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Abstract

Structural Health Monitoring is considered the process of damage detection and structural
characterization by any type of on-board sensors. Fibre Bragg Gratings (FBG) are
increasing their popularity due to their many advantages like easy multiplexing,
negligible weight and size, high sensitivity, inert to electromagnetic fields, etc. FBGs
allow obtaining directly strain and temperature, and other magnitudes can be also
measured by the adaptation of the Bragg condition. In particular, the acceleration is of
special importance for dynamic analysis. In this work, a low weight accelerometer has
been developed using a FBG. It consists in a hexagonal lattice hollow cylinder designed
with a resonance frequency above 500 Hz. A Finite Element Model (FEM) was used to
analyse dynamic behaviour of the sensor. Then, it was modelled in a CAD software and
exported to additive manufacturing machines. Finally, a characterization test campaign
was carried out obtaining a sensitivity of 19.65 pm/g. As a case study, this paper presents
the experimental modal analysis of the wing of an Unmanned Aerial Vehicle. The
measurements from piezoelectric, MEMS accelerometers, embedded FBGs sensors and
the developed FBG accelerometer are compared.
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1. INTRODUCTION

Structural Health Monitoring (SHM) consists of structural integrity evaluation by means
of data acquisition and analysis directly from on-board sensors [1]. SHM has many
advantages as follows. SHM methodologies can detect changes in material or geometric
conditions, which can cause negative or dangerous effects on the system performance.
Furthermore, on-line real-time information is relevant for increasing safety, optimizing
maintenance operations and reducing costs. Additionally, a continuously monitored
structure allows the designers to update design parameters and reduce structural weight

without penalizing safety [2,3].

During the last two decades, structural monitoring techniques and sensors have undergone
an exponential growth. Several researches about sensors like strain gauges, piezoelectric
patches/accelerometers, fibre optic distributed sensing and Fibre Bragg Gratings have
been presented. FBG is a promising alternative to conventional sensors due to its many
advantages. FBG sensors use light instead of electricity allowing their introduction into
dangerous environments. They are not affected by electromagnetic fields and can be
easily multiplexed. Their negligible size and weight allow them to be embedded without
modifying the material mechanical characteristics. FBGs are sensitive to strain and
temperature, which can be measured at high frequency rates [4-6]. They have been
already widely used as a viable replacement of strain gauges in both laboratory [7-9] and
real use applications, in aeronautics [10,11], civil [12] and nautical [13] engineering fields
showing a high technology readiness level [14]. Fibre Optics (FO) is also used as a
temperature sensor [15-17], for strain/temperature compensation [18-20] and for curing

monitoring of Fibre Reinforced Plastics [21,22].

FBG can also be used for measuring other magnitudes adapting the Bragg condition
[23,24]. Although monitoring of strain is essential for the structural integrity analysis in
static or low time-dependent cases, when dynamic events occur it is also needed recording
the acceleration magnitude. FO can be adapted to measure accelerations by using mainly
two types of mechanism: (i) axial/cylindrical and (ii) perpendicular or cantilever.

Axial or cylindrical accelerometers work with a mass supported by a linear spring where
the FO is installed. The inertial mass displacement occurs in the same axis of the FBG
sensor. Several authors have developed accelerometers using this principle. The
sensitivity is given in [\V/g] or [m/g] depending on the equipment used for measuring the



signal from the fibre, being g the acceleration of gravity. The first one is normally reported
when a superluminiscent light emitting diode or laser and a photodiode are used. In this
case, the voltage is an output of the system. Alternatively, in the second case, wavelength
differences are obtained from interrogators systems. Next, some proposals are briefly

discussed.

Morikawa et al. [25] developed a triaxial accelerometer in which FOs are used as spring
elements with a central oscillating mass of 1 gram, but the needed stiffness of the shell
elevates the total weight of the sensor up to approximately 50 grams. The authors
measured a resonance frequency of 800 Hz. Fender et al. [26] also used the FO as a spring
for a monoaxial sensor. The mass was added as an epoxy drop of between 0.55 and
4.82 milligrams. The aluminium housing of the sensor increased the total weight of the
accelerometer to 15 grams. Zhang et al. [27] embedded the FBG in a silicone cylinder.
They used an inertial mass of 9 grams obtaining a resonance frequency of 400 Hz and a
sensitivity of 42.7 pm/g. Guozhen et al. [28] proposed another accelerometer where the
fibre was embedded in a cylinder. In this case, it was made of aluminium and they used
it as spring and inertial mass at the same time. The total weight of the sensor was 25 grams
and the authors reported a flat frequency response function from 800 to 5000 Hz. Costa
Antunes et al. [29] developed a biaxial accelerometer with sensitivities of 87.85 and
92.35 pm/g and resonant frequencies of 846.01 and 845.33 Hz. The FO was installed
across the inertial mass by some slots in the surface. The aluminium inertial mass of
approximately 254 grams was a 50 mm diameter cylinder that moves perpendicular to the
clamping. Liu et al. [30] designed an axial accelerometer using a double steel diaphragm
as spring. One of the FO ends was glued to the inertial mass and the other one to the shell
of the sensor. The effective mass was 9 grams but the total mass was not specified. They
obtained a resonant frequency of 1240 Hz and a sensitivity in the range from 0 to 400 Hz
of 23.8 pm/g. Jiang et al. [31] developed a triaxial accelerometer based on a 10 grams
suspended mass hanged by 3 optical fibres. They registered a resonance frequency of
160 Hz. Dai et al. [32] presented a sensor consisting in two symmetrical flexible beams
as elastic elements and inertial masses. They measured a resonant frequency of
approximately 2900 Hz and a sensitivity from 14.64 pm/g at 100 Hz to 16.43 pm/g at
1000 Hz. Wang et al. [33] designed, analysed and optimised an axial accelerometer based
on an elastic pipe, consisting of two flexible cylinders in a push-pull configuration with

the inertial mass in the middle. The authors reported a sensitivity of 623 pm/g with a mass



of 56 grams and a resonant frequency of 449 Hz. Sun et al. [34] developed a sensor based
on a cantilever beam with the FBG installed in the perpendicular direction. They obtained
a sensitivity from 2028 to 2548 pm/g with a resonant frequency of approximately 37 Hz

using an inertial mass of 568 grams.

Another mechanism found in literature for manufacturing accelerometers is placing the
FBG perpendicular to the inertial mass displacement, normally in form of cantilever
structures. Some authors have researched about this topic [35-42]. Thériault et al. [35]
and Lépez-Higuera et al. [36] used the fibre as both sensor and cantilever beam. L-shaped
clamped structures were employed by Antunes et al. [37,38] and Wang et al. [39]. Also,
accelerometers based on clamped beams have been developed using regular section [42],
non-uniform section [40] and by a double beam to reduce the transversal sensitivity [41].
The authors adjusted the sensors properties depending on the structure to be analysed:
inertial mass from 15.8 to more than 50 grams; sensitivity from 75 uV/g and 20 pm/g to

6860 mV/g and 306 pm/g; and resonant frequency between 40 and 2950 Hz.

Additive manufacturing (AM), also called rapid manufacturing [43] or rapid prototyping
[44], is defined by the American Society for Testing and Materials as the “process of
joining materials to make objects from 3D model data, usually layer upon layer” [45].
This technology has been many times referred in the latest publications as “the third
industrial revolution” due to its capacity to change the manner engineering parts and
structures can be fabricated [46,47]. AM allows the manufacturing without geometrical
constraints by CAD design, avoiding unnecessary waste of material and cutting tools.
Auxiliary parts like springs or mechanisms can be integrated in the main component.
Moreover, fibre routing, holes for connectors and ad-hoc casings can be easily made. The
combination of FBG and AM allows the development of optimized structures with
integrated sensors and light weight. Nowadays, many AM technologies are available:
fused deposition modelling [48], inkjet printing, laminated object manufacturing,
stereolithography, selective laser sintering [49,50], etc.

This paper presents a work of complementation between two very promising
technologies: FBG and AM. The objective is the development of an accelerometer of low
weight based on a FBG, focused on structural health monitoring of aeronautical
structures. The paper is organized as follows. Firstly, some analytical formulation, design
and manufacturing steps are discussed. Next, a finite element model is developed to

estimate the behaviour of the accelerometer. Then, a test campaign is carried out for



characterization. Finally, the sensor is used in the modal analysis of a wing of an

Unmanned Aerial Vehicle (UAV) for validation purposes.

2. THEORY, DESIGN AND MANUFACTURING

An FBG is a sensor photo-inscribed by an ultraviolet laser in the core of fibre optics. It is
a passive optical device based on a pattern of permanent different refractive index, so
called grating or fixed index modulation. This results in an optical filter or mirror for
determined wavelength depending on the Bragg condition (Eq. 1) [51]:

/15 = ZneffA 1)

where 4, is the Bragg wavelength, N is the index of refraction and A is the grating

period. FBGs are sensitive to strain and temperature. Eg.2 can be obtained from Eq.1 by

derivation:
on on
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where the first term stands for effects related to strain and the second one to temperature.
In the temperature term, the left factor is related to the thermo optic coefficient of the
fibre (on) and the right one to the thermal expansion coefficient (aa). In this work, the
tests are developed in a controlled atmosphere and the temperature effects can be
neglected. Therefore, this term will not be further considered. The strain term in Eq. 2
can be decomposed as:

2

neff
Adg = Ag 1_7(p12_v(p11_ plZ)) 3 3)
where p, and p,, are the components of the strain-optic tensor, , is the Poisson’s ratio
of the fibre and . is the strain in the longitudinal axis. Several research works previously
presented [3,7,8,52] assure that these coefficients are linear in the range from -5000 to
5000 pe, or even up to 10000 pe, depending on the model of the fibre optic. Therefore,

they can be replaced by a coefficient P:
Mg =14 [1_ P]g 4)

this value can be found in literature from 0.15 to 0.22 [3,27,30] depending on the fibre

and set-up.



Any sensor based on FBG needs a transformation from the required magnitude
(acceleration, quantity of oxidation, displacement, etc.) to strain or temperature in the
range of linearity of the grating. The sensor proposed in this work is based on a compliant
cylinder with a mass on the top, which can be modelled as a one degree of freedom (DOF)

mass-spring system (Figure 1).

INERTIAL MASS

FBG

ACCELEROMETER BODY
AND COMPLIANT CYLINDER

Figure 1. CAD view of the proposed accelerometer: inertial mass, FBG and accelerometer
body.

In the design of an accelerometer, two parameters are the most characteristics of its
performance: natural frequency and sensitivity. Nevertheless, the damping ratio should

be also accounted for. According to the mechanics of a simple 1-DOF harmonic oscillator

(with no damping), the natural frequency ( f,) of the system can be expressed as in Eq.

1 keff
f=—
"2 [meff J ®)

where K and M, are the effective stiffness and mass. In the proposed sensor, the body

5:

and the FBG contributed to the stiffness. The mass contribution was mainly due to the

one placed on the top.

The acceleration level can be expressed by the Newton’s second law and the Hook’s law
asin Eq. 6. The sensitivity of the sensor (S) is defined as the ratio between the wavelength

increment recorded by the FBG and the acceleration (@) (Eq. 7). Then, introducing the



acceleration from Eg. 6 into Eq. 7, the sensitivity can be expressed as a function of

accelerometer characteristics (Eq. 8):

K AL
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being AL the increment of length of the body of the sensor.

In this work, a Micron Optics 0S1100 commercial FBG sensor was used. This was coated
in polyimide with an external maximum diameter of 165 um. The core and cladding
diameters were 9 and 125 um, respectively, and it had a length of 10 mm. The Bragg
wavelength of the sensor was 1520 nm with a sensitivity (to measure strains) equal to
1.2 pm/ue. The equipment used to read the sensors was a Micron Optics SM130-700.
This device can acquire data from 80 sensors per channel from 1510 nm to 1590 nm at a
maximum sampling frequency of 1000 Hz in four channels simultaneously, with 2 pm of

typical wavelength stability and 1 pm of repeatability.

The designed FBG accelerometer should have a resonance frequency that allows its
application to aerospace structures. Derkevorkian et al. [53] measured natural frequencies
of 2.4, 14.677, 41.096 and 80.530 Hz in an aluminium wing and Bertucci et al. [54]
studied a maximum frequency of 100 Hz for the dynamic characterization of helicopters
primary flight control systems. Therefore, the objective of the present work was the
design of an accelerometer to study a maximum frequency about 200 Hz. The device
should be lightly damping and rigid enough to withstand its practical use, reduce its
transverse sensitivity and to allow the connection of the fibre in both edges to be
multiplexed in the same FO line with other sensors. Moreover, the length of the cylinder
needed to be enough to install the 10 mm sensor. On the other hand, in order to reduce
the transverse sensitivity, the cylinder should not be slender. From a numerical analysis

and manufacturing requirements, a cylinder 25 mm length and 20 mm diameter was built.

The sensor was modelled in CATIA V5 software and then exported to a manufacturing

machine. Selective Laser Sintering (SLS) was used as manufacture method, due to its



freedom to quickly build complex parts, fast build time, better part functionality and no
post curing needed. SLS used a laser to draw each layer over the manufacturing surface.
It consisted on a powder bed of material preheated just some degrees below its melting
point. The sintered material formed the part, whiles the un-sintered remained and needed
to be removed after the manufacturing process. The shell of the accelerometer was
manufactured in a 3D Systems Sinterstation HiQ SLS machine using polyamide. It
consisted in a hexagonal lattice cylinder for reducing its mass. FO was routed inside, pre-
stressed and glued in both extremes. The metal inertial mass was manufactured in a
Renishaw MTS AM250 machine in Ti64 and fixed on top of the sensor. The total weight
(including the shell, fibre and inert mass) of the sensor was 9.19 grams. Therefore, due to
its low weight and size, it is feasible the deployment at high number of locations on the
structure to estimate the change in the modal properties or the detection of sudden loads

or impacts with high spatial accuracy.

In relation to the damping ratio, Faustini et al. [55] studied the polyamide material and
they found a damping ratio of 0.014. Taillon et al. [56] obtained damping ratios lower
than 0.05 in metallic lattice structures. Mita et al. [57,58] developed two accelerometers
with damping ratios of 0.025 and 0.028 based on metallic L-shape cantilever beams with
the fibre as sensor and flexible element. According the previously indicated data and the
characteristics of the proposed accelerometer (polyamide lattice structure), a light

damping ratio about 0.02 was expected.

3. NUMERICAL SIMULATIONS

NASTRAN software was used as FEM processor to develop the numerical model of the
accelerometer. The shell of the sensor defined by its surfaces was imported in igs format
into PATRAN software. The mesh consisted of 55550 cquad elements (Figure 2). The
fibre was modelled as a cbar clamped to the base and stiffly joined to the top. As boundary
conditions, the base was fixed. The mass was simulated as a non-structural mass at the
central point of the upper cylinder joined to the shell by a rigid element (RBE2). The
material properties introduced in the software were the following. Polyamide
DURAFORM® PA: Young Modulus 1.59 GPa, Poisson’s ratio 0.35 and a density
1 g/lcm?® [59]; FO: Young Modulus 65 GPa [60] and Poisson’s ratio 0.3. The inertial mass

was 6.59 grams.



Figure 2. Mesh of the accelerometer numerical model.

Next, the dynamic problem was solved to obtain the mode shape and the natural
frequencies of the first three modes of vibration of the modelled sensor. The natural
frequencies obtained from the analysis were 137, 138 and 708 Hz. Figure 3 shows the
computed mode shapes. The first and the second frequencies correspond to bending mode

shapes in perpendicular directions and the third one to an axial mode.
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Figure 3. Numerical mode shapes (the first and the second mode shapes were bending modes in
perpendicular directions).

The model was then subjected to a series of dynamic loads in order to compare numerical
results with experimental data. An acceleration of 1g of amplitude with harmonic time
dependence was applied as boundary condition in the base of the sensor in the range from
10 to 800 Hz with a frequency step of 10 Hz. The sensitivity of the accelerometer was
computed from the fibre strain by the Eqg. 4 with a value of P equal to 0.19 [61]. The

computed results will be presented in the next Section (Figure 6).

4. CHARACTERIZATION TESTS AND RESULTS

The set-up scheme is shown in Figure 4. The accelerometer was placed in a support
manufactured by fused deposition modelling in acrylonitrile butadiene styrene plastic.
Fibre optic was fixed to the wall of the test chamber approximately one meter in length
from the sensor. Then, it crossed the chamber through the bushing and it was connected
to the interrogator unit. As a reference, a PCB Piezotronic uniaxial accelerometer model
352C34 with a sensitivity of 100 mV/g and a resonance frequency higher than 50 kHz

10



was located at the same support. The piezoelectric sensor was read from a
LMS Scada SCR 05 to a sample rate of 1000 Hz. The same acquisition system was used
to generate a sine wave to drive a shaker model The Modal Shop 2025E. This shaker

allowed applying a force level of 58 N.

FO OPTICAL
INTERROGATOR

.

PIEZO ACQ &
SIGNAL GENERATOR

SIGNAL
AMPLIFIER

Figure 4. Set-up of FO accelerometer in characterization tests: support with piezoelectric
sensor, FO optical interrogator, piezoelectric acquisition and signal generator, signal amplifier
and shaker.

For sensitivity characterization of the FBG accelerometer, harmonic forces were applied
at the frequencies [10, 25:25:475] Hz. The highest frequency was set accounting for the
expected linear frequency range of the FBG sensor computed by the numerical model and
the maximum sample rate of the acquisition system. At each frequency, the shaker
generated 10 seconds of harmonic excitation for amplitudes of 0.5, 1, 2, 3, 4 g. The signal
for each step of intensity and frequency was conditioned and filtered with high-pass and
low-pass third-order Chebyshev filters of 5 Hz and 495 Hz, respectively. Then, a Fast
Fourier Transform (FFT) algorithm was applied to the time domain signals. For each
frequency and intensity, the Frequency Response Function (FRF) was calculated as the

11



ratio between the signals of the FBG (output) and piezoelectric (input) accelerometers.
Figure 5 shows the wavelength amplitudes recorded at 10, 25, 75, 100, 200, 300 and
475 Hz for all the intensity levels. The FBG accelerometer behaved linearly at all tested

frequencies with regression coefficients higher than 0.99.
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Figure 5. FBG accelerometer wavelength amplitude: experimental (circles) and regression

approaches (lines).

Figure 6 shows the sensitivity computed as the slope of these curves at each frequency.
Numerical results perfectly agree with the response of a 1DOF system as it was expected.
The accelerometer sensitivity was analysed for several intensities in the frequency range
10-475 Hz. Figure 6.(a) shows that the sensitivity at low frequency presented a value of
19.29 pm/g and it gradually increased up to 34.45 pm/g at 475 Hz. From this frequency,
the sensitivity increases rapidly up to the resonance. The agreement between experimental
and numerical values was quite good with small deviations lower than 2.4 pm/g in the
vicinity of 150 Hz, probably due to the bending frequencies of the system (136 and
137 Hz). Therefore, the design of the accelerometer should consider the negative effect
of the bending mode shapes on the frequency response function increasing the bending
stiffness. In the proposed accelerometer, this effect could be reduced enclosing the sensor
by a slightly higher diameter cylinder or installing some auxiliary bars to the lattice

structure in order to increase the lateral stiffness. The maximum deviation was registered
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at 475 Hz with a value of 4.51 pm/g. A statistical analysis of the data presented in Figure
6.(a) reveals mean (p) and standard deviation (o) values of 23.52 and 5.36 pm/g,
respectively. The sensitivities obtained from all tests, except at 475 Hz, were in the area

defined by p+2c.

Accelerometers are used in their linear behaviour range, commonly accepted as a third of
their resonance frequency. The developed sensor presented a usable region up to 236 Hz,
in which the mean sensitivity and the standard deviation were 19.65 and 1.28 pm/g,
respectively (Figure 6.(b)). The measurements obtained from all tests in the linear range

were inside the area defined by the mean and twice the standard deviation.
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Figure 6. (a) 0-800 Hz and (b) 0-236 Hz (linear response) FBG accelerometer sensitivity:
experimental data (markers), mean (thick line) and numerical result (thin line). A grey area

limited by twice the standard deviation is superimposed.

The uncertainties of this calibration process could be due to: (i) repeatability and stability
of the fibre reading equipment (1 and 2pm, respectively); (ii) variability of the final
properties of the lattice cylinder due to the powder quality and AM machine parameters;
(iii) repeatability and stability of shaker, signal amplifier, signal generator and reference
piezoelectric accelerometer and (iv) dynamic properties of the auxiliary tools used to

support the accelerometers.

5. STRUCTURAL TESTS AND RESULTS

Next, the results of a case study are presented. Modal analysis of the wing of a UAV was
carried out by several sensors. The wing was manufactured with a foam core, a layer of
GFRP (Glass Fibre Reinforced Plastic) and two extra layers of CFRP (Carbon Fibre

13



Reinforced Plastic). The full wing geometric characteristics are 1300 mm length,
2000 mm span, a mean chord of 285 mm (with 335 mm root and 250 mm tip chord),
sweep and dihedral angles of 2.3° and 2° respectively, taper ratio 0.75 and airfoil

maximum thickness of 45 mm.

Five FBGs were embedded between the GFRP and the CFRP layers for measuring strain
at locations indicated in Figure 7. Figure 8 shows the experimental set-up. The FO
accelerometer was placed at the free end by a plastic support. Moreover, for comparison
purposes, the same piezoelectric accelerometer used in the characterization tests and three
triaxial low-cost MEMS sensors were added to the same support. Two of these MEMS
were model ADXL 335 with a nominal sensitivity of 300 mV/g. The third one was a
digital model ADXL 345 with a sensitivity of approximately 32 LSB/g in the

configuration used in these tests.

EXTRADOS

AO-HOMZZ00

INTRADOS

Figure 7. Wing schematic view from extrados and intrados: FBG sensors locations (wide
continue lines) and FO path (dashed line).
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Figure 8. Experimental set-up: FO, piezo electric, MEMS ADXL335 and MEMS ADXL345

accelerometers.

A hammer model PCB 086C04 equipped with a hard metal tip was used in all tests. Three
scenarios were tested. The wing responses due to 5 impacts were recorded in each
scenario. In the first scenario, the impacts were applied at 240 mm from the wing root. In
the second one at 500 mm from the root, that is, practically at the centre. Finally, in the

third scenario, the impacts were applied close to the tip, at 780 mm from the root.

The MEMS sensors’ signals were acquired by a specific script under Arduino DUE at a
sampling frequency of 400 Hz. The FO sensors (accelerometer embedded) signals were
acquired at a sampling frequency of 1000 Hz. Both previously indicated sampling rates
were limited by the data acquisition systems. The responses of the piezoelectric sensors
were also sampled at 1000 Hz.

The first step in the post-processing was decimating the signals from the piezoelectric
(accelerometer and hammer) and FO sensors to 400 Hz. The second step was computing
the frequency responses by the FFT algorithm. The strain measured by the embedded
sensors were transformed to acceleration: the strain values were multiplied by the length
of the sensor and the angular frequency to the second power. Then, FRF was obtained as
the ratio between the signal from the hammer (input) and the sensor responses (output) in

the frequency domain accounting for the mean value of the five impacts. Finally, the
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coherence function was used to determine whether the responses were affected by noise

or nonlinearities. The coherence function was calculated according to Eq. 9:

D (abs(R(f)-H™(f)))*

Coherence( f) = test=t

: : ©)
Y abs(H())? - > abs(R())?

test=1 test=1

where R(f) stands for the frequency response of the sensor and H(f) is the frequency

response of the hammer. The asterisk means complex conjugate value. The measurements

were considered acceptable when coherence values were close to 1.

Figures 9-11 show the FRF and the coherence functions obtained in the three scenarios.
For the scenario 1 (Figure 9), all the sensors, except FBG4 and FBG5, show clearly three
peaks at 10.25, 23.25 and 115.8 Hz. Maximum values about 20, 15 and 10 ms?/N were
measured at the third of these peaks by the FO, the piezoelectric and the digital MEMS
accelerometers, respectively. The analogical MEMS accelerometers and the FO
embedded sensors measured levels about 2.5 and 1 ms?/N, respectively. The differences
between the measured values could be explained accounting for the sensors were not at
exactly the same location. The coherence of the piezoelectric sensor was higher than 0.95
in the frequency range. The coherence computed from the FO accelerometer was around
0.75 with a minimum of 0.4 at 68 Hz. The MEMS accelerometers presented a lower
coherence. FBG4 and FBG5 embedded sensors gave high coherence values between 25
and 130 Hz. FBG1, FBG2 and FBG3 showed an irregular behaviour.

Figure 10 shows the results for the scenario 2 (impacts applied close to the wing centre).
Resonance frequencies at 10.25, 23.25 and 115.8 Hz were again identified. The relation
between the levels measured from each sensor was approximately as in the Figure 9, being
25 ms2/N the higher value from the FO accelerometer. The coherence computed by the
signal from the piezoelectric accelerometer was practically one, except at 175 Hz where
it decreased to 0.8. The FO accelerometer coherence function presented a minimum at
around 60 Hz. The MEMS showed an irregular behaviour in all the frequency range. The

embedded sensor coherence functions were as in the scenario 1.
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Figure 9. (a,c) FRF and (b,d) coherence function obtained in scenario 1: (a,b) FO, piezoelectric
and MEMS accelerometers and (c,d) embedded sensors.

Figure 11 shows the results for the scenario 3 (impacts close to the wing tip). The peak at
115 Hz was not identified from the measurements since the impact position matched with
a node of this mode. The levels recorded by the embedded sensors were higher in this
case. Piezoelectric and FO accelerometers, and embedded sensors measured acceptable
values of the coherence function. However, the MEMS were very unstable.
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Figure 10. (a,c) FRF and (b,d) coherence function obtained in scenario 2: (a,b) FO,
piezoelectric and MEMS accelerometers and (c,d) embedded sensors.

The highest value of the coherence function was measured by the piezoelectronic
accelerometer in each scenario with values close to one. FO designed accelerometer
presented a good performance with coherence values about 0.8 at the frequency ranges
from 0 to 25 Hz and from 90 to 130 Hz. Embedded sensors FBG4 and FBG5 showed a
response similar to the FO accelerometer. However, the coherence functions measured
by FBG1, FBG2 and FBG3 sensors were below to 0.8. The MEMS sensors had an
irregular behaviour in all the tests. These sensors were the cheapest and their signals were

acquired by a home-built Arduino DUE system.

18



(o] —FO
acel st1
25 PIEZO FO_,
_ . 'MEMSA‘I e FOstS
Z 20 o-MEMS,|{ Z10 . FO
o~ o~ st
. MEMS R —FO
E = st5
=15 E
LL L
© 14
L 10 - 5t
501 U .
(o i J
0 foir v "~ na ad e b d x

0 25 50 75 100 125 150 175 200 0 26 50 75 100 125 150 175 200

Frequency [Hz] Frequency [Hz]
(b) — (d) .

0.8 Y
gos 8 0.6
5 5 |
s : '
504 S04}
O ) :.

o
o
o
(¥

1 | 4l 8 1 O 1 1 1 L 1 1 1
0 25 50 75 100 125 150 175 200 0 25 bB0 75 100 125 150 175 200
Frequency [Hz] Frequency [Hz]

Figure 11. (a,c) FRF and (b,d) coherence function obtained in scenario 3: (a,b) FO,

piezoelectric and MEMS accelerometers and (c,d) embedded sensors.

6. CONCLUSIONS

In aerospace industry, weight reduction is critical for achieving engineering or financial
objectives. Hence, the use of low weight sensors is convenient for on-board installation,
even more if a large number of them is placed. To assess the structural integrity of
aircrafts, which are continually subjected to dynamic loadings, accelerometers and strain
sensors should be used for studying dynamic and static responses. Response from
accelerometers can be useful to detect impacts or any type of sudden load events.

The developed FBG accelerometer has many advantages as low weight (9.19 grams), low
volume (20 mm diameter and 30 mm long), nominal sensitivity (19.65 pm/g) and a
resonance frequency of 708 Hz. The sensor has presented a linear behaviour quite
acceptable with regression coefficients higher than 0.99. The results presented have
demonstrated the FBG accelerometer behaviour is similar to the piezoelectric sensor. The
measured responses have been better that those from MEMS and FBG embedded sensors.

Moreover, the developed accelerometer could have a competitive price for the production
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of a low number of sensors. Approximately, the price could be around 70 €, being the
Bragg gratings the most expensive component with a price about 50 €.

The work in progress focuses on reducing the size and the weight of the sensor using
gratings with smaller sensor longitude and increasing the bending stiffness to decrease
the transverse sensitivity. Combined sensors based on the same concept could also be

very interesting as a future development.
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