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Summary

The structural health monitoring (SHM) of existing buildings, structures, and

infrastructures has become increasingly important in recent years, while the

interest of the scientific community is focused on the use of new high-

performance technologies. Fiber optic sensors have become particularly

attractive, thanks to their potential for monitoring strain in smart structures.

The performance of this new technology depends to a large extent on the

bonding technique used for its manufacture. Although the related literature

has identified a correlation between some efficiency issues and the geometrical

parameters of the bonding and mechanical properties of the materials adopted,

the phenomenon is still not completely understood. This paper describes an

in-depth study of the geometrical and mechanical parameters that influence

the efficiency of optical fiber point sensors' surface bonding by synergistically

related techniques such as computational simulation, experimental tests, sen-

sor manufacturing, and data analysis. The paper's novelty is fourfold: (1) the

investigation of the strain transfer mechanism of surface-bonded fiber optic

sensors by considering, for the first time, all the parameters influencing the

phenomenon through a considerable number of finite element (FE) analyses

(117 three-dimensional FE models); (2) the development of a series of bonding

efficiency predictive models; (3) the design of a specific laboratory test to vali-

date the computational outcomes; and (4) the definition of useful guidelines

for effective bonding manufacturing in order to maximize the performance of

these sensors when acquiring monitoring data.
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1 | INTRODUCTION

Most existing civil infrastructures have now exceeded their expected useful life, and their conditions have gravely dete-
riorated due to aging, exposure to aggressive environmental agents, and extreme weather events. To cite an instance,
the American Society of Civil Engineers reported in 2017 that 39% of the bridges in the United States were more than
50 years old and 9.1% were structurally deficient, while the cost of their rehabilitation was estimated to be $123 billion.1

The same report claimed that many dams were also in extremely serious conditions, since their average age was
56 years, while 17% were identified as potentially highly dangerous, and an investment of nearly $45 billion would be
necessary for their repair. Some recent catastrophic bridge collapses (e.g., Morandi Bridge, Genoa, Italy, 2018;
Mississippi Bridge, Minneapolis, Minnesota, 2007; and Kinzua Bridge, State Park, Pennsylvania, 2003) have aroused the
concern of the scientific and technical community. These events underline the urgent need for effective structural
health monitoring (SHM) systems.

The approaches of SHM can be principally classified according to five typologies in relation with the used
methodology, technology, and accuracy of acquired information2: (i) vision of superficial damage,3,4 (ii) user-based
reporting,5–8 (iii) subsurface damage detection,2,9 (iv) dynamic parameter sensors,10 and (v) strain measurements
that is the principle feature considered for structural monitoring. Indeed, strain information helps to understand
structural behavior and the possible causes of damage, such as static or dynamic loads and temperature. Many
types of sensor systems are thus designed to estimate this parameter. Strain sensors can be embedded into
structural elements,11,12 but this can lead to a series of complications, including the need for miniaturization,
inspectionability, maintainability, and repairability and the need to guarantee sensor operability during the opera-
tional life of the structure. On the other hand, the surface-bonding solution appears less problematic13 and the
only adoptable technique when dealing with existing buildings or structures. The two main types of strain sensors
are electrical and optical.

Electrical strain sensors are a consolidated technology for nondestructive testing and evaluation and SHM.14–16

However, in recent years, there has been an impressive development of optical fiber sensors (OFSs) by reason of
their advantages over traditional sensors, such as immunity to electromagnetic interference, flexibility, lightweight,
high sensitivity and accuracy, intrinsic safety, multiplexing capabilities, resistance to radiation and corrosion,17–19

and high-speed data acquisition.20 These innovative sensors have been applied to sense a number of different
measurands, such as strain,21 stress,22 temperature,23,24 moisture, vibration, slope,25 chemicals,26 and even
curvature27–30 and shape.31–35 Nevertheless, strain and temperature sensors are the most widely employed technol-
ogies for SHM applications.36,37

To work as a strain sensor, the optical fiber is integrated with the host material (or support) and deforms together
with it,38 in most cases by means of bonding. Regrettably, OFSs oftentimes underestimate the strain of the host material
due to the limited strain transfer effectiveness of their bonding and, hence, require to be rectified. Several studies have
been conducted on this topic, for example, Her and Huang investigated the influence of coating stiffness and bonded
length on strain transfer to OFSs by using finite element method (FEM) and performing an experimental study based
on the Mach–Zehnder interferometric technique.39 Barrias et al. carried out an experimental campaign to assess the
performance of different adhesives in bonding distributed OFSs (DOFSs) on concrete surfaces, taking into account
different spatial resolutions of the DOFSs.40 Wan et al. studied the influence of different geometric bonding parameters
on strain transfer by FEM.41 Li et al. proposed a theoretical approach to calculate the strain transfer formula, consider-
ing the thickness of coating and adhesive.42 In all the previous approaches, the parameters that influence bonding
efficiency in strain transfer were only partly analyzed and, since OFSs are extensively used in SHM applications, come
the necessity to thoroughly study this phenomenon.

This paper reports on an analytical and experimental study carried out to fully evaluate the strain transfer
mechanism of bonded optical fiber point sensors. Its novelty consists of (1) an extensive sequence of 117 three-
dimensional finite element analyses (FEAs) to study the influence of numerous parameters, including bonding
length, bonding width, lower and upper thickness of the adhesive, presence of coating, and mechanical properties
of the materials on bonding strain transfer performance; (2) the design of a quasi-static tensile test to evaluate the
performance of distinct bonding configurations and corroborate the FEAs' outcomes by using fiber Bragg grating
(FBG) sensors, the most widely used fiber optic technology for sensing applications; (3) the calibration of a series
of predictive models to determine the mathematical relationships between the considered parameters and the
strain transfer efficiency of surface-attached OFSs; and (4) the definition of practical and simple guide lines for
correct bonding manufacture.
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To summarize, this work fully defines the role of all the variables that influence the efficiency of surface-bonded
fiber optic strain sensor well beyond the current state of the art. In addition, although the present study investigates the
strain transfer of point sensors, in particular FBGs, many of the results here obtained, such as the effects of coating,
materials stiffness, and adhesive thickness, also apply to distributed sensors. Furthermore, this research provides useful
prediction models and practical guidelines that can help both the research community and industry to maximize the
bonding performance.

2 | FBG SENSORS

FBGs are the most widely used OFSs and, by virtue of their high sensitivity to strain and temperature, find application
in a multitude of engineering areas.11,20,24,35,36 The foremost reasons behind this widespread use are the low cost, the
large sensing length that can reach kilometers, the ability to perform dynamic sensing thanks to the high frequency
data acquisition (�kHz), and the high strain sensing accuracy (�1 με).

FBGs are single-point sensors manufactured by permanently increasing the refractive index of the core of an optical
fiber through its exposure to an intense laser light with a periodic pattern. This fixed refractive index modulation is a
grating and has a period that is a function of the exposure pattern in addition to the temperature and longitudinal strain
of the fiber. An FBG behaves as Bragg reflector, hence, transmits some wavelengths and reflects others (wavelength's
peak of the FBG) depending on its grating period. Since the reflected wavelength changes with temperature and strain
variations, it is possible to sense these variations by tracking the FBG's peak (see Figure 1). The following equation
represents the mathematical relationship between temperature and strain changes and the shift of an FBG's peak43:

Δλ
λ0

¼ 1�peffð ÞΔεþ αþ ξð ÞΔT, ð1Þ

where Δλ, λ0, Δε, and ΔT are the wavelength change, the wavelength value and the strain, and temperature variations.
The parameters peff, α, and ξ are the photoelastic coefficient, the thermal expansion coefficient, and the thermal-optic
coefficient, respectively.

In view of the foregoing, when optical fiber strain sensors are used for SHM, an efficient transition of the strain
between the structure under scrutiny (host structure) and the core of the optical fiber is required. Hence, an adequate
bonding, at the material point where the strain is sensed, is of paramount importance to guarantee the accurate
evaluation of the state of strain.

FIGURE 1 Sensing principle of fiber Bragg grating sensor

FLORIS ET AL. 3 of 23



3 | LIMITATIONS OF THE PREVIOUS ANALYSES ON BONDING STRAIN
TRANSFER

In the strain measurements techniques, the most common method of sensor application is bonding. This method is simple
and cost-effective and allows repairability and easy inspectionability of the sensors. On the other hand, the strain measured
by a surface-bonded sensor does not coincide with the effective strain of the host material. Due to the shear deformation
absorbed from protective coating and adhesive layers, the optical fiber strain measured is different from that of the host
materials. This phenomenon is one of the principal disadvantages of surface strain sensors and, hence, also OFSs. Many
factors that influence strain transfer have been identified in the literature. The reliability of an OFS in measuring structural
strain particularly depends on its bonding characteristics, which include (i) bonding length, (ii) bonding transversal width,
(iii) size of the lower and upper layer of the adhesive with respect to the fiber position, (iv) the glue's mechanical proper-
ties, (v) coating's mechanical properties, and (vi) the mechanical properties of the host material. Many researchers have
studied strain transmission loss by analytical models, numerical simulations, and experimental tests.

The following subsections describe the main research and findings on the principal parameters that influence strain
transfer efficiency in bonded OFSs.

3.1 | Bonding length analysis

Several analytical models have demonstrated that strain transmission varies as a function of the bonding length. Her and
Tsai studied bonded fiber optic sensors and developed three research approaches under the hypotheses of linear elasticity
and perfect bonding.44 First, an analytical formula was proposed, and a numerical study was carried out together with
experimental tests. These three methods agreed that the greater the bonding length is, the better the strain transmission
efficiency is. Based on a similar hypothesis, Wan et al. built an analytical model41 and validated it by applying the
extended Fourier amplitude sensitivity test.45 Her and Huang also confirmed the influence of bonding length through
analytical FEAs,39,46 while Wan et al. made an in-depth study of the influence of the coating on bonding length.41

3.2 | Layers' thickness analyses

The thickness of the adhesive is another influential parameter in strain monitoring analysis. Wan et al. analyzed different
upper thickness and proved that the bonding efficiency is insensitive to this parameter.41 For coated fibers, the strain transfer
efficiency gradually declines with increasing upper thickness but so slowly that it does not have a major effect on the strain
transfer in practice.41 On the other hand, Torres et al. developed a 3D finite element (FE) model considering an optical fiber
covered with resin packaging and positioned it on a layer of adhesive to investigate the influence of the lower adhesive thick-
ness.47 This study revealed an inverse mathematical relationship between lower adhesive thickness and the percent of strain
transferred. The research of Li et al. later confirmed this assumption.48 Not only bonding length determines the improve-
ment of strain transfer, but this latter also notably increases as the thickness of the adhesive layer is reduced.42

3.3 | Width's analysis

For an exhaustive review of the geometrical parameters of an OFS's attachment, the width of the bonding should be
included. Wan et al.41 analyzed the influence of width and concluded that bonding efficiency is insensitive to width, as
it was the case for coated fibers and bare fibers. Li et al.48 confirmed this conclusion and did not find a strong relation-
ship between strain transfer efficiency and width.

3.4 | Stiffness of materials' analyses

Other parameters that influence FBG bonding's effectiveness are the mechanical characteristics of the adhesive, coat-
ing, and host material. One of the first studies that correlated the stiffness of the components and the strain transfer loss
was carried out by Torres et al.,47 who found that sensor efficiency varied with Poisson's ratio.
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The influence of the mechanical characteristics of the adhesive was studied from a theoretical point of view by Li
et al.,42 Pak,49 and Her and Tsai,44 who also analyzed the effectiveness of fiber optic sensor bonding as a function of
adhesive stiffness and defined an analytical formula to predict the phenomenon. These studies showed that strain trans-
fer increases with an increasing adhesive elastic modulus. Li et al. found that the average strain transfer rate (efficiency
of the sensor bonding) improves with increasing elasticity's modulus of the adhesive layer.42 Other authors48 thus
proposed to replace organic with metal adhesives to optimize FBG performance, although this solution involves a series
of operational difficulties.

3.5 | Limitations of previous analyses

Several authors have studied various parameters related to strain transfer losses in FBGs and identified the mathemati-
cal relations between some of these parameters and the strain transfer efficiency. Various analytical models have also
been developed to try to predict the influence of some combinations of these parameters.

However, there is still a need for a simultaneous analysis of all the parameters with a comprehensive 3D FEA. In
addition, guidelines and exhaustive best practices for a correct bonding of OFSs would be extremely useful to minimize
the problems associated with strain transfer losses in future OFS applications.

The present study aspires to provide the most comprehensive analysis of strain transfer in surface-bonded FBGs,
taking into account all the parameters at once. Hence, Table 1 emphasize the completeness of the proposed work in
comparison with the previous studies that only investigated single aspects of the phenomenon by means of different
approaches.

4 | FINITE ELEMENT ANALYSIS

With the aim of achieving a complete understanding of the parameters that influence surface-bonded OFSs' efficiency
in sensing strain, a series of FEAs of bonding was undertaken by using SIMULIA ABAQUS software.52

4.1 | FE models geometry

Each model was composed of several parts: (i) the support representing the portion of the structure to which the sensor
is bonded; (ii) the glue that bonds sensor and support; (iii) the optical fiber, including core and cladding; and (iv) in
some cases the coating, a protective layer surrounding the fiber. The upper surface of the glue is shaped in a truncated
elliptical cylinder to mimic the natural shape taken by liquid glue due to surface tension. Taking advantage of the plane
of symmetry, the models are cut in the middle longitudinally to reduce computation time and complexity.

Figure 2 illustrates the geometry of the model and defines the geometrical parameters taken into account in the
analyses:

• t: upper thickness of adhesive,
• T: lower thickness of adhesive,
• W: width of bonding, and
• L: length of bonding.

The materials considered were assumed to be solid and homogeneous and have perfectly elastic behavior. In each
simulation, a displacement along the longitudinal direction was imposed at one end of the support, while the other end
was constrained, so that a uniaxial tensile deformation equal to 1% was induced in the structural element. The different
parts of the model were held together by tie constraints, whereby the longitudinal tensile deformation propagated from
the support to the optical fiber. Finally, the measurable strain was considered as the longitudinal deformation of the
fiber, since it behaved as an intrinsic strain sensor.

Before meshing the designed geometry, the edges of the fiber were seeded by prescribing the elements' size in order
to guarantee the correct mesh transition, despite the small fiber diameter. The mesh was automatically generated by
the ABAQUS mesh algorithm using three-dimensional triangular prism elements. The six-node wedge element, C3D6,
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was selected as the most suitable to ensure the efficient match of the model with the complex curved geometry of the
problem and limit computational complexity. The mesh adopted is shown in Figure 3.

The purpose of the FEAs was to study the efficiency of different bonding configurations calculated as a percentage
of the longitudinal strain of the optical fiber compared with the strain imposed on the support, using the following
equation:

Δ¼ εf –ð Þ
εs –ð Þ �100 %ð Þ, ð2Þ

where Δ is the efficiency and εf and εs are, respectively, the average values of longitudinal strain of the fiber along the
sensing length, considered at the center of the bonding length and equal to 5.0 mm, and the longitudinal strain of
the support.

4.2 | FEA inputs

One hundred seventeen FEAs were carried out to identify the parameters that influence efficiency and determine their
effects on the strain transfer.

4.2.1 | Effects of bonding geometry

As several studies have shown the remarkable influence of the bonding geometry on strain transfer
efficiency,39,41,42,47,48,50,51 an extensive investigation was thus focused on this aspect.

Table 2 illustrates the mechanical characteristics of the material used as FEA inputs. The optical fiber had the stan-
dard diameter of 125 μm and was made of silica. The coating outer diameter was 250 μm (the inner diameter was not

FIGURE 2 Geometrical parameters of the bonding

FIGURE 3 (a) Transversal view of model mesh and (b) overall view of model mesh
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defined since equal to fiber diameter). The support was made of steel, one of the most common materials in civil and
mechanical engineering applications.

One hundred seventeen different FE models were developed by varying the bonding geometry. Sixty-nine FE
models studied the influence of L, T, t, and W on the efficiency of bare fiber bonding, combining the
geometrical parameters listed in Table 3. Forty-eight FE models were designed by combining the parameters listed
in Table 4 to study bonding efficiency in strain transfer of coated OFSs. In this last case, the width of the
bonding was ignored to reduce computation time, since its influence on the phenomenon was proved to be
insignificant.

4.2.2 | Effects of materials stiffness

Another interesting aspect that influences strain transfer efficiency between support and optical sensor is the difference
between the stiffness of the structural element to which the sensor is bonded and the stiffness of the coating and adhe-
sive, which transmit the strain to the optical fiber. A series of FE models were developed taking into consideration sup-
ports with different Young's modulus, as listed in Table 5.

TABLE 2 Geometrical and

mechanical parameters of the FE

models

Geometrical and mechanical
parameters Values Units

Fiber diameter 125 μm

Coating outer diameter 250 μm

Support Young's modulus 210 GPa

Support Poisson's ratio 0.3 /

Adhesive Young's modulus 2.5 GPa

Adhesive Poisson's ratio 0.3 /

Fiber Young's modulus 70.0 GPa

Fiber Poisson's ratio 0.22 /

TABLE 3 Geometrical parameters

selected to evaluate the efficiency of

bare optical fiber sensors

L (mm) T (μm) t (μm) W (mm)

5 100 0 1

10 200 100 2

20 300 150 5

60 400 200

500

800

1000

TABLE 4 Geometrical parameters

selected to evaluate the efficiency of

coated optical fiber sensors

L (mm) T (μm) t (μm)

5 100 0

10 200 100

20 300 150

60 400 200

500

800

1000
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4.3 | Results

This subsection analyzes the results of the FEAs (reported in full in Appendices A–D). In order to make the research
outcomes more fruitful and user-friendly and determine the mathematical relationships between the considered vari-
ables, a sequence of models was calibrated by fitting the obtained data with three-variable curves using the Curve
Fitting MATLAB® Toolbox™.53 The model equations can be used to predict the achievable performance of different
bonding configurations. In the following subsections, the different three-variable curves obtained are presented and
discussed.

4.3.1 | Effects of bonding geometry

Figure 4 shows the relationship between efficiency and lower adhesive thickness and bonding width when the bonding
length is 20 mm and the upper adhesive thickness 150 μm. The lower adhesive thickness has a remarkable inverse
effect on bonding efficiency. As the bonding width seems to only slightly influence it, as shown by previous
research,41,48 it was neglected in the following analysis.

Figure 5 illustrates the relationship between efficiency and lower and upper adhesive thickness, when the bonding
width and length are 2 and 60 mm, respectively. It should be noted that both these parameters linearly and inversely
influence the strain transfer. T has a considerably greater effect, as can be seen by the slope of the curve. This outcome
is in agreement with previous studies in which the lower adhesive thickness was recognized as playing one of the lead-
ing roles in the phenomenon.41,42,47–50

The comparison of bonding performance, lower adhesive thickness, and bonding length for a bare and coated OFS
is shown in Figure 6, in which the upper adhesive thickness is 100 μm and the bonding width 2 mm.

The bonding length and the lower adhesive thickness were found to be the most significant variables, in agreement
with previous studies.41,42,44–48 While the relationship between lower adhesive thickness and bonding efficiency was
once again inversely proportional, bonding length directly affected the efficiency. The comparison of the results of the
analyses with bare fiber and coated fiber shows that the coating has a negative effect on strain transfer efficiency.

TABLE 5 Input parameters for

materials stiffness analyses
Materials stiffness

T = 400 μm; t = 150 μm; L = 30 mm

Coating (GPa) Adhesive (GPa) Support (GPa)

3.0 2.5 16 20 30 45 73 100 210

FIGURE 4 Curve fitting—relationship between strain transfer efficiency and lower adhesive thickness and bonding width
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4.3.2 | Effects of materials stiffness

Figure 7 shows the relationship between material stiffness and bonding efficiency when T = 400 μm, t = 150 μm;
L = 60 mm and W = 2 mm. The performance of the bonding strongly depends on the stiffness of the host material,
with a power–function relationship. To better understand the results of the FEAs, the Young's modulus ratio, r, was
obtained from the following equation:

r¼ Esupport

min Eadhesive;Ecoating
� � –½ �, ð3Þ

where Esupport, Eadhesive, and Ecoating are, respectively, the modulus of elasticity of support, adhesive, and coating.
The best performance was obtained when the Young's modulus of the support was about 10 times higher than

the minimum between the ones of coating and adhesive, while the strain transfer efficiency rapidly decreases and
becomes unsatisfactory when r is below 2. These aspects become critical when OFSs are bonded to soft materials,
such as plastic.

4.4 | Guidelines for choosing optimal bonding

This section summarizes the results of the FEAs and provides practical guidelines for the manufacture of efficient opti-
cal fiber bonding. Figure 7 shows the values considered in this research work for the geometrical and mechanical
parameters of the bonding and the corresponding performance expressed according to a qualitative scale: good (green),
satisfactory (yellow), and poor (red) performance. Sometimes, it may be difficult to manually produce bonding with
some of the values of the geometric parameters considered here. To stress this potential drawback, the geometric
parameters with possible operational difficulties are highlighted in gray in the guidelines (Figure 8). To provide an
example, even if bonding length positively affects strain transfer performance, the bonding heterogeneity can increase
with length. A similar drawback and operational difficulty can occur for very thin layer of adhesive. It is worth men-
tioning that a gradient of strain in the area where the FBG is located can produce a peak splitting in the FBG reflection
spectrum, significantly reducing the accuracy in strain sensing. Therefore, when the state of strain the host structure is
not uniform, it is opportune to increase the bonding length in order to reduce the gradient of strain along the FBG
length.

FIGURE 5 Curve fitting—relationship between strain transfer efficiency and lower and upper adhesive thickness
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5 | VALIDATION TEST

The experimental phase consisted of the pure tension test of a specimen plate made of steel (host material) on which
three FBGs were bonded with a bicomponent epoxy adhesive. This was designed to verify that the 3D FEAs effectively
simulate actual sensor behavior and strain transmission mechanism and to confirm the importance of the main param-
eters identified (bonding length and bonding lower thickness). For this purpose, three different bondings, with different
geometric features, were produced and tested in the ICITECH laboratory of the Universitat Politècnica de València
(UPV). The optical sensor production, the experimental setup, and the results are reported below.

5.1 | Experiment setup

The validation test was carried out at the UPV's ICITECH. The experimental setup consisted of (i) the specimen, (ii) the
tensile test apparatus, (iii) three FBGs, and (iv) the fiber optic interrogator.

FIGURE 6 Curve fitting—relationship between strain transfer performance and lower adhesive thickness and the bonding length for

(a) bare optical fiber sensors and (b) coated optical fiber sensor
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5.1.1 | Specimen

The specimen was a 360 mm � 40 mm � 10 mm plate. The material was steel 235 (yield strength 0.235 GPa and
Young's modulus 210 GPa).

The adhesive was bicomponent epoxy “Araldite,” a cold reaction thermosetting polymer. The two components were
a base resin (component A) and a hardener (component B), which give rise to a glossy vitrified layer when mixed.
Curing time was about 24 h, Young's modulus 3.1 GPa, and the Poisson's ratio 0.3. Such adhesive was selected because
its Young's modulus was on the center of the range of values reported in the previous studies.39,41,44,46,48

Three different bonding configurations were made to verify the effectiveness of the ABAQUS 3D FEAs, obtained by
varying bonding length (L) and bonding lower thickness (T). The sensors were glued as close as possible in order to be
subjected to a uniform deformation. As the L and T parameters had the greatest effect on bonding effectiveness in the
FEM, these parameters were chosen to vary the bonding characteristics in the experimental phase. Table 6 and Figure 9
show the specimen's geometrical and mechanical parameters.

5.1.2 | Tensile test apparatus

A hydraulic tensile test apparatus was used to produce a state of tensile strain (Figure 10). The machine stretched
the specimen in a controlled uniaxial tension strain by means of pistons and grips, while the applied load was
obtained by the internal oil pressure. The applied deformation ranged between the deformation corresponding to
10% and 70% of the specimen's yield strength. This was chosen to guarantee the element's mechanical elastic
behavior.

FIGURE 7 Bonding efficiency related to support stiffness

FIGURE 8 Guidelines for the correct bonding manufacturing

12 of 23 FLORIS ET AL.



TABLE 6 Geometrical and mechanical parameters of the specimen

Sensor FBG1 Sensor FBG2 Sensor FBG3

Length (L)
(mm)

Lower thickness (T)
(μm)

Length (L)
(mm)

Lower thickness (T)
(μm)

Length (L)
(mm)

Lower thickness (T)
(μm)

20 500 20 1000 5 500

Mechanical parameters Values Units

Host material—Young's modulus 210 GPa

Host material—Poisson's ratio 0.30 /

Adhesive—Young's modulus 3.1 GPa

Adhesive—Poisson's ratio 0.30 /

Fiber—Young's modulus 70 GPa

Fiber—Poisson's ratio 0.22 /

FIGURE 9 Specimen preparation and three bonding configurations of the FBG sensors

FIGURE 10 Experimental setup
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5.1.3 | Fiber optic sensors

The fiber optic sensors were fabricated in the Institute of Telecommunications and Multimedia Applications (iTEAM)
of the UPV by inscribing three FBGs in a commercial single-mode optical fiber (mode field diameter of 6.4 μm and a
numerical aperture of 0.2). The optical fiber was first hydrogen loaded for 2 weeks at ambient temperature and at
20 bars pressure to enhance its photosensitivity. Then, the phase-mask method was employed to write three 5.0-mm-
long gratings by using a 244-nm CW frequency-doubled argon-ion laser with 60-mW output power.

The interrogator used to read the FBGs was a Static Optical Sensing Interrogator—Model sm125 (Micron Optics).
Data were read and stored by a portable control unit with Micron Optics ENLIGHT Software. A fusion splicer was used
to splice the sensors to optical fiber connectors in order to interrogate them (Figure 11). This device first aligns the two
fiber segments and welds the ends by means of an electric arc while automatically controlling the junction efficiency.
The goal was to join both parts so that the light passed through them without dispersion or reflection. The transmission
light loss through this procedure was approximately 0.1 dB for all three FBG.

5.2 | Experiment setup

The tensile test was carried out by applying a loading–unloading cycle. The maximum load was calculated to keep the
host material in the elastic field (60 kN). Starting from zero, a load cycle of 12 load increments (5 kN each) was imposed
at intervals of approximately 60 s (total test time was 1434 s).

The wavelength FBG peak shifts, which varied in proportion to fiber stretching, were continuously detected with a
frequency data acquisition of 1 Hz on the ENLIGHT software. It was therefore possible to calculate the strain value by
determining the relation between wavelength shift and strain, known as the gage factor. Figure 12 shows the spectra of
the reflective wavelength of the three FBGs at the start of the experiment. It is worth noting that the spectrum of FBG3
(third case in Figure 12) is distorted due to a loose or dirty connector or due to the reflection generated at fiber end.
However, this phenomenon has been neglected, since it does not affect the peak tracking.

The strain values of the host material were analytically deduced from the load applied and its mechanical and
geometrical characteristics. Figure 13 shows the strain measurement variation over time.

As the FEAs, the validation test provided useful information on the experimental efficiency of the FBG sensors (Δ).
This can be evaluated as a percentage of the longitudinal strain of optical fiber along the sensing length (5.0 mm) com-
pared with the strain induced in the support using 2 to immediately extract qualitative considerations. The FBG1 had
the greatest efficiency with respect to strain transfer losses (FBG2 and FBG3 were second and third). The FBG1 strain

FIGURE 11 Fiber fusion splicer

FIGURE 12 Spectra of reflective wavelength the three FBGs at the instant 0 of experiment
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curve in Figure 12 is the most similar to that of the host material. The experiment confirmed (in agreement with the
literature41 and as shown by the 3D FEAs) that bonding efficiency decreases as lower adhesive thickness increases.
Bonding length was also confirmed to be a fundamental parameter in reducing efficiency.

Second, the obtained efficiency values can be compared with the efficiency determined by the 3D FEM. In particu-
lar, the behavior of FBG1, FBG2, and FBG3 can be compared with that of the FE models by considering the same
geometrical configuration and mechanical properties of bonding, fiber, and host material simulated on ABAQUS.

Table 7 shows the values of efficiency ΔFBG1, ΔFBG2, and ΔFBG1 obtained in the validation test and in the ABAQUS
3D FEAs.

The comparison shows that the experimental test perfectly reflected the ranking and trend of the FEAs outcomes.
In fact, as illustrated in Table 7, the outcomes of the numerical models are very similar to those obtained in the experi-
mental test, with an average error of 7%. This demonstrates that, for the three FBG configurations, the ABAQUS model
reproduces the phenomenon with good approximation. The authors suppose that the inevitable fiber curving and
imperfect adhesive geometry (related to manual glue application) may be the cause of the lower experimental efficiency
in comparison with that evaluated on ABAQUS.

6 | CONCLUSIONS

This paper described a numerical and experimental study carried out to investigate the performance of surface bonding
of OFSs considering for the first time all the parameters influencing the phenomenon. Recent research on optical fiber
bonding was first reviewed, and the significant parameters were identified. An extensive number of FEAs were then
performed, considering 117 different FE models, to identify the role in the strain transfer mechanism of the geometrical
characteristic of the bonding: bonding length, bonding width, lower thickness adhesive and upper adhesive thickness,
and the mechanical properties of the host materials. An experimental study was designed to corroborate the outcomes
of the analyses, and the performance of different bonding configurations was assessed by means of quasi-static tensile
tests. The research involved a combination of synergistically related techniques and interdisciplinary skills, bonding
computational simulation, experimental tests, sensor manufacturing, and data analysis.

It was found that lower adhesive thickness and bonding length are the parameters that most influence bonding per-
formance. The first one influences the bonding performance according to an inversely proportional relationship,
whereas the second one with nonlinear proportional relationship. The third parameter that plays an important role in
the phenomenon is the ratio between the Young's modulus of the support and those of the coating and the adhesive.
The difference between the stiffness of support and that of the other components affects the strain transfer performance
with power law, while the contribution of bonding width and upper adhesive thickness were shown to be, respectively,
irrelevant and almost negligible. It is worth mentioning that the coating proved to have a negative effect on strain

FIGURE 13 Chart of strain measurements (host material and

FBG sensors)

TABLE 7 Comparison of

experimental efficiency obtained in the

validation test and the ones resulting

from the ABAQUS 3D FEAs

Configurations ΔFBG1 ΔFBG2 ΔFBG3

Validation test 81.281 68.496 50.545

FEM 3D ABAQUS 85.875 79.141 52.887
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transfer efficiency. The mathematical relationships between the considered parameters and the strain transfer perfor-
mance were determined by three-variable functions, fitting the FEA outcomes. The equations of these curves can be
used as predictive models to determine the achievable performance of different bonding configurations.

To conclude, some practical guidelines for the correct manufacturing of surface bonding of OFSs were given based
on the results of the study. These powerful instruments can help both the research community and industry to improve
the performance of surface-bonded optical fiber strain sensors and, hence, enhance the performance of SHM systems.

Thanks to the extensive FEAs, which allowed a comprehensive investigation of the role played by all the significant
parameters, this research overcomes the limits of previous analyses and, synthesizing the outcomes, provides a practical
guide for efficient use of surface-bonded optical fiber strain sensors. It also highlights several issues resulting from the
manual production of surface bonding.

Future research will focus on a deep investigation on the influence of the adhesive on the performance of optical
fiber strain sensors, considering different typologies, such as monocomponent and bicomponent with diverse curing
times and mechanical characteristics, and taking into account both the efficiency and the simplicity of application.
Moreover, the most suitable type of adhesive and an automated production of OFS bonding with high-precision numer-
ically controlled devices will be used to improve the sensors' performances.
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APPENDIX A: RESULTS OF THE FEAs—EFFECTS OF LOWER ADHESIVE THICKNESS AND BONDING
WIDTH ON THE STRAIN TRANSFER EFFICIENCY OF A BARE OPTICAL FIBER SENSOR

Sensor efficiency—effects of bonding width and lower adhesive thickness

Esupport = 210 GPa; Eadhesive = 2.5 GPa; t = 150 μm; L = 20 mm

Analysis No. (–) T (μm) W (mm) Δ (%)

1 100.00 1.00 95.11

2 200.00 1.00 93.30

3 300.00 1.00 91.14

4 400.00 1.00 89.48

5 500.00 1.00 87.50

6 800.00 1.00 81.06

7 1000.00 1.00 75.92

8 100.00 2.00 95.02

9 200.00 2.00 93.19

10 300.00 2.00 91.21

11 400.00 2.00 89.60

12 500.00 2.00 87.69

13 800.00 2.00 81.20

14 1000.00 2.00 76.18

15 100.00 5.00 94.94

16 200.00 5.00 93.05

17 300.00 5.00 90.89

18 400.00 5.00 89.34

19 500.00 5.00 87.39

20 800.00 5.00 80.84

21 1000.00 5.00 75.63
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APPENDIX B: RESULTS OF THE FEAs—EFFECTS OF THE ADHESIVE THICKNESS AND BONDING
LENGTH ON THE STRAIN TRANSFER EFFICIENCY OF A BARE OPTICAL FIBER SENSOR

Sensor efficiency—bare optical fiber sensor

Esupport = 210 GPa; Eadhesive = 2.5 GPa; W = 2 mm

Analysis No. (–) L (mm) T (μm) t (μm) Δ (%)

1 5 100.00 0.00 81.42

2 5 100.00 100.00 79.19

3 5 100.00 200.00 77.56

4 5 250.00 0.00 71.80

5 5 250.00 100.00 69.49

6 5 250.00 200.00 67.40

7 5 500.00 0.00 57.36

8 5 500.00 100.00 54.44

9 5 500.00 200.00 52.13

10 5 1000.00 0.00 29.02

11 5 1000.00 100.00 27.34

12 5 1000.00 200.00 25.84

13 10 100.00 0.00 90.13

14 10 100.00 100.00 89.24

15 10 100.00 200.00 88.35

16 10 250.00 0.00 85.40

17 10 250.00 100.00 84.11

18 10 250.00 200.00 82.85

19 10 500.00 0.00 77.51

20 10 500.00 100.00 75.62

21 10 500.00 200.00 74.04

22 10 1000.00 0.00 58.43

23 10 1000.00 100.00 56.58

24 10 1000.00 200.00 54.65

25 20 100.00 0.00 94.98

26 20 100.00 100.00 94.52

27 20 100.00 200.00 94.06

28 20 250.00 0.00 92.56

29 20 250.00 100.00 91.88

30 20 250.00 200.00 91.24

31 20 500.00 0.00 88.43

32 20 500.00 100.00 87.37

33 20 500.00 200.00 86.41

34 20 1000.00 0.00 77.45

35 20 1000.00 100.00 76.17

36 20 1000.00 200.00 74.76

37 60 100.00 0.00 98.28
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APPENDIX C: RESULTS OF THE FEAs—EFFECTS OF THE ADHESIVE THICKNESS AND BONDING
LENGTH ON THE STRAIN TRANSFER EFFICIENCY OF A COATED OPTICAL FIBER SENSOR

Sensor efficiency—coated optical fiber sensor

Esupport = 210 GPa; Ecoating = 3.0 GPa; Eadhesive = 2.5 GPa; W = 2 mm

Analysis No. (–) L (mm) T (μm) t (μm) Δ (%)

1 5 100.00 0.00 53.75

2 5 100.00 100.00 52.02

3 5 100.00 200.00 51.28

4 5 250.00 0.00 49.20

5 5 250.00 100.00 46.93

6 5 250.00 200.00 45.23

7 5 500.00 0.00 39.80

8 5 500.00 100.00 37.33

9 5 500.00 200.00 35.49

10 5 1000.00 0.00 19.97

11 5 1000.00 100.00 19.13

12 5 1000.00 200.00 17.62

13 10 100.00 0.00 75.87

14 10 100.00 100.00 74.84

15 10 100.00 200.00 73.96

16 10 250.00 0.00 73.24

17 10 250.00 100.00 71.78

18 10 250.00 200.00 70.61

(Continues)

Sensor efficiency—bare optical fiber sensor

Esupport = 210 GPa; Eadhesive = 2.5 GPa; W = 2 mm

Analysis No. (–) L (mm) T (μm) t (μm) Δ (%)

38 60 100.00 100.00 98.15

39 60 100.00 200.00 97.99

40 60 250.00 0.00 97.49

41 60 250.00 100.00 97.25

42 60 250.00 200.00 97.03

43 60 500.00 0.00 95.99

44 60 500.00 100.00 95.69

45 60 500.00 200.00 95.36

46 60 1000.00 0.00 92.04

47 60 1000.00 100.00 91.52

48 60 1000.00 200.00 90.92
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Sensor efficiency—coated optical fiber sensor

Esupport = 210 GPa; Ecoating = 3.0 GPa; Eadhesive = 2.5 GPa; W = 2 mm

Analysis No. (–) L (mm) T (μm) t (μm) Δ (%)

19 10 500.00 0.00 67.30

20 10 500.00 100.00 65.39

21 10 500.00 200.00 63.82

22 10 1000.00 0.00 50.92

23 10 1000.00 100.00 49.15

24 10 1000.00 200.00 47.30

25 20 100.00 0.00 87.71

26 20 100.00 100.00 87.15

27 20 100.00 200.00 86.66

28 20 250.00 0.00 86.31

29 20 250.00 100.00 85.50

30 20 250.00 200.00 84.83

31 20 500.00 0.00 83.03

32 20 500.00 100.00 81.89

33 20 500.00 200.00 80.91

34 20 1000.00 0.00 72.85

35 20 1000.00 100.00 71.51

36 20 1000.00 200.00 70.03

37 60 100.00 0.00 95.85

38 60 100.00 100.00 95.65

39 60 100.00 200.00 95.48

40 60 250.00 0.00 95.37

41 60 250.00 100.00 95.07

42 60 250.00 200.00 94.83

43 60 500.00 0.00 94.20

44 60 500.00 100.00 93.77

45 60 500.00 200.00 93.40

46 60 1000.00 0.00 90.28

47 60 1000.00 100.00 89.70

48 60 1000.00 200.00 89.04
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APPENDIX D: RESULTS OF THE FEAs—INFLUENCE OF THE MATERIALS STIFFNESS ON THE STRAIN
TRANSFER EFFICIENCY OF AN OPTICAL FIBER SENSOR

Sensor efficiency—effects of materials stiffness

T = 400 μm; t = 150 μm; L = 60 mm

Analysis No. (–) Esupport (GPa) Ecoating (GPa) Eadhesive (GPa) Δ (%)

1 16.00 3.00 2.50 85.64

2 20.00 3.00 2.50 87.19

3 30.00 3.00 2.50 89.57

4 45.00 3.00 2.50 91.33

5 73.00 3.00 2.50 93.09

6 100.00 3.00 2.50 93.71

7 210.00 3.00 2.50 95.10
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