also form cross patterns between
the front and rear spars. The absence of FBGs along the rear spar between
the wing root and the wing kink, on the upper and lower skins, can be
noted. This zone was too difficult to access on the test rig. The presence of
two loading straps at the front spar, represented by red rectangles in
Fig. 2 (a) and (b), prevented the installation of FBG in these areas. On the
lower skin, access panels had to be bypassed. The strain measurements
obtained in these bypass zones, represented by red doted rectangles in
Fig. 2(b), were not used to calculate the deflection since the FBGs located
on the upper and lower skins were not superimposed and Equations (3)
and (4) could not be used. The names, locations and lengths of the FBGs
are given in Table 1. The FBGs nomenclature is defined as follows: the
first letter (F) stands for Fiber, the second letter, U or L, stands for Upper
skin or Lower skin and the last letter, F or R, stands for Front spar or Rear
spar.

The FBGs could not be installed directly on the spars due to the
presence of loading pads used to apply the loads on the wing. The FBGs
were installed at 10 cm away from the spars, aft of the front spar and
forward of the rear spar, to avoid eventual strain concentration resulting
from the forces applied by the loading pads. As an example, the position
5

of the FBG FUF2 with respect to the front spar is presented in Fig. 3.

3.1.2. Strain gauges
Fourteen Micro-Measurements CEA-13-125UN-350 unidirectional

strain gauges were installed along the FBGs to be used as strain mea-
surement references in order to verify the validity of the FBGs strain
measurements. The strain gauges were installed to measure the strain in a
direction parallel to the FBGs at a distance between 3 and 10 mm from
the latter. The strain gauges locations are presented in Fig. 2 and



Table 2
Strain gages locations and corresponding FBGs.

FBG Location

SG1 FUF1 Wing root, upper skin
SG2 FUF2 Near mid-wing, upper skin
SG3 FUF2 Near 3/4 wing, upper skin
SG4 FUR1 Cross pattern, upper skin
SG5 FUR1 Cross pattern, upper skin
SG6 FUR1 Cross pattern, upper skin
SG7 FUR1 Cross pattern, upper skin
SG8 FUR1 Near mid-wing, upper skin
SG9 FUR2 Near 3/4 wing, upper skin
SG11 FLF1 Wing root, lower skin
SG12 FLF2 Near mid-wing, lower skin
SG13 FLF2 Near 3/4 wing, lower skin
SG14 FLR1 Near mid-wing, lower skin
SG15 FLR2 Near 3/4 wing, lower skin
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described in Table 2.

3.1.3. Position transducers
Nine cable extension position transducers Celesco PT101 were

installed to measure the wing deflection. The cables were attached to the
lower skin while the sensors were fixed on the hangar ground, 4.5 m
below the wing. Their locations are presented in Fig. 2(b) and described
in Table 3.

3.1.4. Inclinometers
Eight inclinometers Turk B1N360V-Q20L60-2LU3-H1151 were

installed on the wing to measure the spanwise and twist angles. Their
locations are indicated in Fig. 2(a) and listed in Table 4. The in-
clinometers were installed on the spars. Inclinometers INC1 to 5 were
used to measure the wing twist while the inclinometers INC6 to 8
measured the spanwise angle and were used as input for the analytical
model boundary conditions.

3.2. Tests

3.2.1. Fatigue tests
The first tests performed on the DADTT were fatigue tests. These tests

consisted in simulating flight load conditions for an equivalent of three
times the design service goal. Ten different types of short, medium and
long mission flights, from towing to engines shut down, were repeated.
Table 3
Position transducer locations.

Location

PT1 Front spar, wing root
PT2 Front spar at wing kink
PT3 Rear spar, wing kink
PT4 Front spar near mid-wing
PT5 Rear spar, near mid-wing
PT6 Front spar near 3/4 wing
PT7 Rear spar, near 3/4 wing
PT8 Front spar near wing tip
PT9 Rear spar, near wing tip

Table 4
Inclinometers locations.

Location Measured angle

INC1 Front spar, wing root Twist
INC2 Front spar, wing kink Twist
INC3 Front spar, near mid-wing Twist
INC4 Front spar, near 3/4 wing Twist
INC5 Front spar, wing tip Twist
INC6 Front spar, wing kink Spanwise
INC7 Rear spar, wing kink Spanwise
INC8 Front spar, wing root Spanwise

6

This fatigue test campaign aimed at demonstrating, according to the
Federal Aviation Administration (FAA), Transport Canada (TC) and the
European Union Aviation Safety Agency (EASA) standards, that the
Global 7500 can withstand three fatigue lives, without showing any
critical failure resulting from natural crack initiation or accidental
damage.

A simulated flight composed of a subset of load cases applied on the
test article, in the last quarter of the third fatigue life, was used to obtain
the results presented in this paper. It corresponds to a flight suffering
significant wing deflections.

Just before the simulated flight, the Global 7500 representative
structure was put in a 0 g position (own weight sustained) to record the
zero strain state reference (λref in Equation (1)). The wing deflection and
twist were also considered to be null at the 0 g position.

The FBGs located along the rear spar and the spanwise inclinometers
were not installed at the time the fatigue tests were performed. Thus,
only the front spar deflection was calculated.

3.2.2. Residual strength tests
The Residual Strength Tests (RSTs) were performed once the fatigue

tests campaign was completed. During these tests, critical static load
cases were applied. The objective is to demonstrate that the damages that
appeared during the fatigue tests and cracks voluntarily induced would
not result in a critical failure, according to FAA, TC and EASA standards.
The data were acquired during four RSTs, chosen for their large bending
and/or large wing twist. The four monitored RSTs are listed in Table 5.

Before each RST, the Global 7500 representative structure was put in
a 0 g position to record the zero strain state, deflection and twist refer-
ences. All the sensors mentioned in Section 3.1 were installed during the
RSTs campaign. The critical static load cases were applied and released in
10% increments. A picture of the left wing deflection during a RST is
presented in Fig. 4. The 0 g position of the wing is also indicated.
3.3. Data acquisition and processing

A Sensuron RTS125þ optical frequency domain reflectometry system
was used to acquire the FBGs data. The results from the eight FBGs were
acquired simultaneously at rates of 11 Hz and 9 Hz during the fatigue test
and RSTs, respectively. The spacing between each strain measuring point
along the FBGs was 6.35 mm. During the RSTs, data were acquired
during 5 s for each steady loading level and then averaged over the time
period.

The position transducers, strain gauges and inclinometers measures
were recorded using Bombardier Aviation’s data acquisition system.
They were set to zero each time the Global 7500 was put in the 0 g po-
sition. One measurement was recorded for each different load case
applied during the fatigue test and for each increment during the RSTs.

Sensuronmachine and Bombardier Aviation’s data acquisition system
timestamps were synchronized using the signal received on the
Bombardier Aviation Global Positioning System antenna.

All data were processed using the programming language Python,
with NumPy and Pandas libraries. Equations (9) and (10) integrals were
computed using the composite trapezoidal rule with the NumPy function
trapz. Equations (3) and (4) required perfectly symmetrical opposed
strain εtop;i and εbottom;i. For this purpose, εbottom;i were interpolated using
the linear interpolation NumPy function interp to match the spanwise
locations of the εtop;i data. This function was also used to interpolate the
Table 5
Monitored residual strength tests.

Description

RST1 Rudder Maneuver
RST2 Positive Balance Maneuver
RST3 Tail Down Dynamic Landing
RST4 Positive Balance Maneuver
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missing data at the access panel bypasses and at the loading straps.
All the deflections, strain and angles are normalized with respect to

their respective maximum measured values for confidentiality reasons.

4. Model selection

The deflection of a beamwas simulated with a FEM to compare the Ko
theory and Meng’s model. Both models were deliberately not compared
with the experimental results obtained on the DADTT. Indeed, the errors
induced by the lack of data at the access panel bypasses and the loading
straps, the other than pure bending induced measured strain (not parallel
to the FBGs), the apparition of local strain concentrations at the wing’s
ribs, etc … were impossible to quantify and could have discredited the
comparison.

4.1. Finite element model validation

A FEM beam with a 1.81 m length (L) and a 76.2 by 9.5 mm rect-
angular cross section was solved with NASTRAN. The beam dimensions
were arbitrarily chosen. The material properties are a Young modulus (E)
of 68 GPa and a Poisson’s ratio of 0.33, representative of typical
aluminum alloys used in the aerospace industry. The beam was
composed of seven nodes, equally spaced and linked with CBAR beam
elements. All translations and rotations at one end of the beamwere set to
zero and a vertical displacement was applied on the other end to simulate
a deflection. The applied displacements, D, were 50, 100, 200, 300, 400,
500 and 600 mm. The displacements were imposed perpendicularly to
the smallest cross section area moment of inertia (IZ ¼ 5487:4 mm4). The
strain was obtained, for each node, at the upper mid-with of the cross
section. A schematic of the FEM is presented in Fig. 5.

The strains obtained with the FEM (εFEM) along the beam span, X,
were cross-checked with the beam theory and Hooke’s law using the
Fig. 4. Global 7500 left wing deflection during a RST. Th
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commonly known expression

εtheoryðXÞ¼MZðXÞC
EIZ

(11)

where C represents the half thickness of the beam and the bending
moment MZ is expressed as

MZðXÞ ¼ 3EIZD
L3

ðL� XÞ (12)

The comparisons between the strain distributions obtained with the
FEM and those calculated with Equation (11), for all the imposed dis-
placements D, are presented in Fig. 6. The strain unit used in Fig. 6 is the
micro-strain (με), which corresponds to 10�6 mm/mm. It should be noted
that the strain distributions obtained with the FEM are in perfect
agreement with the ones calculated according to the beam theory. This
result was expected since the CBAR elements are derived from the beam
theory.

The obtained strain distributions were then approximated with a first
order polynomial function expressed as

εFEM;approxðXÞ¼ aX þ b: (13)

Parameters a and b values are given in Table 6.

4.2. Ko theory and Meng’s model comparison

The Ko theory and Meng’s model were then used to calculate the
deflections using a strain measurement distribution of 6.35 mm, corre-
sponding to the strain measurement distribution that will be measured
with the Sensuron system. The deflections were also calculated using a
250 mm strain measurement distribution to verify both model’s behavior
with a lack of data. This situation could correspond to the access panel
e position of the wing at the 0 g position is indicated.



Fig. 5. Schematic of the finite element model.

Fig. 6. Comparison between the strain distributions obtained with the finite
element model (εFEM) and those calculated using the beam theory (εtheory).

Table 6
Parameters a and b from Equation (13).

D (mm) a (με/mm) b (με)

50 �0.12 218.06
100 �0.24 436.11
200 �0.48 872.23
300 �0.72 1308.34
400 �0.96 1744.45
500 �1.20 2180.57
600 �1.45 2616.68
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bypasses and the loading straps regions on the wing. The calculated de-
flections were compared to the deflections obtained with the FEM.
Validation was done using the deflection calculated with the beam the-
ory, ytheory , expressed as

ytheoryðXÞ¼ � PX2

6EIz
ð3L�XÞ (14)

where P represents the load that should be applied to obtained the
8

corresponding deflection and is expressed as

P ¼ �3EIzD
L3

: (15)

The deflections calculated using the Ko theory and Meng’s model
with strain measurement distributions of 6.35 mm and 250 mm are
presented in Fig. 7 (a) and (b), respectively. The deflections obtained
with the FEM and calculated with the beam theory are also represented.
It can be observed that the two latter are in perfect agreement. The Ko
theory and Meng’s model deflection percentage errors are presented in
Fig. 8 and were calculated as

yFEMerrorðXÞ¼
�
ypredðXÞ
yFEMðXÞ� 1

�
100 (16)

where yFEM represents the deflection obtained with the FEM and ypred
represents the deflection calculated either with the Ko theory or Meng’s
model. The deflection errors at X ¼ 0 mm were not represented on Fig. 8
since the deflection at this location is a boundary condition for both
models.

For a strain measurement distribution of 6.35 mm, Figs. 7(a) and 8
show that the error obtained with the Ko theory is lower than one ob-
tained withMeng’s model. For an applied deflection D ¼ 600 mm, the Ko
theory percentage error is �0.09% at the beam tip while it is �2.64% for
Meng’s model. Both models underpredict the beam deflection but give a
good representation of the beam deformed shape.

On the other hand, for a strain measurement distribution of 250 mm,
the Ko theory results are less accurate than the ones obtained with
Meng’s model. At the beam tip, for an applied displacement D ¼ 600
mm, the error obtained with the Ko theory is �3.91% while it is �3.11%
for Meng’s model. Also, Fig. 7 (b) shows that, for D � 200 mm, the
deformed shape of the beam is not well predicted by the Ko theory. For
example, at the FEM grid located at X ¼ 905 mm, the Ko theory per-
entage error is �7.90% while it is �0.80% for Meng’s model.

It can be concluded that the Ko theory predictions are more accurate
than the ones of Meng’s model for a 6.35 mm strain measurement dis-
tribution. However, the Ko theory becomes unstable if the strain mea-
surements distribution is increased and the deformed shape is no more
well predicted. Meng’s model is less sensitive to the strain measurement
distribution and should thus result in more reliable predictions in the
case of the Global 7500 wing for which loading straps and access panel
bypasses are regions where strain data are missing. Meng’s model will



Fig. 7. Ko theory and Meng’s model deflection results using strain measurement distributions of (a) 6.35 mm and (b) 250 mm compared to those obtained with the
finite element model (FEM) and calculated using the beam theory.

Fig. 8. Ko theory and Meng’s model calculated deflection errors for strain
measurement distributions of 6.35 mm and 250 mm and for an applied
deflection, D, of 600 mm.

Fig. 9. FBGs strain measurements relative errors, εerror , for each monitored RST at 100
a RST. �5% relative error and �0.2 με=με normalized strain lines are also plotted.
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thus be used thereafter.

5. Results and discussion

5.1. Comparison with strain gauges

Strain gauges are commonly used in the aerospace industry as refer-
ence for strain measurements. The strain measurements obtained with
the strain gauges and the FBGs are compared. The relative error (in
percentage) of the FBGs strain measurements, when compared to the
strain gauges ones, were calculated for the RSTs, at 100% applied load, as

εerror ¼
�
εFBG
εSG

� 1
�
100 (17)

where εFBG and εSG represent the strain measured by the FBGs and the
strain gauges, respectively. The relative errors are presented in Fig. 9.
The strain were normalized using the equation

εnorm ¼ εSG
εSG;max

(18)
% load applied. Each marker represents a strain gauge and each color represents
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where εSG;max represents the maximum strain measured with strain
gauges. εSG;max has a value between 2000 and 3000 με.

Two strain measurements are not plotted in Fig. 9 due to their large
relative errors: SG1 for RST3 (�0.02 με=με; �256%) and SG5 for RST2
(0.02 με=με; 128%). These large relative strain errors are due to the small
strain measured. Two �0.2 με=με vertical dotted lines were plotted on
Fig. 9. 0.2 με=με corresponds to a measured strain between 400 and 600
με (0.0004 and 0.0006 mm/mm) below which the strain is considered as
not significant.

Two horizontal dotted lines at �5% were also plotted in Fig. 9. The
relative error is considered acceptable inside these two boundaries.

Six strain measurements are outside of the �5% relative error
boundaries for significant measured strain, namely SG1 for RST2 and
RST4, SG9 for RST2 and SG12 for RST2, RST3 and RST4. They are evenly
distributed between tension and compression, eliminating the existence
of a tendency for the FBGs to be less accurate in one of these strain state.
These relative errors are likely to be due to high strain gradients, since
torque was also applied to the wing and the distances between the FBGs
and the strain gauges could be as large as 10 mm due to experimental
constraints. The fact that the FBG relative strain measurement error, at
the location of SG1, is smaller for RST2 than RST4 whilst the measured
strain is in the same order of magnitude (�0.4 μm), for both RSTs, tends
to reinforce this hypothesis.

Fig. 9 shows that the large majority of FBGs relative errors for
measured strain higher than 0.2 με=με, in terms of absolute value, are
within the �5 % boundaries. The strain measured by the strain gauges
and the FGBs are thus considered to be in good agreement.
5.2. Deflection analytical calculations

5.2.1. Fatigue test
Throughout the load cases applied during the analysed flight, front

spar deflections were calculated using Meng’s model. The deflection
measurements derived from the position transducer PT1 were used as a
boundary condition for the model. The inclinometer INC8 was not
installed at the time of the fatigue test and thus the spanwise angle at the
wing root was set to 0∘.

The comparison between calculated and measured deflections,
depending on the flight duration, are presented in Fig. 10. For clarity,
Fig. 10 was divided into two subfigures: Fig. 10(a) presents the de-
flections at the locations of PT2 and PT6 while Fig. 10(b) presents those
at the locations of PT4 and PT8. Take-off and landing are also indicated in
Fig. 10. The left wing span, from wing root to wing tip was normalized
using the equation

WSnorm ¼ WSpos
WSmax

(19)

where WSpos is the position on the wing and WSmax is the left wing span.
The deflections were also normalized using the equation

ynorm ¼ y
ymax

(20)

where y represents the measured or calculated deflection and ymax is the
largest overall measured deflection (between 1 and 2 m during RST4).

The two taxiing simulations (before take-off and after landing) are
clearly visible on Fig. 10: the wing is submitted to down-bending oscil-
lations due to its own weight and the on-ground movement of the
aircraft. Enlargements of these regions are enclosed to enhance the
reading. The in-flight simulation is also observable due to the up-bending
position of the wing which registers normalized deflections up to 0.6 m/
m. The calculated and measured deflections seem to be in good agree-
ment during the in-fight simulation at the locations of the four position
transducers, which suggest that the deformed shape of the wing is well
predicted by the model. However, discrepancies are observable during
10
the taxiing simulations. This could be explained by the fact that the wing
deflection amplitudes are small during the taxiing (between 0 and -0.09
m/m) and thus the errors attributable to other than vertical bending
induced strain such as twist or horizontal bending strain are more
pronounced.

The measured and calculated deflections depending on the normal-
ized wing span for the loading cases leading to the maximum and min-
imum deflections are presented in Fig. 11. The deformed shape of the
wing is well predicted by the model for both load cases.

The calculated deflection relative errors (in percentage) when
compared to the measured ones were calculated as

yerror ¼
�
yPred
yPT

� 1
�
100 (21)

where yPT is the measured deflection and yPred is the corresponding
predicted deflection. The relative errors depending on the normalized
measured deflection are presented in Fig. 12. An enlargement of the re-
sults is enclosed in Fig. 12 to enhance the reading of the large deflections
results.

The relative errors are larger than 10% for small deflections and are
between �1 and 4% for normalized deflections higher than 0.2 m/m
(between 0.2 and 0.4 m). As mentioned before, the large relative errors
for the small deflections might be due to parasite strain measurements
such as those induced by horizontal bending and twist. Moreover, the
errors due to strain approximation at the loading strap and at the access
panel bypasses might have a greater detrimental effect on the prediction
of smallest deflections. Also, using Equation (21), a small difference in
the measured and calculated deflections for a small measured deflection
would lead to a large percentage relative error.

When compared to the error obtained using Meng’s model in a
virtually perfect environment (see Section 4), which were up to 3%,
relative errors of �1 to 4% can be considered as good result for calcu-
lation led on a real wing submitted to complex load cases and for which
the spanwise angle at the first measurement point was unknown and set
to 0∘. These errors are in the same order of magnitude of the 2.4% relative
error obtained by Jutte et al. [2] on a wing submitted to vertical bending
only.

It can be concluded that FBGs installed along the Global 7500 wing
front spar allow to calculate its deflection with an acceptable accuracy.

5.2.2. Residual strength test
The front spar deflections were calculated, using Meng’s model, for

each monitored RST at 100% applied load. The deflections were calcu-
lated two times; the first time starting at the wing root using the measures
derived from PT1 and INC8 as boundary conditions and secondly starting
at the wing kink using the measurements derived from PT2 and INC6 as
boundary conditions. The deflections starting at the wing kink were
calculated to have a fairer comparison with the rear spar deflections
which are also calculated from the wing kink. The relative errors,
calculated using Equation (21), are presented in Table 7.

The spanwise angle relative errors at the location of INC6, expressed
as

Δθ¼ θPred � θINC6 (22)

where θPred and θINC6 represent the predicted spanwise angle and the
measures derived from INC6, respectively, are also presented in Table 7.
Finally, the normalized deflections measured by the position transducer
PT8, ynorm;PT8, obtained using Equation (20), are also presented in
Table 7.

The results presented in Table 7 show that, for deflections calculated
from the wing root, the smaller the deflection, the larger the relative
error on the calculated deflection, which is in accordance with the results
obtained during the fatigue test. However, for RST2 and RST3, the
relative errors are larger than 4%, even if the wing tip normalized



Fig. 10. Comparison between measured and calculated deflections during the simulated flight at locations of (a) PT2 and PT6 and (b) PT4 and PT8. Enlargements of
regions prior take-off and post landing are enclosed.
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deflection is larger than 0.2 m/m. It is in contradiction with the fatigue
results presented in Fig. 12. However, the wing was submitted to larger
torques during the RSTs, which could explain this discrepancy. Despite
these large relative errors on the calculated deflections, the calculated
wing span angle is in good agreement with the measurements derived
from INC6 with a maximal difference of 0.14∘.

On the other hand, the front spar deflections calculated from the wing
kink show wing tip deflection relative errors inferior or equal to 2%. It
suggests that most of the deflection calculation errors are accumulated
between the wing root and the wing kink. This suggestion can be put in
perspective with the results presented in Fig. 9, in which strain mea-
surement discrepancies larger than 5% were found between the FBG and
the strain gauge SG1. It suggests that this region is impacted by high
11
strain gradients. Another explanation could be found in the tapered ge-
ometry of the wing inboard of the wing kink. Indeed, Meng’s model takes
into account the variation of the wing thickness (Equations (3) and (4))
but does not take into account the spar sweep angle.

Due to the smaller relative errors of the front spar deflections calcu-
lated from the wing kink, the latter will be used to compare the de-
flections calculated along the front and rear spars.

The deflection relative errors calculated along the rear spar and the
corresponding normalized deflections measured by the position trans-
ducer PT9, ynorm;PT9, are presented in Table 8. Measurements derived
from the position transducer PT3 and the inclinometer INC7 were used as
boundary conditions for the model. The relative errors, at the wing tip,



Fig. 11. Calculated and measured minimum and maximum deflections of the simulated flight.

Fig. 12. Simulated flight calculated deflection relative errors depending on the
normalized measured deflections.

Table 7
RSTs relative errors (yerror) of front spar deflections calculated from the wing root
and from wing kink. The differences between the winspan angle calculated and
measured by the inclinometer INC6 (Δθ) are also presented. The symbol BC is
used to stipulate that the sensor measurement was used as a boundary condition.

yerror (%) Δθ (∘) ynorm;PT8

PT2 PT4 PT6 PT8 INC6 (m/m)

RST1 from wing root 37.2 20.1 15.7 10.0 0.02
RST1 from wing kink BC 0.2 2.5 0.3 BC 0.13
RST2 from wing root �0.1 3.9 5.4 4.4 0.14
RST2 from wing kink BC 1.6 2.9 2.0 BC 0.64
RST3 from wing root 79.3 20.1 14.1 7.8 0.05
RST3 from wing kink BC 1.2 4.0 1.3 BC 0.29
RST4 from wing root �5.8 �0.5 2.1 1.2 �0.01
RST4 from wing kink BC 0.8 2.3 1.1 BC 1.00

Table 8
Rear spar calculated deflection relative errors (yerror) for the monitored RST.

yerror (%) ynorm;PT9

PT5 PT7 PT9 (m/m)

RST1 13.3 �4.6 �1.9 0.13
RST2 13.9 �1.2 �0.4 0.62
RST3 21.3 0.8 1.8 0.29
RST4 18.8 1.0 1.1 0.97
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are inferior to 1.9% for all monitored RSTs. It suggests that the de-
flections calculated along the rear spar are in good agreement with the
measured deflections.

The calculated and measured normalized deflections at the front and
rear spars are compared, for eachmonitored RST, in Fig. 13. Note that the
position transducers PT2 and PT3 were used as boundary conditions and
12
are thus equal to the calculated deflections. Fig. 13 shows that the rela-
tive calculated vertical position of the front spar with regards to the rear
spar is, for all the RSTs except RST1 which showed a normalized
deflection at the wing tip lower than 0.2, in good agreement. In partic-
ular: the front spar deflection is larger than the one of the rear spar for
RST2 and RST4 while it is the opposite for RST3. The deformed shaped of
the two spars are also well predicted. It is an indication that the twist
angle calculation can be performed using Equation (7).
5.3. Twist angles calculation

The twist angles measured during the RSTs, at 100% load applied, are
presented in Fig. 14. The twist angles, φ, were normalized as

φnorm ¼
φ

φmax
(23)

where φmax is the overall maximum twist angle that was measured and
has a value between 2 and 5∘. A positive angle means that the vertical
deflection of the front spar is higher than the one of the rear spar. Fig. 14
shows that the RST2 and 4 present positive twist angles while the twist
angles are negative and around 4 to 5 times inferior for RST1 and 3,
respectively.

The twist angles of the monitored RSTs were calculated, using
Equation (7), with calculated deflections and measurements derived
from the position transducers. The results are presented in Fig. 15. The
relative twist angle errors were calculated using the following relation:

Δφ¼φPred � φINC (24)

where φPred represents the predicted twist angle, either using calculated
or measured deflections, and φINC is the measured twist angle. Twist
angles were calculated at the locations of INC3, INC4 and INC5. It should



Fig. 13. Comparison of the front and rear spars calculated and measured deflections for (a) RST1, (b) RST2, (c) RST3 and (d) RST4. PT2 and PT3 were used as
boundary conditions.

Fig. 14. Inclinometers INC2, 3, 4 and 5 normalized measured twist angles.
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be noted that the position transducers PT8 and PT9 are not at the same
spanwise location than the inclinometer INC5. However, their positions
are assumed to be close enough to the one of INC5 to be compared. The
maximum acceptable relative twist angle error targeted was � 0.5∘ and
two horizontal dotted lines were added on the graphs presented in Fig. 15
13
to symbolize the targeted error range.
Fig. 15 shows that the twist angle errors increase along the wing span

and are, for all the monitored RSTs, out of the targeted range near the
wing tip (INC5) for both the calculated and measured deflections. At the
location of INC4, all the twist angle errors are out of the targeted range,



Fig. 15. Twist angles errors, Δφ, calculated using the calculated (Meng) and measured (position transducers) deflections for (a) RST1, (b) RST2, (c) RST3 and (d)
RST4. The horizontal dotted lines represent the targeted error range.
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except for RST1 and for the calculated deflections of RST3. At the loca-
tion of INC3, all Δφ are in the targeted range, except the calculated de-
flections of RST2 and the measured deflections of RST3.

The calculated twist angles do not satisfy the objective to have a twist
angle error in the targeted range, neither calculated using the calculated
nor the measured deflections. Similar observations were made by Jutte
et al. [2]. Indeed, using Equation (7), small errors in the deflections lead
to large errors in the calculated twist angle, especially as the distance
Fig. 16. Schematic of the strain measurement locations on the (a) upper skin and
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between the front and the rear spars decreases. This explains why the
error on the twist angle is the largest near the wing tip where the
chordwise dimension of the wing is the smallest.

It can be concluded that using calculated or measured deflection
difference between front and rear spars is not a suitable method to
calculate the twist angle.
(b) lower skin cross patterns used as input parameters for the neural network.



Table 9
Highest R2 obtained during the neural network training for each RST used as a
test set.

RST1 RST2 RST3 RST4

R2 0.928 0.737 0.822 0.991

Fig. 18. Comparison between the neural network deflection predictions and the
measurements derived from the position transducers for the front and rear spars.
The neural network predictions are symbolized by straight lines linking the
prediction points.
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5.4. Machine learning for deflection and twist prediction

The deflections and twist angles were predicted using a NN. The NN
used is a multi-layer perceptron. The function MLPRegressor from the
Scikit-learn library was used for this purpose.

The input parameters are strain measurements from the FBGs. The
strain measurements, arbitrarily chosen, are distributed as follows:

� 10 evenly distributed along the front spar on the upper skin, starting
at the wing root.

� 9 evenly distributed along the front spar on the lower skin, starting at
the wing root.

� 9 evenly distributed along the rear spar on the upper skin.
� 8 evenly distributed along the rear spar on the lower skin.
� 4 on the cross pattern of the FBG FUR1.
� 4 on the cross pattern of the FBG FUR2.
� 8 on the cross patterns of the FBG FLR1.
� 8 on the cross patterns of the FBG FLR2.

It represents a total of 60 input strains. Fig. 16 presents the locations
of the strain measurements used as input parameters on the cross
patterns.

The output results were chosen to be the deflections and the twist
angles at the locations of position transducers and inclinometers. It
represents a total of 14 outputs.

The NN is composed of 60 neurons in the input layer, corresponding
to the 60 input strain parameters, and one bias neuron. One hidden layer
composed of one hundred neurons and one bias neuron was used.
Increasing the number of hidden layers or changing the number of
neurons in the hidden layer did not result in an improvement of the re-
sults. A 14 neuron output layer was used. Fig. 17 presents a schematic of
the NN. The regularization term was set to 10 as it was the value giving
the best results. The Adam solver was used.

For each monitored RST, the data were recorded for all the increment
loads applied: from 10 to 100% and from 90 to 10% with 10% in-
crements. The data were not recorded for RST1 at 10 and 20% during the
increasing load phase.

The NN was trained for four cases. For each case, three RSTs, for all
the applied loads, were used as a training set and the remaining RST, at
an applied load of 100%, was used as the test set. A larger number of
training load cases, not available in the present study, would ideally be
used to train the model. For each case, the NN training was repeated 10
Fig. 17. Schematic of t
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times and the optimized NN giving the highest coefficient of determi-
nation (R2), when comparing the NN predictions to the experimental
measurements, was selected. The highest R2 obtained for each case are
presented in Table 9. The worst overall predictions are made for RST2
and the best ones for RST4 with R2 values of 0.737 and 0.991, respec-
tively. RST3 predictions have a higher R2 value than the ones for RST2,
with values of 0.822 and 0.737, respectively. The computational time
required to both train and test the NN was, for each case, around 3 s.

Fig. 18 presents the comparison between the predicted and the
measured deflections along the front and rear spars. The discrepancies
between predicted and measured deflections seem in accordance with
the R2 presented in Table 9: RST1 and RST4 shows the most accurate
he neural network.



Table 10
Neural network predicted deflection percentage relative errors, yerror .

Front spar, yerror (%) Rear spar, yerror (%)

PT1 PT2 PT4 PT6 PT8 PT3 PT5 PT7 PT9

RST1 610.0 �18.86 16.0 14.7 12.2 26.8 19.8 15.1 12.0
RST2 �70.0 �41.6 �37.3 �32.4 �24.5 �40.8 �35.9 �31.2 �24.2
RST3 �85.5 6.97 �25.4 �24.3 �20.0 �32.7 �30.1 �26.0 �20.1
RST4 �436.8 8.2 11.3 6.5 �2.1 20.6 13.9 7.3 �2.1
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predictions while RST2 shows the least accurate ones.
The neural network predictions relative errors, calculated using

Equation (21), are presented in Table 10. The relative errors are all larger
than the ones calculated with Meng’s model (Tables 7 and 8). Indeed, the
relative errors for RST1 to 3, in terms of absolute value, at the wing tip
predicted with the NN are between 12 and 24.5% while they were be-
tween 0.3 and 2.0% when calculated with Meng’s model. The rear and
front spars relative errors predicted with the NN at the wing tip for RST4
are of �2.1%, which also represents a higher error than the results ob-
tained with Meng’s model (1.1% for both front and rear spars). The NN
predictions show less accuracy than the results obtained with Meng’s
model. However, it should be recalled that more training loading cases
should be used to properly train the NN. Thus, these results could likely
be improved.

The errors on the twist angles predicted by the NN, calculated using
Equation (24), are presented in Fig. 19. Except for RST2, all the predicted
twist angles are in the error targeted range. The errors on the twist angle
of RST2 for INC2 to 5 are out of the targeted range. Nevertheless, the
RST2 NN twist angle predictions are better than the ones obtained using
calculated and measured deflections (Fig. 14(b)) which were around 4
and 10∘, respectively. Even though the number of training load cases is
limited, the twist angles predicted by the NN are in the targeted error
range, except for RST2, and are, for all cases, inferior to the ones obtained
using the calculated and measured deflections. Thus, the NN can be
considered as a promising method to develop for this purpose.

Increasing the number of load cases used in the training set should be
considered as a future development. An option would be to use the results
of a large number of load cases obtained by a wing FEM. These results
could then be used to train a NN and simultaneously optimize the loca-
tions at which the FBGs should be installed. The deflections calculated
using Meng’s model or the Ko theory could also be used as input pa-
rameters. The NN could then be tested on experimental results obtained
on a test rig. The load cases simulated using a FEM should be represen-
tative of what the structure will sustain (design or fatigue cases). If the
FEM is linear, running unit cases for all directions and stations along wing
span will represent all potential applied load configurations.
Fig. 19. NN predictions twist angle errors.
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6. Conclusion

The left wing of the Global 7500 representative structure used to
perform durability and damage tolerance testing (DADTT) was equipped
with Fiber Bragg Gratings (FBG). The long-term objective was to develop
a common method for both ground and flight tests to measure the
deflection and the twist angle. Fatigue and static tests were monitored at
the Bombardier Aviation Experimental department during certification
tests. A comparison between the strain measurements obtained with
FBGs and strain gauges was performed to validate the results obtained
with FBGs. Front and rear spars deflections were analytically calculated.
The wing twist angles were also calculated using both measured and
calculated deflections. Finally, a prediction of the rear and front spars
deflections and wing twist angles was made using a Neural Network
(NN). The main conclusions are as follows:

� Meng’s model and Ko theory were compared to a finite element beam
bending model. Meng’s model demonstrated more reliable prediction
in the case of lacking data. It shall be noted that the actual Global
7500 DADTT has no strain data at the loading straps and access panels
areas. Meng’s model was thus chosen.

� Strain measured with FBGs were compared to the ones measured with
strain gauges. Except for a few cases, the relative errors, for strain
larger than 400 με, were in the range of �5%. The larger errors
observed might be attributable to large local strain gradients.

� The front spar deflection was calculated for a whole simulated flight
with a relative error between�1 and 4%, at the wing tip, for medium
and high amplitude deflections.

� The rear and front spars deflections during the static critical loading
were calculated with relative errors between �1.9 and 2.0%. The
relative deflection of the front spar, when compared to the one of the
rear spar, was qualitatively predicted for all the studied load cases.

� The wing twist angles determined from the calculated and the
measured deflections of the front and rear spars were, for all the
monitored static critical load cases, out of the �0.5∘ error targeted
range at the wing tip. This method is not suitable to predict the wing
twist angle.

� A NNwas used to predict the wing deflections and twist angles during
the static tests. The deflection predictions were less accurate than the
ones calculated with Meng’s model. However, the predicted twist
angle errors were, except for one static test, within the �0.5∘ targeted
range for all the monitored static tests. These errors are smaller than
those calculated using the deflections. It should be noted that the
training sets used to feed the NN did not contain enough data and
thus, the predictions could be enhanced.

This study shows that the NN is a promising method to predict the
wing twist angle. The main challenge is to gather enough data repre-
senting enough different load cases to efficiently train the NN.

Future works could focus on using finite element models to obtain
virtual strain measurements for a large number of different loading cases
in order to efficiently train the NN. This data could also be used to
optimize the locations at which the FBG should be installed. Finally, the
agreement between experimental measurements and NN predictions
should be studied. If successful, such a method would allow to indirectly
measure the in-flight wing deflection and twist.
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