
Citation: Brindisi, A.; Vendittozzi, C.;

Bellini, C.; Di Cocco, V.; Travascio, L.;

Di Palma, L.; Belardo, M.; Concilio, A.

Fiber Bragg Grating Bonding

Characterization under Long-Period

Cyclic Loading. Photonics 2023, 10,

906. https://doi.org/10.3390/

photonics10080906

Received: 17 July 2023

Revised: 31 July 2023

Accepted: 3 August 2023

Published: 4 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

photonics
hv

Article

Fiber Bragg Grating Bonding Characterization under
Long-Period Cyclic Loading
Angela Brindisi 1,* , Cristian Vendittozzi 2 , Costanzo Bellini 3 , Vittorio Di Cocco 3, Lidia Travascio 4 ,
Luigi Di Palma 5 , Marika Belardo 5 and Antonio Concilio 1

1 Department of Adaptive Structures, CIRA (The Italian Aerospace Research Centre), 81043 Capua, Italy;
a.concilio@cira.it

2 Campus FGA-UnB, Universidade de Brasília, Brasília 72444-240, DF, Brazil; vendittozzi@unb.br
3 Department of Civil and Mechanical Engineering, University of Cassino and Southern Lazio,

03043 Cassino, Italy; c.bellini@unicas.it (C.B.); v.dicocco@unicas.it (V.D.C.)
4 Department of Reliability and Safety of Systems and Infrastructure, CIRA (The Italian Aerospace Research

Centre), 81043 Capua, Italy; l.travascio@cira.it
5 Department of Airframe Design and Dynamics, CIRA (The Italian Aerospace Research Centre),

81043 Capua, Italy; dplu1973@gmail.com (L.D.P.); m.belardo@cira.it (M.B.)
* Correspondence: a.brindisi@cira.it

Abstract: The Smart Landing Gear system to be developed in the framework of the ANGELA project
provides the strain measurements on landing gear structure at landings, and this system should be
maintained efficiently under operational conditions. It is intended to assess the relevance of Fiber
Bragg Gratings for in-flight testing. To assess the capabilities of the FBG bonding and to analyze the
strain transmission conditions from the host structure to the FBG through the bonding layer during
the operational phases of landing gears, a long-period cyclic loading test campaign on the bonding
layer itself was performed. The primary objective of this fatigue-like test was to prove the ability of
FBG sensors to withstand the operational life-cycle of landing gear while providing the same strain
transfer function throughout the entire cycle; the secondary objective was to select the most suitable
fiber-coating and bonding agents for this application. This document describes the execution and
results of the fatigue-like test, intended as a preparatory test campaign to support the preliminary
design activities of the Smart Landing System.

Keywords: landing gear; fiber optic sensors; Fiber Bragg Gratings; smart devices; structural health
monitoring; fatigue-like test

1. Introduction

For structure health monitoring applications, Fiber Bragg Gratings are among the
most promising sensors being used due to their small size, light weight, immunity to
electromagnetic interference, multiplexing capabilities, and good resistance to harsh chem-
icals [1]. While generally, FBGs, when properly customized, have been used to measure
humidity, vibrations, pH variation, and even shape, they are mostly used as static sensors
to measure temperature and strain [2–4]. By improving acquisition systems and increasing
acquisition rates, FBGs are increasingly being used for dynamic applications where grat-
ings are embedded in structures and can monitor engineering devices in real-time without
forcing them to stop their operations. FBGs can be embedded in materials in the case of
composite laminates or simply bonded to the surface. The latter is still the most widespread
solution considering the still-existing difficulties related to the embedding of optical fibers
inside metals [5–7]. Even their installation on the outer surface of structures involves some
difficulties, particularly for mechanical and thermal strain measurements. When the sensor
is bonded to the surface, the strains between the grating and the host structure are expected
to be the same without considering that the strain, before being communicated to Bragg
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grating, must pass through different media (as in the case of any optical fiber coatings) with
different mechanical properties. More specifically, as in the case of traditional strain gauges,
an adhesive material is used to install a sensor, resulting in indirect contact between the
sensor itself and the monitored structure and leading to variability in the performance of
FBGs, especially in harsh environments and under dynamic conditions. To provide good
repeatability of the measurements performed by means of FBGs, several researchers are
proposing analytical solutions to establish the relationship between the actual deformation
of the host structure and that perceived by the surface-bonded grating, attempting to
identify the causes of any differences. Experimental measurements based on the Mach–
Zehnder interferometric technique were performed to validate the theoretical prediction
and reveal the differential strains between the grating and the host structure [8,9]. These
parametric studies showed that the percentage of the strain from the host structure actually
transferred to the grating depends on the bonding length and the type of adhesive used.
The general trend of the strain transfer shows that the longer the bond length and the stiffer
the adhesive, the greater the strain transferred to the optical file. The best results were
obtained using an epoxy adhesive. Other authors have attempted to identify the critical
parameters that affect measurement accuracy, particularly when monitoring mechanical
strain, by studying how these parameters affect FBGs sensitivity and accuracy, focusing
on the dependence of strain transfer—from the host material to the grating bonded to its
surface—on the ratio between the radius of the curvature of the surface and the length of
the grating, the equivalent Young’s modulus of the sensor, Young’s modulus of the host
material [10] and the Young modulus of the adhesive, or due to the shear deformation
absorbed from the protective coating and adhesive layers [11]. According to the analysis of
other authors, the parameters that most interfere with strain transfer are the length and
thickness of the adhesive layer over and underneath the fiber [12] and the accuracy in their
alignment of the grating, thus parameters related to the accuracy of the installation rather
than to material properties [13,14].

The properties of bonding, the proper choice of an adhesive, and the accuracy of
installation are characteristics that assume greater importance for dynamic monitoring. In
fact, while the acquisition system is able to provide a frequency of acquisition such that it
can record the dynamic phenomenon being monitored, allowing its reconstruction with
a fine resolution, on the other hand, it is the bonding that must ensure not only a good
transfer of deformation from the host structure to the grating but also to maintain the same
capacity for the entire duration of the phenomenon being measured.

In a previous paper, the authors analyzed the characteristics of the dynamic response
to the impact of model aircraft landing gear with the ground and derived important
information to identify hard-impact conditions. For the short-term dynamic test, a set of
FBG sensors was installed on the two legs of a scaled landing gear that was subjected to a
series of drop tests from various heights using a drop tower [15]. FBGs have demonstrated
good sensitivity and repeatability, showing the ability to monitor the phenomenon from the
flight phase to impact and to the bounces following it. In this study, it was tested whether
FBGs installed on landing gears could monitor the landing phase and detect the type of
ground contact to identify the possibility of hard impact. To ensure the operation on real
landing gear, the sensor must prove it can survive the design life cycle for the system under
analysis by continuing to monitor the system, ensuring the same performance throughout
the life cycle.

To simulate the landing gear during the expected landing cycle, it was planned that
the FBG would be installed for grating on an aircraft aluminum alloy plate and subjected
to a fatigue-like test.

Metal alloys are used to manufacture many types of parts, such as rods, casings, beams,
and pillars, for employment in various kinds of structures. Most of these structures are
subjected to histories of severe cyclic loading, which raises the risk of fatigue-damaging
mechanisms’ activation and the subsequent failure of the components [16]. In the past,
several investigators have studied the fatigue behavior of metal alloys. Slamecka and
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Pokluda [17] implemented an empirical method to estimate the fatigue behavior of parts
subjected to rotational loads based on a quadratic equivalent-stress formula and validated
this by a comparison with data from different materials. Shen et al. [18] carried out low-
cycle fatigue tests on specimens extracted along different directions from a wheel to study
the effect of the extrusion direction. An effect of this direction on both fatigue and static
behavior was found due to the different microstructures. The impact of the microstructure
was investigated by Iacoviello et al. [19] too, who analyzed the effect of the graphite nodules
on the fatigue crack propagation in ductile cast iron. The same authors examined the
impact of overload on crack propagation under fatigue loading, taking into consideration
the material microstructure too [20]. Benachour et al. [21] studied the effect of notches on
crack initiation to predict the residual lifetime in aeronautical structures through numerical
and experimental investigations. A comprehensive experimental study was carried out by
Zupanic et al. [22] to determine the fatigue and mechanical characteristics of a commercial
aluminum alloy, finding a high fatigue strength for both low-cycle and high-cycle tests.
Yankin et al. [23] proposed a modified model to predict the effect of multiaxial fatigue loads
on the 2024 aluminum alloy and validated it by a comparison against experimental data.
Different studies have been carried out for monitoring and predicting the failure of parts
due to fatigue loading. Acoustic emission testing was adopted by D’Angela et al. [24,25] to
determine the damaging micromechanics in ductile cast iron, correlating its mechanical
behavior to the evolution of acoustic emissions and recommending a failure criterium. Cui
et al. [26] proposed a thin film strain gauge to be applied in high-temperature environments
that were built using platinum–rhodium films. They carried out several experimental tests
to find the best solution for the thermal insulation of the sensor. Kordell et al. [27] ideated a
surface-mounted fiber optic conjugate stress sensor to evaluate the modulus of specimens
under plastic deformation and tested this on different types of metals.

The results discussed in the present paper have been developed for the Smart Landing
Gear (SLG) system, which is one of the innovations “beyond the state of the art” to be
developed in the framework of the ANGELA project, funded by the CS2 platform, Fast
Rotorcraft IADP. This activity foresees the design and development of a Smart Landing
Gear system for Hard Landing detection based on Fiber Optic Sensor technology to be inte-
grated into the Landing Gear structure [15,28]. The Smart Landing Gear system provides
strain measurements on the landing gear structure at landings, and this system should be
maintained efficiently under operational conditions. It is intended to assess the relevance
of Fiber Bragg Gratings (FBG) for in-flight testing.

In this paper, the fatigue-like test was intended solely to verify whether the sensor
installed on its surface could withstand the cyclic test and not analyze the behavior of metal
plates. Herein, fatigue-like is meant as a test that uses the principles of fatigue testing to
study the behavior of bonding using long-period cyclic loading to verify that no decay
of the bonding properties has occurred. Thus, the object of the analysis was to evaluate
whether the bonding could ensure the same transfer function from the first to the last
cycle of the test, continuing to monitor the deformation of the metal plate all the time with
the same efficiency. Two adhesive agents, including cyanoacrylate and epoxy, and two
fiber coatings, polyimide, and acrylate, were investigated in the same test. To assess the
capabilities of the sensor bonding to verify the strain transmission conditions from the
structure to the FBG sensor through the bonding layer during the operational phases of
landing gear, a fatigue-like test campaign on the bonding layer itself was performed, and
results are hereafter discussed.

2. Materials and Methods

The fatigue-like tests discussed here have two objectives. The first objective was to
prove the ability of FBG sensors to withstand the operational life cycle of landing gear while
maintaining its sensitivity, and the second one was to select the most suitable fiber-coating
and bonding agents for this application.
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Since there is not a specific accepted standard for our purpose, a modified version
of the test defined by ASTM D3166-99 [29] could be used. ASTM D3166-99 is referred to
as a test method for fatigue properties of the adhesive in shear by tension loading in a
metal-to-metal junction. For our purposes, the adhesive would not be used for a permanent
junction between two metal plates but as a bonding element between the fibers at the metal
plate; therefore, a single plate configuration was considered. This configuration, depicted
in Figure 1, allows the sensitivity of the installed sensors to be measured by making the
specimen undergo cyclic displacements while testing two different types of adhesives
in combination with two different types of fiber coating. The single-plate configuration
provides verification of the operating life of the installed sensors compared to the operating
life of the substrate.
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Figure 1. (a) Front and (b) Back sides of a dog–bone specimen showing the acrylate and polyamide
fiber coatings, and the two different bonding agents: epoxy (in green) and cyanoacrylate (in blue).

The specimen material must comply with that used on the landing gear to which
FBGs are installed. This is because the chemical and physical characteristics of the material
surfaces affect the behavior of the adhesive layer. The used specimens are made of an
aircraft-grade aluminum alloy plate (Al7075-T7351).

The two different bonding agents that are compared are a cyanoacrylate cold-curing
superglue structural adhesive (HBM Z70) and a bi-component cold-curing epoxy (Bostik
High-Speed Steel). Both can work in the temperature range of −55 ◦C to 120 ◦C, as
prescribed by the project requirements.

In this configuration, on the front side of the specimen, two fibers, one with the acrylate
coating and the other with the polyimide coating, are bonded with cyanoacrylate, while
on the back side, two more fibers with the same coatings as on the front side are instead
bonded with epoxy, as shown in Figure 1.

The recommended geometry of the specimen is a classical dog bone type, wider at the
grips and narrower in the central part where the sensors are bonded. The plate thickness
must be contained to allow the application of controlled and effective loads; excessive
loads could adversely affect the tests. In Figure 2, the specimen’s shape and dimensions are
illustrated.
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The set of dog-bone specimens was composed of 5 specimens, named A, B, C, D, and
E, respectively. Four FBGs, 15 mm in length, were bonded on each specimen, two on each
face with the same type of adhesive. The gratings were apodized FBGs (reflectivity ≥ 75%)
directly written, with the excimer laser, on 9/125 single-mode optical fiber, which was
locally stripped and then re-coated. The fibers were bonded on the specimen’s faces
alternating the central wavelengths (CWL) of 1530 nm and 1550 nm with the fiber coatings,
polyimide, and acrylate. Table 1 illustrates the configuration for each specimen side,
including the CWLs, the coatings, and the glues.

Table 1. Dog–bone specimens’ bonded FBGs configuration.

Sensor
Reference Specimen Side CWL (nm) Coating Glue

A1 A Front 1530 Acrylate Epoxy
A2 A Front 1550 Polyimide Epoxy
A3 A Back 1530 Acrylate Cyanoacrylate
A4 A Back 1550 Polyimide Cyanoacrylate
B1 B Front 1530 Acrylate Epoxy
B2 B Front 1550 Polyimide Epoxy
B3 B Back 1530 Acrylate Cyanoacrylate
B4 B Back 1550 Polyimide Cyanoacrylate
C1 C Front 1530 Acrylate Epoxy
C2 C Front 1550 Polyimide Epoxy
C3 C Back 1530 Acrylate Cyanoacrylate
C4 C Back 1550 Polyimide Cyanoacrylate
D1 D Front 1530 Acrylate Epoxy
D2 D Front 1550 Polyimide Epoxy
D3 D Back 1530 Acrylate Cyanoacrylate
D4 D Back 1550 Polyimide Cyanoacrylate
E1 E Front 1530 Acrylate Epoxy
E2 E Front 1550 Polyimide Epoxy
E3 E Back 1530 Acrylate Cyanoacrylate
E4 E Back 1550 Polyimide Cyanoacrylate
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The installation of the sensors on the specimens was carried out with care under
controlled temperature and humidity. Each bonding was then covered with a thin layer
of transparent silicone to provide protection from minor impacts and moisture from the
surrounding environment. The polymers used as coatings, primarily polyimide, were
hygroscopic. This ability to absorb moisture from the environment could greatly affect the
performance of the gratings. Figure 3 illustrates the transparent layer of silicone on the
epoxy (black) adhesive on a specimen.
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Figure 3. A transparent silicone layer was applied to the bonding agent to protect the FBG from
moisture and any small incidental impacts.

The combination of the cyanoacrylate glue with the acrylate fiber coating caused,
during the bonding process, the uneven dissolving of the coating: the adhesive acted like a
solvent. Figure 4 shows the effect of the adhesive agent on the coatings. As it is shown, the
fiber was partially or completely stripped. This irregularity showed up as an uneven and
non-uniform reading from these gratings. The cyanoacrylate did not affect the polyimide
fiber coating.
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Test Equipment

The FBG signals were acquired with Micron Optics sm130 Optical Sensing Interrogator
using an acquisition rate of 100 Hz. The interrogator was equipped with 4 channels that
were capable of acquiring the same rate at the same time. Hence, the 4 FBGs on each
specimen were acquired simultaneously.
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A fatigue testing machine capable of applying required cyclic loads was used. The
electromechanical tensile testing machine used was a Galdabini 1890 (Figure 5), which was
equipped with a 100 kN load cell. Each cycle was counted starting from zero (Smin), which
corresponded to the specimen in the initial position, to the maximum load required (SMAX),
and its subsequent release until its return to the starting condition. This provided the load
range (SRange) as the maximum applied load.
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Figure 5. Tensile testing machine: Galdabini 1890 equipped with a 100 kN load cell. A specimen
integrated with the 4 fibers is clamped.

The specimens were subjected to deformation cycles that kept them in the elastic
range, thus setting the maximum load within 75–80% of the Yield Strength (σY).

According to the project requirements, the transmission of the strain from the structure
to the FBG sensors should be maintained efficiently for at least 500 h of safe flight (SFH,
Safe Flight Hours); during each hour, 10 landings were expected to occur on average. The
number of cycles (n) per SFH package was therefore identified as five thousand (n= 5000).

The machine applied cyclic stress to the specimen, consisting of 5000 repetitions,
starting from zero up to a maximum load value of 35.4 kN, which corresponded to 77% of
the σY of the used aluminum alloy. This load was chosen to be sufficiently representative
for the required cyclic test while respecting certain safety issues. Therefore, it represented a
significant fraction of the yield stress, which could avoid sample breakage during the tests
and provide an adequate level of stress.

In Table 2 the values of the parameters characterizing the test are listed.
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Table 2. Summary of test parameters.

Number of Cycles (n) 5000
Material Al7075-T7351
σY 393 MPa
E 71.7 GPa

σMAX = 77% σY 295 MPa
SMAX (Maximum Applied Load, @ σMAX) 35.4 kN

Expected Maximum Strain (σMAX/E) 4.1 × 103 µε

Test Speed 20 mm/min
Frequency 0.26 Hz

Test Duration 19,230.8 s
Average Cycle Duration 3.85 s

3. Test Execution and Results

The present test was evaluated in terms of the strains recorded by the FBGs in response
to the applied load, so consequently, we refer to a range of the strains (εRange) calculated as
the difference between the maximum (εMax) and minimum (εmin) strains measured during
the cycling test, as shown in Figure 6.
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Figure 6. Series of four hits (impulsive load) that were applied to specimen A to verify the simultaneity
of the response of the 4 gratings. As the gratings located on the front face were stretched, the gratings
located on the back face were compressed and vice versa. The grating A1 is illustrated by the solid
black line, A2 by the dashed line in blue, A3 by the dotted line in red, and A4 by the dash-dotted line
in magenta (reference Table 2).

Calibration was required to select the test settings, such as the test speed (i.e., the
lifting speed of the traction machine up to the required maximum load), test the frequency
(i.e., the number of cycles per second), and the FBGs’ signal acquisition rate.

In order to verify the simultaneity of the response of the four gratings, a series of four
hits (impulsive load) were applied to the specimens. As the gratings located on the front
face were stretched, the gratings located on the back face were compressed, and vice versa
(Figure 6).

The first step of the test execution was the calibration of the tensile machine, which
was performed by using specimen A and running several sessions of about 3000 cycles each
to identify the best test settings (Figure 7). Specimen A resulted at the end of the calibration
in appearing overstressed and was then discarded for further tests.
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previous graph.

The metal specimens had some surface defects that could not be removed by polishing
them and could cause the local shrinking of the thickness of the samples; this imposed a
rather low test speed (20 mm/min), resulting in a frequency of 0.26 Hz and a total duration
for each test of about 5 h and 30′.

A total of four tests were performed: the tensile machine applied a cycling signal to
each of the four specimens B, C, D, and E, and the resulting strains were recorded by the
FBGs in response to the applied loads.

The loadcell graphs of the four specimens B, C, D, and E, show the typical sinusoidal
trend of the cyclic test from about 0 kN to 35.4 kN (Figure 8). Sample C graph shows a
shorter duration because specimen C crashed after 18,291.180 s. This failure was due to the
presence of an inclusion that weakened the specimen’s resistant section.

The strains recorded by the FBG sensors, in response to the applied loads to specimens
B, C, D, and E, are shown in Figures 9–12, respectively. The FBGs’ signals, following
the scheme shown in Table 1, indicated the combination of the sensor coating and bond-
ing agent: (1) Acrylate–Epoxy, (2) Polyimide–Epoxy, (3) Acrylate–Cyanoacrylate, and
(4) Polyimide–Cyanoacrylate. The red dashed line indicates the expected maximum value
of the strain (Table 2).
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Figure 8. Measure by the load cell of the applied loads for the 4 specimens, B, C, D, and E (cyclic test
0 to 35.4 kN).

The FBG signals acquired during the fatigue-like tests for all the specimens provided,
in general, consistent responses with the respective applied loads. The acquired signal
followed very well in time with the cyclic behavior of the applied loads. Some discrepancies
instead were present in the amplitudes of the signals between the signals and the expected
maximum values and depended mainly on the combination of the sensor coating and
bonding agent of the sensors. In particular, the acrylate–epoxy combination exhibited for
all the specimens, namely for the sensors B1, C,1, D1, and E1, provided the worst transfer
functions.

With regard to specimen B, Figure 9 shows a small irregularity during the first 5000 s
of the test for all the sensors, probably due to the slight settling of the specimen in the
clamps of the tensile-test machine. After settling, the signals showed no further variation
until the end of the test. Considering specimen C, Figure 10 shows the signal response
of FBGs in a stable range throughout the test, which suddenly stopped due to specimen
rupture, as anticipated in the previous section, after completing 95.1% of the expected
duration. Figure 11 shows the grating plots of specimen D. The four signals showed a
constant range throughout the test. Only sensor D3 exhibited a signal oscillation between
3500 and 7000 s. Initially, the signal presented an εmax, on average, of about 4500 µε, which
later decreased to about 4200 µε. Despite this variation, the εrange remained practically
constant because the εmin was in the first phase, about 50 µε, while in the second phase, it
dropped to about −150 µε. This behavior could be caused by the slippage of the optical
fiber within the adhesive layer, which was induced by the imperfect adhesion between
the layers that transferred the strain to the grating, namely, between the adhesive agent
and the coating and between the coating itself and the fiber. Specimen E, whose results
are shown in Figure 12, showed no significant fluctuations during the test, and the four
gratings recorded an almost constant range.
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Figure 12. Measured strain by the 4 FBGs on specimen E: (1) Acrylate–Epoxy, (2) Polyimide–Epoxy,
(3) Acrylate–Cyanoacrylate, and (4) Polyimide–Cyanoacrylate.

Table 3 summarizes the εRange values calculated as the difference between the εmax and
εmin deduced from the graphs shown in Figures 9–12. These data allow the construction
of the graph in Figure 13, which shows a comparison of the εRange recorded by each FBG
bonded to the four specimens and, more importantly, of the four combinations of the
sensor coating and bonding agent: (1) Acrylate–Epoxy (blue histogram), (2) Polyimide–
Epoxy (yellow histogram), (3) Acrylate–Cyanoacrylate (gray histogram), and (4) Polyimide–
Cyanoacrylate (orange histogram).
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Table 3. Values of εRange = εmax − εmin. All values are given in microstrain (µε).

εMax εmin εRange εMax εmin εRange

B1 1288.394 3.337 1285.057 D1 2470.047 −16.481 2486.527
B2 4076.907 33.051 4043.856 D2 4091.460 29.788 4061.672
B3 3889.732 25.379 3864.353 D3 4341.352 −104.583 4445.935
B4 3878.169 −145.070 4023.239 D4 3980.511 −15.743 3996.254
C1 1612.708 −172.835 1785.543 E1 2267.650 −17.309 2284.959
C2 4246.952 14.081 4232.872 E2 4107.759 51.922 4055.837
C3 3939.832 −83.608 4023.439 E3 3882.692 −31.301 3913.993
C4 4212.620 31.122 4181.498 E4 4131.502 −29.690 4161.192

Figure 13 aims to compare the performance of the proposed adhesive agent-coating
combinations to verify the magnitude of the transfer function, the applied load vs. the
measured strain, and the repeatability of the integration process. Finally, the reliability
of the bonding, i.e., the level of slippage of the grating with respect to the structure, was
preliminarily evaluated.

4. Discussion

The behavior of the polyimide coating, regardless of the type of bonding agent used,
showed a performance that was always consistent with the expected strain of the specimen.
In particular, the polyimide–epoxy combination (shown in yellow in Figure 13) exhibited a
deviation from the expected value of 1.71%, 2.88%, 1.28%, and 1.42% on specimens B, C,
D, and E, respectively. For the polyimide–cyanoacrylate combination, the deviations from
the expected value were 2.21% for specimen B, 1.63% for specimen C, 2.87% for specimen
D and 1.14% for specimen E. Deviations are reported in absolute value. Acrylate-coated
gratings, on the other hand, showed a performance that was not always consistent with the
actual deformation of the specimen.

The Acrylate–Epoxy combination exhibited the worst transfer function, with devia-
tions from the expected value of 68.77%, 56.60%, 39.56%, and 44.46% for specimens B, C, D,
and E, respectively. The grating appeared to be partially isolated and did not consistently
sense the deformations of the specimen to which they were bonded. It should be remem-
bered that what was improperly referred to as a “polymer jacket” was actually just a tight
jacket that was directly in contact with the optical fiber. The transfer function of the FBG
is highly dependent on the bonding ability (i.e., the interfacial strength between acrylate
and fused silica substrate) of this jacket to the fiber. It is assumed that the possible better
adhesion of the epoxy to the acrylic coating, compared to that between the same acrylic
jacket and the fused silica fiber, might have caused a relative slippage in the fiber within
the jacket, altering the sensitivity of the grating.

For the Acrylate–Cyanoacrylate combination, strains were also recorded with a more
variable deviation from the expected value, i.e., 6.08% for specimen B, 2.95% for C, 8.06%
for D, and 4.87% for E. It was assumed that the cause of this non-uniformity could be
ascribed to the problem encountered during bonding. Cyanoacrylate acted as a solvent
for the acrylic coating, which deteriorated rapidly as the adhesive cured, Figure 5. This
degradation was not uniform; in fact, along 15 mm of the grating, in some locations, the
cladding seemed undamaged and adherent to the fiber; in other locations, the fiber was
completely stripped. In some locations, the damaged coating overlapped with the fiber,
and in others, it was the fiber that overlapped with the removed portion of the coating.
These different configurations, all concentrated in a short stretch of only 15 mm, might
have induced the uneven acquisition of the grating strain. The fully stripped parts were
probably the ones that best transferred the strain to the grating.

During the execution of each test, which lasted about five and a half hours, while
simulating 5000 cycles, the protective silicone layer covering the sensors seemed to work
effectively.
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5. Conclusions

In the framework of the development of the Smart Landing Gear system and in order
to assess the relevance of Fiber Bragg Gratings for in-flight testing, the tests described in the
present paper have been conducted with the objective of proving the ability of FBG sensors
to withstand the operational life cycle of landing gear while maintaining its sensitivity and
to select the most suitable fiber-coatings and bonding agents for this application. In fact, an
essential aspect of the FBG integration is the bonding of the sensor to the structure with a
bonding agent, which, in turn, has to transfer all the deformation of the hosting structure to
the sensing element and has to withstand the operational life cycle of the landing gear and
also provide the same transfer function throughout the entire cycle. Regardless of the used
coatings and adhesives, the four gratings were able to record the strains from the beginning
to the end of each test and for each specimen. The sensor signals followed in time the cyclic
applied load very well. In the case of specimen C, the sensor survived the same specimen
crashing due to an internal defect in the material.

Some discrepancies were present in the amplitude of the signal, and the transfer
function gave a result far from the expected one depending on the fiber-coating and
bonding agent combinations. In particular, the acrylic combination (cyanoacrylate on
acrylate coating), due to the problem encountered with the coating, unevenly deteriorated
and provided the worst transfer function of deformation and was therefore excluded from
the next steps of SLG development. The combination of acrylate coating and epoxy glue
also did not give an acceptable result due to variability in the results. In general, it seems
that the acrylate fiber coating does not allow the adequate transfer of the actual strain
from the deformed specimen to the FBG. It would appear that, during cyclic testing, the
adhesive agent drags the coating, and this does not allow a complete strain transfer to the
grating. The polyimide coating showed consistent results on all tested specimens, both in
combination with epoxy and cyanoacrylate and performing better than acrylate coatings.
In fact, regardless of the used bonding agent, the strain measured by the two polyimide
recoated gratings—for each specimen—provided almost overlapping results.

The bonding stability was tested over the required number of cycles. The bonding per-
formance was stable to a large extent; therefore, the extremely limited variability does not
allow the extrapolation of a general law regarding the temporal behavior of the bondings
over a long period exceeding the required number of cycles.

The test was conducted in a temperature-controlled laboratory, maintaining a constant
temperature throughout the duration of testing. In the future, a climatic chamber test
should also be performed, simulating an operating environment where temperature and
moisture can vary.
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