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Abstract

Optical fibre sensors and in particular fibre Bragg gratings (FBG) have received a lot of interest for Structural Health Moni-
toring in different application fields, such as aerospace, pipeline and civil engineering. FBGs are conventionally used to
monitor strain and sometimes temperature. In this paper, we propose a new method for load monitoring of a cantilever
plate subjected to point loading. The bending of plate is complex due to the interaction between the axial and transverse
bending stiffnesses of the material. We use a novel algorithm for interrogating fibre Bragg grating sensors based on both
hybrid interferometry and FBG spectral sensing. The method is demonstrated in this paper using a single-mode optical
fibre containing four FBG sensors to estimate both the point loading position and the loading magnitude at an arbitrary
location on a 1 m? cantilever plate. The algorithm first utilizes point strain information through spectral sensing as well
as strain from interferometric sensing over a long path. The gratings are interrogated using Wavelength Division Mul-
tiplexing (WDM). We calibrated the system using an experimental model. This model was then verified by using single
point static loading tests and comparing the calculated sensing position with the actual position. The method achieved
a good estimation of loading position achieving a measurement error of about 9% in a 2D plane. The analysis discusses
the possible sources of inaccuracies. This study forms the basis of our future work involving morphing smart-wing sec-
tions for the purpose of load monitoring.

Article highlights e The algorithm successfully estimates the position of an

arbitrary load on acantilever plate, with an error of 9%.

¢ A new optical sensing configuration is demonstrated e This methodology will be extended to monitor more

for load and structuralhealth monitoring of cantilever complex structures, in-cluding morphing aircraft wing
structures. sections.

Keywords Structural health monitoring - Optical fibre sensing - Multimodal sensing - Cantilever plate - Shape sensing

1 Introduction turbine blades [3], pipelines [4] and in civil engineer-

ing [5-7]. Apart from increasing safety, SHM also plays a
Structural Health Monitoring (SHM) has been extensively  role in substantially reducing the cost of inspection and
used to keep track of the structural integrity of engineer-  maintenance whilst improving operational reliability
ing structures including those in aerospace [1, 2], wind and reducing downtime. This helps in making sure the
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structure is working within its intended structural limits
throughout its working life [8].

Aircraft wings are constantly subjected to bending and
torsional deformations due to aerodynamic loading and
these loads must be kept within the design limit of the
structure [9]. Monitoring these loads is the first level of
SHM [10].

In addition to the structural integrity aspect, changes in
shape also change the aerodynamic performance of the
wing, which in turn leads to a further change in aerody-
namic loads on the structure. In a passive system, knowl-
edge of the relationship between aerodynamic loading
and wing deformation can lead to improvements in struc-
tural design that can potentially improve fuel economy
and structural safety.

The most widely used example for a wing failure due
to lack of load monitoring is NASA's flight test of helios in
2003 [11]. A failure to monitor the structural loads acting
on the wings and the related shape deformation resulted
in the wings to fail and collapse. Following this, efforts
have been put in to come up with different wing defor-
mation monitoring solutions [12, 13].

Considering the size, sensitivity and immunity to elec-
trical noise in the environment, optical fibres are the pre-
ferred technology for smart sensing applications [14].
Moreover, due to their unobtrusive nature they can also
be either bonded on to structures or even embedded in
composites without affecting their structural integrity.
Over the years, different optical fibre-based curvature
sensors and sensing methods have been investigated but
their applications remain mostly limited and within the
laboratory environment.

Shape sensing is predominant in the medical field with
the help of arrays of FGB sensors [15] as well as with dis-
tributed fibre optic sensing [16]. Recently, a multi-fibre
approach was also demonstrated for beam bend sens-
ing for medical applications. [17]. Deformation meas-
urements on larger structures including full scale wings
have been reported using an array of fibres with densely
populated FBGs [12, 18]. The Inverse Finite Element (IFEM)
method [19] has also interested researchers for shape
sensing and a comparative study [20] has also been carried
out showcasing its benefits over other methods. Overall,
the primary aims of these methods are curvature or bend
sensing whilst none give information on the location of
the load being applied [21-23].

This work is part of the morphing wing technology
project SmartX. The SmartX wing contains independent
morphing flaps/sections. Load monitoring of these sec-
tions is crucial during its flight regime. The objective of
this work in the wider project is to determine the loca-
tion of an arbitrary load, the magnitude of the load and to
translate this information to obtain the deformed shape.
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Considering the first step in the process, our aim was to
develop a simple sensing method that does not require
complex and intricate manufacturing procedures [24-26]
orinvolve a large array of sensors [13, 27].

Although this method could be applied on any plate-
like structure that undergoes bending and torsion, the
focus of this paper is steered towards aircraft wings and
wing subsections. Additionally, we first investigate only
concentrated point loads. A preliminary study of the
potential of this approach was reported earlier by us for a
one-dimensional case [28] and the results presented here
are an extension of this study.

The structure of the paper is as follows. Section 2 pre-
sents the theory of the proposed method. Section 3 intro-
duces the principle of the approach and describes the
experimental setup including the geometry and sensor
design. Section 4 introduces the calibration steps, meas-
urements and the algorithm. This is then followed by the
results in Sect. 5. Section 6 discusses the findings and
finally, Sect. 7 concludes the paper.

2 Theory

This work makes use of the principles of both spectral and
interferometric sensing for fibre Bragg gratings (FBGs).

2.1 FBG spectral sensing principle

Grating-based optical fibre sensors function on the prin-
ciple of Bragg reflection [9]. The Bragg grating, (of length
Lege as shown in Fig. 1), forms the sensing region which
acts as a bandpass filter in reflection and a bandstop filter
in transmission at the Bragg wavelength.

Gratings are inscribed in the fibre with a laser by using
a phase mask to form a specific spatial pattern. Photo-
sensitive fibres are typically used so that the refractive
index (RI) of the core could be modified easily by laser
light [29]. These gratings usually have a length of T mm
to 20 mm with a submicron period (A) and selectively

_.‘/\‘._

— Core

— o

FBG

Fig. 1 Structure of a fibre Bragg grating (FBG) sensor. L is the
sensor length and A is the grating period
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couple a narrow spectral band of light from the for-
ward-propagating mode to the counter propagating
mode [30].

The Bragg wavelength [31] is given by:

Ag = 2n4A (1)

where n ¢ is the refractive index of the core and A is the
periodic spacing of the grating. As Az is a function of the RI
and grating period, the Bragg wavelength shifts when the
gratings are subjected to external mechanical and ther-
mal changes. The wavelength shift caused by a change in
strain and temperature is denoted by A4z and the strain
can be expressed as a shift in the Bragg wavelength as [32]:

AAg &

BbZCErn R A e @

A
¢ = py)

where Ae¢ is the calculated strain, p, is the photoelastic
coefficient, a is the thermal expansion coefficient, £ is the
thermo-optic coefficient and AT the change in ambient
temperature.

FBG interrogators contain photodetectors that com-
pare the light reflected from the gratings with a wave-
length reference in order to determine the position of
the centre wavelength. This information is converted
from magnitude of wavelength shift to a value in terms
of strain (typically ue).

Figure 2 shows the spectra obtained through FBG
spectral sensing during a static bend test on the plate.
Four peaks are achieved corresponding to four FBGs in
the fibre. Shift in the Bragg wavelengths are observed for
the first (A4g,) and fourth (A 4g,) peaks as they undergo
tension unlike the second and third peaks. Using equa-
tion 2, the strain at the FBG location is calculated.
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Fig.2 Bragg shifts A4z, and A g, of the first and fourth peaks due
to the plate undergoing static bending

2.2 FBG-Pair interferometric sensing principle

The FBG-Pair sensing used is based on the principle of
measuring phase differences caused by interference pat-
terns in a measurement zone [33]. A zone is defined as a
region in the optical fibre between two partially reflect-
ing mirrors. In this case, the gratings themselves act as
reflectors.

The two FBGs (for example, FBG, and FBG,) that form a
zone in the sensing fibre reflect light at the Bragg wave-
lengths of these two FBGs. In parallel, light from a refer-
ence optical fibre is reflected by a reference element (mir-
ror). The reflected portion of light from the sensing fibre
and the reference fibre are combined to produce interfer-
ence patterns that are resolved into phase information.

The phase signal represents the optical path length
of the zone and is sensitive to changes in strain and/or
temperature between the gratings. The length of the zone
changes in the presence of any external perturbation, and
this change in zone length (Al) is given by:

Al =L, e+LAT 3)

sensor

where L., is the length between the gratings that forms
the effective sensing zone, ¢ the calculated strain, AT the
change in ambient temperature and L, the change zone
length due to temperature. The strain from the zone
henceforth will be calculated as:

Al LAT
L

3

(4)
sensor

Figure 3 shows the spectra obtained through FBG-Pair
interferometric sensing during a static bend test on the
plate. Each spectrum corresponds to an FBG Pair. The
spectra are identical to each other as the plate undergoes
bending. Using Equation 4, the change is zone length (A/)
is calculated.

2.3 Multimodal sensing principle

The principle of this sensing method is based on the com-
bination of FBG spectral sensing (Sect. 2.1) and FBG-Pair
interferometry (Sect. 2.2). This follows a two-step measure-
ment procedure.

For the first step, the spectral shift of each grating is
measured and translated to strain which can be acquired
through equation 2. As for the second step, the optical
distance between two given gratings is measured and the
strain is acquired using equation 4. For the second step, for
a one-dimensional case, the requirement of the number of
grating sensors is 2 [28]. The number of gratings required
is always an even number as the interferometric sensing is
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Fig.3 Change in zone length L, between two FBGs due to the
plate undergoing static bending

always between grating pairs. Each of the gratings have a
distinct centre wavelengths interrogated through the Wave-
length Division Multiplexing (WDM) approach. The reflector
gratings are as shown in the zoomed-in segment in Fig. 5,
Sect. 3.1. The reflected light (from two gratings) from the
sensing fibre and the reference fibre is combined to produce
two spectrally distinctive interference patterns; the first pat-
tern is based on light components of the first grating’s wave-
length and a second based on the second wavelength. This
interference pattern is resolved into the phase difference
information. This phase difference varies with the length (L)
and the acquired information indicates the displacement
between the two gratings. The resultant displacement (AL)
between the gratings due to this phase difference is hence
given by:

AL = 1APA) A (5)

n- 2x

where n is the refractive index, @ is the phase difference
and Ais the wavelength at which the grating reflects light.
This is used to acquire the strain between the selected
grating pairs using equation 4.

Finally, the analysis of the measurements is done with
the strain information from each grating combined with the
displacement information between each grating pair. The
step-by-step implementation of these two measurements
to predict the location and magnitude is further explained
with the algorithm (Sect. 4.3).
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3 Experimental setup
3.1 Geometry

A schematic of the test specimen is shown in Fig. 4, and
this figure also defines the coordinate system and nomen-
clature used. The plate’s length is along the x-axis and the
breadth (clamped side) along the y-axis. The test specimen
was an aluminium plate of length | = 1000 mm, breadth
b = 1000 mm and thickness t = 2 mm, bolted on one side
to an aluminium beam (Boikon) (I=1100 mm, b =40 mm,
and t =40 mm), which is in turn bolted to the optical table.
These dimensions were chosen to be able to have a better
understanding of realistic sized measurements as these
findings would be translated to a similar sized morphing
wing section for our future work. For practical reasons,
the plate was clamped vertically unlike a typical cantile-
ver setup as we sought to minimize gravitational loads in
the x-y plane. The plate in an unloaded state manifested
uneven curves as the cutting and clamping process intro-
duced residual stresses and curvature. The clamped and
the free ends will further be referred to as the root and
the tip, respectively. The force (F) deflection applied is in
the (thickness direction) negative z-axis. A linear actua-
tor (Zaber, NA23C60-T4) and controller stage allowing a
deflection range of 0 to 60 mm were affixed onto a base
plate mounted on a horizontal and vertical slider. The actu-
ator deflects the plate at different points on the plate. The
slider mechanism provides ease in sliding the actuator to
the desired test point.
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Fig.4 Diagram and definition of the coordinate system of the
setup including the boundary conditions. The plate has length |,
breadth b, and thickness t. One side is clamped and the others are
left free. The plate is free to move in the + z-axis, away from the
clamped side
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Fig.5 Schematic of the experi-
ment including the two inter-
rogators, the sensing fibre and
the reference fibre. Zoomed in:
Structure of the sensing fibre

—
Analysis
<

S1/s4 52/53

4 % ] '

containing gratings S1 or $4 o
and S2 or S3 as reflectors. The -
distance between the grating
pairs is marked as L., T
' sensor
FBG
interrogator ) I
— =
FBG-Pair Light trap
interrogator ) ) L
L ) Optical switch Sensing fibre

3.2 Setup

Figure 5 shows the schematic of the experiment used to
carry out this study. An optical sensor FBG-Pair interro-
gator (Optics11, ZonaSens) measured the displacement
between S1-S2 and $3-54 grating pairs for each test case.
A second measurement system, a spectral FBG interroga-
tor (National Instruments, PXle-4844), measured the local
strain at each of the FBGs. Both the interrogators have
a tunable wavelength-swept laser and a class 1M laser.
As both the interrogators have their own light sources,

Fig.6 Laboratory setup of the experimental study containing the
a cantilever plate, b linear displacement stage actuator, ¢ slider
setup for the linear actuator, d National Instruments interrogator, e
optics11 interrogator and the f Thorlabs optical switch is displayed

Reference fibre Mirror

Fig.7 Loading setup showing the vertical and horizontal slider
mechanism for the linear actuator

interrogating the same fibre simultaneously caused erro-
neous measurements. To overcome this, an optical switch
(Thorlabs, OSW22-1310E) was used to select the interroga-
tor system in use. A switching-technique was incorporated
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to measure simultaneously with both the interrogators.
The wavelength resolution of the FBG interrogator is 4 pm
and of the FBG-Pair interrogator is 1 pm.The sensing fibre
is bonded on the plate under test.

Figure 6 shows the experimental setup including the
plate. The plate stands similar to a flag, bolted on one side
and left free at the others.

The loading procedure was carried out with the linear
actuator connected to a vertical support as shown in Fig. 7.
The bottom slider fixed to the optical table helped in mov-
ing the actuator from x = 500 to 1000 mm. The vertical
slider was used to cover distances from y = 0 mm to 1000
mm.

3.3 Sensor design

Determination of the optimal location of the sensors is
beyond the ambit of this work. The chosen location was
partly derived from the location optimization performed
by Jones et al. [23] and Ko et al. [12] on a similar cantile-
ver bending case. The fibre was laid out along the length
of the plate in a U-shape pattern in such a way that (the
FBG sensors) S1 and S4 were positioned near the root and
$2 and S3 near the tip. The fibre containing the FBGs was
bonded to the surface of the plate using cyanoacrylate
adhesive (3M Scotch-Weld) except the length between S2
and S3.This length had no consequence on the measure-
ments and was simply taped to the plate. The sensors were
oriented perpendicular to the y-axis so that the gratings

by
A1 f
; | 3

S4 ‘
g ;3 ,,,,,,
~1 | |
-1 i
-1 | |
P I
A | 750
~1 s1 S2 mm
1= -1
-1 250
-1 | ~|mm
-1 A O S B
Ae | S

'50' sensor ‘50‘

mm mm

Fig.8 Location of the sensors on the plate. $1-S2 and S3-S4 run in
the clamped-free direction and are parallel to the central axis. The
sensor pairs are 250 mm and 750 mm from the origin, respectively

SN Applied Sciences

A SPRINGER NATURE journal

were perpendicular to the axis of bending. S1 and 54 on
the cantilever plate are at approximately x= 50 mm from
the root and $2 and S3 at x= 950 mm from the root and
measure the normal strains acting in the clamped-free
direction. The length between the two grating pairs, L.
formed the effective sensing zone as shown in Fig. 5. The
interrogation system allows L., to be up to several
metres. In this case L,,,,,, was 0.9 m. The location of the
sensors on the plate is as shown in Fig. 8. Measurement
of change in length between grating sensors S1 and S2 is
given by AL,_, and between gratings S3 and 54 by AL;_,.
Local strain measurements are given as corresponding to
their sensor numbers (ref. Fig. 8), as €4, €5, €5 and g, from
sensors 51, S2, S3 and 54, respectively. As the plate had
a negligible thickness compared to its length the shear
strains are not considered here. Furthermore, sensors S2
and S3 are near the free end of the cantilever. This would
make ¢, and g5 very small in magnitude compared to ¢,
and g,. Additionally, these measurements would show no
reading for low deflection cases and are hence not taken
into account in the final estimation.

The gratings were inscribed in a standard single mode
SMF-28e (Corning)-type fibre. Their properties are listed
in Table 1 as specified by the manufacturer (DK Photon-
ics). The wavelengths were selectively chosen as the two
interrogators work within the C-band range. The gratings
were 3 mm long each with bandwidth and reflectivity lev-
els above 0.75 nm and 97%, respectively, and temperature
sensitivity of 10 pm/°C.

4 Measurements
4.1 Calibration

This measurement technique requires initial calibration of
the test specimen and the development of an experimen-
tal based model.

To have a realistic yet simple set of measurements, the
plate was initially divided into a 9x9 grid making every
single grid square 125 x 125 mm. The deflections were
recorded only on the tip-end half of the plate within a 5x9
grid (45 points), see Fig. 9. These 45 points were taken as

Table 1 Properties of the grating sensors S1, 52, S3 and S4 (DK Pho-
tonics)

Property S1 S2 S3 S4

Wavelength 1530.182 1539.903 1549.955 1560.118 nm
nm nm nm

Bandwidth 0.785 nm 0.762nm  0.785nm  0.782nm

Reflectivity 98.27% 98.12% 98.32 97.42%
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Fig.9 Chosen grid highlighted on one section of the plate where
all measurements are carried out. Each point on the grid corre-
sponds to a calibration point. The four grating sensor positions also
marked

calibration points for future measurements. To account
for larger deflections, measurements AL,_,, AL;_,, £,and
g, for up to 25 mm deflection were recorded. The results
discussed are for steps of 5mm (0, 5, 10, 15, and 25 mm) up
to 25 mm as this was the estimated deflection range of the
wing segment for our follow-up work involving multiple
morphing wing sections.

Points closer to the root are not considered because a)
The 45 points within x = 500 mm to 1000 mm amount to
the total points in the free half of the plate grid that fall
in the loading area of interest in this study, and b) larger
deflections within x =0 mm to 500 mm cause the plate to
undergo complex bending (Refer to Sect. 3) that is out of
the focus of this study.

Additionally, to understand the dependence of calibra-
tion-point number, location and grid density a second set
of measurements were carried out on a coarser 3x3 refer-
ence-grid pattern (see Sect. 5.2) for the same specimen.
This was just to show the difference when a coarser grid
was used. Investigation on the ideal grid spacing would
require a further grid size convergence study and is not
looked into in this paper.

4.2 Deflection at arbitrary locations
To have a deeper understanding of plate deflections due

to loads at unknown positions, arbitrary locations with
respect to the grid were measured.

Fig. 10 Location of arbitrary test points A to D measured at
(812,995), (562,620), (687,255) and (937,5) £ 2 mm, respectively

The fibres are 250 mm away on either side of the plate’s
axis of symmetry. To a first approximation, the bending
component should follow the beam model [28]. There
should be no torsion when the load is applied on the cen-
treline of symmetry, and as a result AL,_,and &, should be
the same as AL;_, and g,, respectively.

4.2.1 Test 1—Finer grid

Deflections of 0 to 25 mm in steps of 5 mm were applied
with the linear actuator at 4 arbitrary locations. These arbi-
trary locations are marked as A, B, Cand D on the plate and
are at the (x,y) locations (812,995), (562,620), (687,255) and
(937,5) mm, respectively, as shown in Fig. 10. To record the
repeatability, six trials were taken for each deflection step.
This means that for a single and each deflection step the
plate was loaded/unloaded six times. The loading location
accuracy is estimated as £ 2 mm. The loading point was
a flat circular surface of radius 5 mm, marked as ‘loading
point of contact’in Fig. 7. The strain along the length AL, _,
and AL;_, and the point strain measurements £;and €, are
recorded.

4.2.2 Test 2—Coarser grid

The calibration and recording of reference points was fol-
lowed by the same setup and procedure as the previous
experiment except that a coarser grid was used as shown
in Fig. 11. The location accuracy again is estimated as + 2
mm.
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Fig. 11 Location of arbitrary test points A to D on a coarser calibra-
tion grid

4.3 Algorithm

The algorithm used basically relies on linear interpolation
between predetermined fixed reference points, referred
here as calibration points (CP). For each reference point,
sum of the strains is calculated for each sensor. The algo-
rithm used deals with predicting the location of load
applied on a surface from a sparse set of sensors. A simple
data-driven algorithm is presented to tackle this challenge.

Each grating sensor in the experiment provides a meas-
urement reading (e, £4). On the other hand, each grating
sensor pair provides an additional set of readings (AL, _,,
AL;_,). The combined value of all the sensors is mapped
to a particular location on the surface which is what esti-
mates the loading location.

Step 1: Calibration data are recorded for the 45 grid
points as shown in Fig. 9. These data points would serve
as baseline measurements. Calibration Points (CP) are
calculated by applying a load at a known location and
recording all sensor measurements. Step 2: Deflection on
an unknown location (as shown in Fig. 10) called arbitrary
Test Point (TP) is applied, and the resulting measurement
data for all the sensors are recorded.

From step 1, CP measurement values AL, _,, AL;_,, &,
and g, are recorded for each corresponding variable and
each corresponding CP. That is, CP measurements each of
AL,_,, AL;_,, €, and g, for points 1 to n. n here represents
the reference CP number (45 CP points, refer Sect. 4.1 and
Fig. 9). These are the reference point data.
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Table2 Measurements AL, _,,

AL AL
AlL;_,, £,and g, with six repeats =2 G 4
for a 20 mm displacement at 6879 5528 11058 129.02
the centre of the plate x=500 (005 5555 17057 128.99
mm, y = 500 mm) are shown.
AL values are in microns and e 68.74 5532 11059 128.99
values are in microstrain 68.74 5522 110.58 129.01
68.83 55.28 110.59 129.02
68.80 55.24 110.61 129.02

Next, from step 2, AL;_,, AL;_,, £,and g, from load at an
arbitrary TP are recorded.

Step 3: Each of the CP data from step 1 is divided by the
TP data from step 2; (CP AL,_, for point 1 /TP AL, _,) ... (CP
AL,_, for point 45 / TP AL,_,). The percentages of these
ratios are denoted as k1, forall AL,_,, k2, forall AL;_,, k3,
forall g, and k4, for all €,.

Step 4: Sum of k1,, k2, k3,, and k4, for points 1 to n.
This is denoted by capital K,,. This would result in 45 K|,
values.

i.e. K, is calculated for every variable for 1< n<45 as:

K, = (D k1, +k2,+k3,+k4,)/4 6)

When the TP coincides with the CP, k1,, k2,, k3, and k4,
would be 1 and the percentages of these values would
be equal to 100. Following equation 6, capital K,, would
hence be 400/4. This means that in an ideal case K, is equal
to 100, indicating that the loading point is exactly at the
reference point 'n.

In the case when the TP does not coincide with the CP,
the value of K,, is either greater or lower than 100. Due to
the calibration grid shape (refer Fig. 9), the TP always falls
inside any one of the calibration grid-boxes. This means
that there are four closest CP’s surrounding the TP. Our
aim is hence to locate the point within the grid-box that
coincides with K,,= 100 (1.5, for increased tolerance and
resolution). For this an interpolation is done between all
the adjacent points and the TP. This reveals a closed region
marked in black that is the estimate of the probable loca-
tion of the applied load.

The location of this TP is now a new CP for the learn-
ing algorithm and is now considered as an additional
point in the calibration grid. In other words, the original
grid number of n = 45 increases by 1 and the new range
is1 < n < 46.The value of 'n"keeps increasing after every
new TP is measured hence increasing the CP data library
of the algorithm.

The converse of the above approach can be used to esti-
mate the deflection magnitude keeping it as an unknown
variable. The values of AL,_,, AL;_,, £,and g, measured at
each step of the tests are stored as calibration data. These
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steps create a database that would be used to back-calcu-
late the deflection magnitude.

5 Results

As an example, the typical magnitude of acquired strains is
shown in Table 2 for displacement applied at the centre of
the plate (x =500 mm, y = 500 mm). For each loading case,
six trials were recorded. The measurements carried out for
AL and € were within the 0 to 85 and 0 to 160 microns
region, respectively.

Itis to be noted that measurements e, and &5 from sen-
sors S2 and S3, respectively, were not taken into account
in the algorithm. For low deflections, the magnitudes of
€, and g5 were less than 5% and for higher deflections (up
to 30 mm) up to a maximum of 16% relative to €;and ¢,.

The measured standard deviation for measurements is
0.035, 0.038, 0.012 and 0.013, respectively. This measure-
ment accuracy has an effect of 1.5 on the output quan-
tity K, (equation 6) which is already considered in the
algorithm step (Sect. 4.3) while estimating the region of
loading.

5.1 Finer grid

The acquired plate surface position estimations for test
points A to D are displayed as follows. For each test point,
the plate map for all the deflection cases is shown indi-
vidually. There are five deflection cases (5 mm to 25 mm
in steps of 5) for each test point. Figures 12, 13, 14 and 15
show the deflections for test points A, B, C and D, respec-
tively. These cases are shown for the finer (5x9) grid case,
refer to Sect. 4.2.1.

The region between 100 to 120 on the colour bar is rep-
resented by shades of green on the plate’s surface. The
algorithm identifies and shades the area closest to the
100 mark in black with a tolerance limit of up to 1.5. This
chosen tolerance limit makes the area larger but helps in
providing a better resolution for marking the region. The
shaded portion typically forms a closed form region denot-
ing the point of interest to be anywhere within it.

For test point A (Fig. 12), the estimated region goes
beyond the plate in the positive y direction. As there are
no further reference points past the boundary, the region
has an open pattern with straight line edges. The plate
at this point is bent in a state of torsion with the plate
deflected at the marked region. For lower deflections, the
estimated region remains the same but starts to become
bigger (indicating increase in estimated-region predic-
tion error) for deflections above 20 mm. With the increase
in deflection magnitude, we also notice the colour map

across the plate shifting more towards shades of orange,
yellow (and green).

Test points B (Fig. 13) and C (Fig. 14), on the other hand,
are in the mid-region of the plate and consequently have
a closed form pattern as there are reference points in all
directions. In these two cases, the increase in the error
across the plate is more prominent going from lower to
higher deflections. This is indicative by the colour shifting
rapidly towards yellow in the colour bar for regions away
from the loading point. The estimated region also gets big-
ger for deflections greater than 15 mm.

For the same reason as for point A, the open pattern is
also seen in test point D (Fig. 15) which is again a corner
point. The plate in this case predominantly also under-
goes torsion with the highest deflection near the marked
region.

The measured load points are within the estimated
region for the arbitrary locations A and D. The sizes of
these estimated regions are within a limit which is deter-
mined by the size of a single calibration grid (i.e. 125 mm
x 125 mm). For points B and C (points in the mid-plane
and closer to the root), the load points fell within the esti-
mated region as far as the y-direction was concerned but
were measured towards the corners in the x-direction.
This is attributed to the internal stresses and curvature
playing a role on the measured strain, for example see the
anomalous behaviour in the region around point (0.6,0.7).
On average for all the cases, the test points were located
within a region of (x,y) = (57.6+1,67.5+1) mm within a
(1000,1000) mm section.

With a sparse calibration grid, it usually happens that
two or more points are closer to 100 on the colour bar.
The test point in such cases is estimated to be between
these points and typically on or within the black region. In
this study, we considered a linear change between these
reference points and hence the estimated regions are not
curved in form. In order to achieve higher spatial resolu-
tion and accuracy, more data points need to be added to
the library or alternatively through an enhanced algo-
rithm. The calculated point is added as a new data point by
the learning algorithm after each test. This helps in build-
ing a database of information pertaining to different tests
and hence developing a finer grid.

5.2 Coarser grid

Furthermore, a second test was conducted but this time
using a coarser (3x3) grid, refer to Sect. 4.2.2, to understand
the effect of missing calibration points. This change sees
the increase in error of position sensing. The error shoots
up to 6% and 18% in the x and y-directions, respectively,
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calculated by the difference between the estimated and
true position. This gives an error in the x-y plane of about
20%.

5.2.1 Data point number dependency

As mentioned earlier, the algorithms updates its library
with every test and the results get refined each time.
To depict the refinement in results when the algorithm
updates the library, a third test was carried out with the
new grid. The results for arbitrary locations A to D are
shown in Fig. 16. For this test, only deflections of 20 mm
are shown.

The results are not as accurate as the first test due to
fewer calibration points. The estimated regions are larger
due to the scarcity of calibration points but nevertheless
fall within the estimated region. Similar to the finer grid
case for A-D (see Sect. 5.1), the size of the estimated region
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is in the range of a single calibration grid (in this case: 250
mm x 333 mm). In this test, there are three calibration
points along a 500 mm length (x direction) and there are
again three along the y-axis but across a 1000 mm sec-
tion, which explains the greater error in y-axis location
prediction.

6 Discussion

This work demonstrates the working of a novel sensing
method to predict the position of load on a plate in 2
dimensions within specified boundary conditions.

The plate was firmly clamped at one end and left free at
the other end to form a vertical cantilever. The plate had
residual stresses and uneven curvatures that arose dur-
ing the cutting and bolting process. This did not have an
effect on the static tests as all sensors were reset at the
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interrogator prior to every test to have a good comparison
with different loading cases. As the loading point of inter-
est was in the plate’s free half region, the measurements
did not include data for points from the clamp (x= 0 to x
=0.5 m). All calibration and test points were chosen to be
within the region x =500 mm to 1000 mm. The calibration
points consisted of 45 equally spaced markers that formed
a 5x9 grid within this region.

The following paragraph addresses inaccuracies in the
experimental setup and possible error sources that may
directly or indirectly affect the measurements.

The sections from S1 to S2 and S3 to 54 of the fibre are
manually bonded and are estimated to have a +1° varia-
tion from the line parallel to the x-axis. Furthermore, for
measurements along the centreline of the plate, there
is an average of 25% difference for A L and ¢ readings
between the grating pairs. Apart from irregularities in
the plate forcing it to bend unevenly, this difference
is also caused due to inaccuracies during fibre layup,
orientation, as well as difference in lengths between
the grating pairs. The position of each of the gratings
specified by the manufacturer is an estimate and can be
more than three times the length of the grating itself.
In order to have an estimate of this location, a study on
the side lobes of each grating’s spectrum must be car-
ried out [34]. Although all these difference contribute
to a high error, it does not affect the final position sens-
ing as the calibration (Sect. 4.1) is also done under the
same fibre/sensor design settings. This also highlights
the importance of the initial calibration procedure.

The thermal expansion of the adhesive and the plate
together affects the temperature response of the grat-
ings. These slow changes are easily filtered out at the
interrogator level and are not present in the final sig-
nal. As a result, the strain response of the gratings was
constant over time. Furthermore, this was verified as the
experiments were conducted in a controlled environ-
ment where the temperature variation was measured
to be small enough (within +0.5°) that it had negligible
effect on the final readings.

Improper or incomplete bonding of the fibre to the
plate would influence the measurements. It is notewor-
thy that throughout the test campaign there was no
debonding observed between the fibre and the plate.

Overall a uniform trend is noticed in cases A to D.
Although the actual loading point (asterisk) is within
the estimated region, lower deflection magnitudes gave
more accurate predictions. The stresses in the plate are
higher for higher loads, and this is seen by the gradual
shift of the colours from red to (200 on the colour map)
towards green (100 in the colour map). This is indicative
of an increasing error map across the plate which is also

attributed to the residual stresses and uneven curvature
as discussed in Sect. 3.1.

Assuming the plate has a perfect bending profile
without the presence of residual stresses or uneven cur-
vature, we would observe a single green region with a
black spot marking the region of interest. This means the
absence of any colour corresponding to 120 and above
on the colour map. Due to the erratic stress distributions
in the plate and uneven curvature that was caused due
to the cutting and bolting process, we observe rather
an unevenly spread-out combination of green, yellow,
orange and red regions across the plate. A follow-up
work could be a study to understand the emergence of
these random spread out coloured regions and to study
there patterns for different deflection cases. These data
could provide vital information on the curvature, profile
and geometry of the structure under consideration.

Although the FBG sensors are able to differentiate
tension and compression, complex bending including
higher order plate bending modes is not considered
in this work. This complex bending was predominantly
identified in the region closer to the clamp (x = 0 mm
to x = 500 mm) and was not recorded or investigated
further as it was out of the scope of this work. This can
also be verified by noting that test point B has the high-
est error, which was expected as it is closer to the clamp
than the other test points.

This method has been adopted to be able to accom-
modate structures whose structural response behaviour
would be difficult to capture through analytical models.

7 Conclusion

This work presents the principles, design and application
of a novel optical sensing method for point loading posi-
tion estimation of a square cantilever plate.

The research successfully demonstrates the capability
of a novel hybrid sensing principle involving a combina-
tion of fibre Bragg grating and fibre Bragg grating pair
sensing for the deflection position measurement. This
study also demonstrates that by using just four gratings,
it is possible to estimate the position of the applied load
in two dimensions. This is in line with the aim of using the
least number of gratings possible for the estimation. On
the other hand, the use of additional gratings may have
an influence on the accuracy but a study on the optimum
grating number is not looked into in this study.

The approach is also able to determine the deflection
magnitude based on the calibration procedure. The algo-
rithm used accurately measures the position of an applied
load on a 1 m? cantilever plate with an accuracy of within
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a(57,67) mm region in x and y directions, respectively. For
this study, the finer grid was chosen to have 45 calibration
points. To achieve an ideal grid spacing for more accurate
predictions, a further grid-size convergence study would
be required. The probable sources of inaccuracies are iden-
tified, and the estimated results are noted to have at most
9% error.

The demonstrated technique shows a good potential
for the analysis of more complex structures. The SmartX
wing from the wider project consists of independent
morphing sections for which load monitoring is crucial
throughout its flight regime. The complex behaviour of
these sections is due to the way the morphing is achieved.
This requires a simple yet robust health monitoring system
to keep track of the shape while in flight. Our future work
will be in the direction of load monitoring of this morphing
smart wing section and demonstrator tests.
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