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J ABSTRACT Fiber-reinforced plastic (FRP) composites are utilized extensively in various high-end indus-
tries. Therefore, developing a proper sensing and monitoring system is crucial to monitor the production and
post-production in-service structural behaviors of composite materials. This paper provides a comprehensive
literature review focusing on Fiber Bragg Grating (FBG) as a multiparameter sensor in FRP composite
materials. The review is mainly divided into two main themes, namely, embedded FBGs and surface-attached
FBGs, followed by further sub-themes according to the application of the FBGs. Contemporary issues
regarding FBGs as sensors in composite materials are also discussed. Subsequently, a comparative analysis
between the embedded and surface-attached techniques from various perspectives is presented before further
recommendation for the ideal embedding conditions and techniques is provided. This review is summarized
with a projected view on the future of FBGs as a sensor, generally, and in composite laminates, specifically.

J INDEX TERMS Fiber Bragg grating, FBG, multiparameter, sensor, composite.

I. INTRODUCTION

Fiber-reinforced composite materials, or commonly referred
to as Fiber-Reinforced Plastics (FRPs) is a classification of
engineering materials widely utilized in both domestic and
specialized industrial applications; from water storage tanks
in buildings, bicycle frames, golf clubs and rackets; all the
way to hulls for fishing boats, and aircraft fuselages. As such,
50% of Boeing 737 aircraft components consist of composite
materials, while Airbus increased its demand for carbon com-
posite components by roughly 20,000 tons in 2020 [1], [2].
In view of this, it is not surprising that composite materials
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are expected to reach a global market share of approximately
USD 113.2 billion by 2022 [1].

The continuously rising demand for FRP composites is
perhaps owed to their significantly improved properties than
their predecessor constituting materials, such as a high
strength-to-weight ratio, lightweight, chemically inert, low
thermal expansion, and good abrasion resistance [3], [4],
[5], [6]. Despite this, they are still vulnerable to defects and
damage, such as broken fiber, debonding, delamination, and
crack initiation, which can manifest during the fabrication
stage or gradually over time while in service. Moreover,
these defects are almost impossible to detect visually and can
often develop into more complex ones, causing catastrophic
structural integrity failures [1]. Considering the increasing
industrial demand for composite materials, these defect issues
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necessitate the development of a reliable, highly-accurate,
and portable damage detection system that allows in-situ
monitoring. Based on these criteria, optical fibers are a
viable candidate to be used as sensor systems in composite
materials.

Basically, optical fibers are comprised of concentric-
layered fiber cores and cladding of different refractive
indices, enabling total internal reflection that guides the light
wave propagating along the fiber [7], [8]. Typical Opti-
cal Fiber Sensor (OFS) systems often utilize single-mode
fibers, with germanium oxide-doped silica as their core
(approximately 8 “m in diameter) and pure-silica cladding
(125 “m in diameter). Fiber optic sensing exploits the fact
that external perturbations, such as fluctuation in strain,
temperature, or pressure in the external vicinity of the opti-
cal fiber, impart change in phase, intensity, or wavelength
of the light traveling through the fiber. These changes in
light patterns and transmitted signals can be deciphered with
a measuring device connected to these optical fibers and
represent them as numerical values of measured external
parameters, such as strain, temperature, pressure, vibration,
and impact [9]. Furthermore, OFS offers numerous technical
benefits, such as invulnerability to corrosion, electromagnetic
and radio frequency interference, able to be easily embedded
in structures, requires no constant recalibration, extensive ser-
vice lifetime, and a higher safety rating due to OFS possesses
no possibility to discharge high voltage or explode [7].

One type of OFS that has garnered considerable attention
in the past decade is Fiber Bragg Grating (FBG) sensor.
FBG is essentially a single-mode optical fiber with periodic
modulation of refractive index on its core that reflects spe-
cific wavelengths of light when passing through it [9]. FBG
can be configured as a competent sensing tool for varying
degrees of spatial scope, from a very localized measurement
(or point sensing) to broad spatial coverage with multipoint
sensing (or quasi-distributed sensing). As such, it is no sur-
prise that FBG has been widely utilized in sensing systems
across numerous industrial applications over the past several
decades, specifically as Structural Health Monitoring (SHM)
in civil [10], [11], mechanical [12], [13], aerospace [14], [15],
and electrical engineering fields [16], [17]. In this regard,
FBG has also been extensively used as a sensing system
in composite materials, particularly FRPs. Thus, the present
in-depth review is intended to assess the significant works
involving the application of FBG as a sensor in FRPs.

In the past, several research groups have published com-
prehensive reviews regarding FBG in composite materials.
For instance, Qiuetal. [18] reviewed SHM for compos-
ites using FBG, while Lau [19] covered a more specific
topic of SHM for in-composite embedded FBGs. Simi-
larly, Kinet et al. [7] discussed the issues and challenges of
SHM in composite structures using FBG. Apart from that,
Kahandawa et al. [14] reviewed past research that utilized
FBG for SHM in aerospace applications. Luyckx et al. [20]
also elaborated on strain measurement for composite lami-
nates using embedded FBGs and their limitations. Besides,
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Takeda and Okabe [21] reviewed the feasibility of FBG
as sensors in aeronautics and astronautics applications, and
Tosi et al. [22] reviewed several simple and low-cost SHM
systems using FBG. Leal-Junior and Marques [23] recently
reviewed diaphragm-embedded optical fiber sensors, pro-
vides different insights of the fundamental aspects such
as approach, materials, fabrication and sensor responses.
Marques et al. [24] further discussed the possible integration
of optical fiber sensing technology into aircraft monitoring
systems, which include airframe monitoring, flight envi-
ronment sensing, aircraft navigation, and pilot vital health
monitoring. However, to the best of the authors’ knowl-
edge, no work has attempted to review the different FBG
sensor deployment techniques on FRP composite laminates
and discussed how these techniques might affect the sensing
capabilities of the FBG or the mechanical properties of the
host composites.

The rest of this paper is organized as follows: Section Il
presents the history and current development of FBG in var-
ious industrial applications. Section Il presents the working
principles of FBG as strain and temperature sensors. All
the reported works are classified into two major methods
of deployment, specifically embedded and surface mounted
methods. Section IV provides a comprehensive review of
works utilizing embedded FBG sensors in composite materi-
als based on their main theme applications: characterization
of the polymer curing process; assessment of the interlam-
inar mechanical and thermal properties; and damage detec-
tion and localization. Section V reports the related works
of surface mounted FBG on composite laminate surfaces,
which are utilized for detection and localization of damage
in FRP composites and characterization of mechanical and
thermal conditions. Section VI describes the important work
involved with the characterization of composite FBG sensor
performance. Section VIII offers recommendations for FBG
embedding conditions and techniques to ensure successful
measurement. Section IX discusses the practical issues and
challenges of the FBG sensor implementation in FRP com-
posite. Section X discusses the future prospects of FBG
sensors that are worth further exploration.

Il. HISTORY AND CURRENT DEVELOPMENT OF FBG

The pioneering work on the successful inscription of
Bragg gratings on optical fibers was published by
Hill et al. in 1978 [25], which was achieved by exposing
the photosensitive core of a single-mode fiber to intense
oppositely-propagating laser beams. Interestingly, the authors
at the time proposed a possible application of these grated
fiber optics as synthesized filters for lightwave communica-
tion systems. This was considered the first major milestone
in establishing FBG in the sensing system. Following this,
Lam and Garside investigated the factors affecting the grat-
ing parameters of FBG in 1981 [26] and were the first to
report the fiber as highly responsive towards perturbation
in terms of temperature change. Almost a decade later,
in 1989, Meltz et al. [27] demonstrated a novel and more
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practical technique of Bragg grating inscription via the side
of the fiber cladding. The same research group was also
the first to report using FBG as a temperature and strain
sensor and predicted the possibility of FBG detecting vari-
ous other parameters [28]. One can observe the continuous
efforts made by the research community in the subsequent
decade to properly investigate and characterize FBG, primar-
ily focusing on improving its reliability and feasibility as a
sensor [29], [30], [31].

The booming interest in FBG led to many research works
utilizing optic fibers as sensors in various high-end industrial
applications, including medical, oil and gas, infrastructure,
aerospace, automotive, and maritime, as well as manufac-
turing and monitoring of advanced materials, as presented
in Table 1. FRPs also became the subject of FBG sens-
ing, mainly due to the small dimension of FBG fibers
(125-250 microns) [32], allowing them to be embedded
within the FRP for enhanced sensing accuracy. FBG embed-
ment also gave birth to ‘smart composites,” enabling in-situ
SHM of numerous high-end composite structures. Until
recently, conventional methods used to characterize compos-
ite structures include utilizing a strain gauge, extensometer,
and thermocouple. However, multiparameter characterization
could not be carried out simultaneously. As the technology
progressed, strain and temperature could finally be carried
out concurrently, but the machineries and equipment were
enormous with limited mobility. Hence, integrating FBG
sensors in FRP composite laminates allows in-situ multi-
parameter sensing without the constraint of space or place,
which broadens the array of applications of FBG. Addition-
ally, the proposed integration enables a more non-complex
non-destructive test (NDT) and SHM of large composite-
based structures, such as aircraft fuselage and wings, wind
turbine blades, and offshore oil rig structures.

I1l. WORKING CONCEPT OF FBG
By exposing a core of single-mode optical fiber to an
intense interference pattern of ultraviolet (UV) laser radia-
tion, a series of periodically-spaced refractive index changes
can be inscribed on the fiber core. The interference pattern
can be attained by aligning a phase mask, which is aligned to
a UV beam. Examples of UV light sources that can induce
refractive index change to a photosensitive fiber include
krypton fluoride laser (KrF*) (248 nm), argon fluoride laser
(ArF*) (193 nm), and frequency doubled Argon ion laser
(244 nm). The working principle of FBG is based on Fresnel
reflection, as shown in Figure 1 [18]. The modulation of
the refractive index constructively reflects light waves at a
resonant wavelength (Bragg’s wavelength), in which, when
a broadband light is launched into this optical fiber, a small
portion of the light is reflected at Bragg’s wavelength while
the remaining light is passed through.

Bragg’s wavelength for first-order grating (reflection grat-
ing) is given by [18]:

Xb = 2neff A Q)
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TABLE 1. Details on various applications of FBG as sensors.

Field Application/Detail Ref.
Medical Movement measurement for tendons and  [33]
ligaments
Joint Movement Monitoring [34]
Tendon force measurement [35]
In-vivo temperature measurement of the  [36]
brain

Biosensor for bone stress/deformation  [37]
during ingestion pattern of living animals

Heart sound, pulse waves, and respiration  [38]
of living organisms

Wearable Human respiratory measurement [39]
medical Hand module to measure finger jointangle  [40]
devices Knee posture monitoring [41]

Blood pressure movement [42]

Oiland gas  Hydrocarbon leak detection systems [43]

industry Oil well downhole monitoring systems [44]
Temperature monitoring for petroleum  [45]
hydrocarbon
Crude oil movement monitoring [46]
Subsea SHM [47]

Chemistry Multi-chemical detection and  [48,49]

identification systems

Gas flow sensors [50]

Temperature sensing in packed-bed non-  [51]

thermal plasm reactor

Dissolved hydrogen sensors [52]

Civil Strain monitoring in concrete structures [53]

engineering  Creep monitoring in subway concrete  [54]

structures

Temperature-compensated strain  [55]

measurement in arched bridges

Crack  detection and  propagation [56]

monitoring in various civil applications

Marine environment and structural  [57]

monitoring

Aerospace  Temperature and strain sensors for harsh  [58,59]

and environments in space

aeronautic ~ Aerospace smart structure monitoring [60]

Aircraft SHM systems [61]

where the Xb refers to the Bragg wavelength, neffdenotes the
effective mode index, and A is the fiber grating period. Bragg
wavelength shift that occurs due to strain and temperature
perturbations can be obtained from (1) [18]:

(AXb)/Xb = (1 —Pe)Ae + (a + BYAT;
%= ((dnef)/dT)/(dneff) )

where AXb is Bragg wavelength shift, a represents the coeffi-
cient of thermal expansion, %is the thermo-optic coefficient,
and pe is the photo-elastic coefficient of the fiber optic mate-
rial, which is given by:

Pe = [neffA2/2] * [P12 —V(P11 + P 12)] (3)

wherepj is Pockel’s coefficient of stress-optic tensor and v is
Poisson’s ratio. (2) could be expanded by substituting in (3)
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FIGURE 1. The working principle of FBG [18].

to give [18]:

AXb/Xb = [1- (neffA2/2) * [pi2 - v(pii + pi2)]]Ae
+ [a+ [(dnef)/dT)/nf]AT ()

IV. FBG EMBEDDED IN COMPOSITE LAMINATES
Incorporating FBG inside composite laminates has been a
widely adopted method in developing sensors, evolving the
composite material into what is referred to as ‘smart com-
posites.” This is due to the countless benefits this method
offers, which include higher sensing accuracy, reducing the
risk of damage to the sensor, in-situ lifetime structure mon-
itoring capabilities, and protection from environmental per-
turbation [13], [62]. However, due to its relatively complex
manufacturing procedure, embedding FBG into composite
laminates depends primarily on the intended application. For
instance, itis more functional for the FBG to be embedded for
regular in-situ SHM purposes in highly-crucial applications,
such as aeronautics or aerospace. Despite this, FBG has been
embedded in composite laminates with various types of fiber
to measure numerous parameters - individually or simultane-
ously multiparameter sensing - and is intended for vast arrays
of applications, as listed in Table 2

A. CURING AND POST-CURING CHARACTERIZATION

Among the major applications of embedding FBG inside
composite materials is to determine the internal temperature
and strain state of the composites. In fact, several studies
also compared such parameters with their external counter-
parts to obtain valuable information in understanding the
curing mechanism of fiber-reinforced composite materials.
The strong reliance on materials and mechanical proper-
ties of cured laminates to its curing regime has been well
established [63], mainly contributing to the rising interest in
real-time cure monitoring of FRPs. Minor variations during
the curing cycle may inadvertently cause internal perturbation
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in the microstructure, such as matrix cracking or delami-
nation, or change on the external level, such as laminate
warpage, that will adversely affect the properties of the FRP
laminate. Furthermore, chemical crosslinking occurs during
the curing process, resulting in volume shrinkage, which in
turn might drive the composite laminates into an internal
stress state [63]. Therefore, it is vital to learn the origins
of these perturbations and control them to avoid residual
strain within the composite laminates. This necessitates the
incorporation of FBG as sensors inside composite materials.

Several literature studies have investigated the internal
state of FRPs during curing. Previously, Guo [78] opted for a
dual-FBG sensing system to simultaneously monitor strain
and temperature behavior during and after the curing pro-
cess of carbon composite. The temperature FBG sensor was
encapsulated inside a steel capillary tube to negate the effect
of thermal and/or mechanical strain, whereas the strain FBG
sensor was left bare. Each of these sensors was embedded
above and below the neutral plane of a 12-ply carbon/epoxy
laminate stacked in an asymmetric cross-ply lay-up sequence.
Since the FBGs sensors were placed perpendicular to each
other, the thermal strain pattern during the curing from each
sensor could be studied to predict the cured pattern of the
cross-ply laminate.

Continuing their previous work [79], Kang et al. [80]
embedded a hybrid FBG sensing system inside a graphite/
epoxy laminate to examine its strain and temperature behav-
ior during curing in an autoclave. Complementing this FBG
sensor was an Exterior Fabry-Perot Interferometer (EFPI),
which was equipped by placing two cleaved optical fiber ends
inside a capillary glass tube with an air gap in between, and
one end of the fiber optics was inscribed with Bragg gratings,
as shown in Figure 2 In contrast to the EFPI, which was
both affected by thermal and mechanical perturbations, FBG
was only affected by the change in temperature since it is
enclosed inside the capillary glass tube. This difference in
sensing parameters enabled the simultaneous measurement
with improved accuracy. However, more drastic change in
strain distribution was observed, where the FBG recorded
a higher transversal compressive strain compared to longi-
tudinal strain, and the authors credited this phenomenon to
the matrix reaction that largely dominated the transverse-
direction properties.

FIGURE 2. An FBG/EFPI hybrid sensor configuration [80].

Meanwhile, Yoon et al. [81] opted for a hybrid dual-FBG
sensing system to characterize the curing strain and
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TABLE 2. Details on selected previous literature using embedded FBG as sensors in fiber-reinforced Composites.

Details/applications

Temperature and strain
characterization in braided
composites

Interlaminar strain
characterization with
different embedded FBG
angles and applied load
angles

Temperature-

compensated dynamic
strain characterization
during the fatigue test

FBG material and
geometrical birefringence
effect on composite
laminates characterization

SHM in aircraft wing
structures

Composite repair patch for
aircraft composite
structures

Transverse strain
characterization using
microstructured FBG
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Structure
Braided composites

Glass fiber
strands/vinylester resin
(ER11560-F165N/Ripoxy
R-802)

Curing in oven

Standard laminate
specimen

E-glass woven fiber
cloth/epoxy

Manufactured via hand
lay-up

Standard laminate
specimen

Carbon fiber/epoxy; [0]28
Curing in autoclave

Standard laminate
specimen

16-ply unidirectional
carbon fiber
prepregs/epoxy
(M18/M55])

Standard laminate
specimen

16-ply unidirectional and
chopped-strand mat
(CSM) E-glass fiber/epoxy;
[CSM/0/(90/0)3s

Manufactured via vacuum
bagging
Standard laminate

specimen

4- and 6-ply boron
fiber/epoxy prepregs
(Textron 5521); [0]%, [0]3

Curing in autoclave

Standard laminate
specimen

16-ply carbon fiber/epoxy
prepregs (M18/M55));
[902/02]25

Embedding technique

FBG hybridized with an Exterior
Fabry-Perot Interferometer
(EFPI) inside a 310 nm glass tube

FBG embedded between braided

glass fibers

FBG embedded at 0°, 30°, 60°,
and 90° on the 8th/9thlayer

FBG embedded during stacking
at a 0° direction

Two FBGs with different
birefringence

FBGs embedded on the 2rn¥3rd
layer

No definitive information on the
embedding method

FBG embedded on the | #/2rd
2r¥3rd and 3r4th layers

Anisotropic FBG

FBG embedded at a 0° direction
on the 8tY9thlayer

Parameters

Curing strain,
temperature, internal
strain during static, and

dynamic load

Tensile strain

Dynamic strain,
temperature due to
dynamic load

Flexural strain, transverse
load strain, temperature

Dynamic strain, damage
detection, and severity
identification

Tensile strain

Pressure, temperature,
transverse strain, and axial
strain

Ref.

(64]

[65]

[66]

[67]

[15]

[68]

[69]
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TABLE 2. (Continued.) Details on selected previous literature using embedded FBG as sensors in fiber-reinforced Composites.

Vibration sensor in smart
composite structures

Multiparameter
characterization using
Polymer-based FBG (PFBG)

Simultaneous strain and
temperature sensing in
cryogenic conditions

Damage detection due to
low-frequency dynamic
strain

Temperature sensor for
composite insulators in the
power sector

SHM for concrete
structures via FBG-
embedded Functionalized
Carbon Structures (FCSs)

Shape sensing of polymer
core composite electrical
transmission lines ACCC

Swelling detection due to
moisture

86616

Curing in autoclave

Standard laminate
specimen

12-ply unidirectional and
fabric carbon fiber/epoxy
prepregs; [03/F3s

Curing in autoclave

Standard laminate
specimen

8-ply unidirectional E-
glass fiber/polyester; [0]g

Manufactured via hand
lay-up

No definitive information
on the composite
specimen

Standard laminate
specimen

10-ply unidirectional glass
fiber/epoxy (EW200/E51);
[OJio

Cylindrical composite
specimen

No definitive information
on the reinforcement
fiber and matrix type

Standard laminate
specimen

Carbon fiber/polyvinyl
alcohol (PVA)

Cylindrical composite
specimen

Carbon fiber and glass
fiber/epoxy

Standard laminate
specimen

7-ply CSM glass
fiber/epoxy (Airstone
780E/785H)

Manufactured via
Vacuum-Assisted Resin
Infusion Method (VARIM)

No definitive information on the
embedding method

PFBG attached to the optical
fiber using UV-cured adhesive

PFBG and silica FBG embedded
ata 0° direction on the | #/2rd
layer

Two FBGs were written on the
same OF and coated with epoxy

No definitive information on the
embedding method

Three multiplexed FBGs

FBG embedded at a 0° direction
on the 2r/3rd layer

No definitive information on the
embedding method

No definitive information on the
embedding method

FBG adhered to the center of the
composite rod using epoxy

Two FBGs embedded at a 0°
direction on the 3r/4th layer

Dynamic strain

Flexural strain and internal
temperature

Temperature and thermal-
induced strain

Dynamic strain and

damage detection

Temperature

Flexural strain

Flexural strain

Hygroscopic-induced strain
and thermal-induced
strain

[70]

71

[72]

[73]

[74

[79]

[76]

|
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temperature behavior of Fiber-Metal Laminates (FMLSs).
Bragg gratings were written on two optical fibers of dif-
ferent core dopants concentrations prior to being spliced
together and embedded in Kevlar/Shape Memory Alloy
(SMA) composites. This configuration produced a sensing
system with similar sensitivity towards strain but not temper-
ature, enabling a simultaneous strain and temperature sensing
with low error margin.

Takeda et al. [82] embedded FBGs inside CFRP-stiffened
composite panels, serving as a sensor system for the curing
process and SHM. Figure 3 shows the FBG sensors’ posi-
tion beneath the interface between the panel and T-shaped
stringer; one close to the longitudinal edge and the other
at the center. Two FBG sensors were placed at each sensor
location - one left bare and the other encapsulated inside
a hollow tube to enable a strain-free environment, hence
allowing simultaneous strain and temperature monitoring.
The FBG exhibited an apparent lag in temperature measure-
ment compared to extrinsically-attached thermocouples set
due to the slower rate of through-thickness heat transfer.
Furthermore, it was found that the position of the FBGs was
not ideal, as they were located near the neutral plane of the
structure.

Minakuchi [83] investigated direction-dependent post-
curing shrinkage in laminate composites. In addition to the
typically embedded FBGs in longitudinal and transversal
in-plane directions, the authors added another FBG sensor
aligned in an out-of-plane direction. With the FBG embedded
through-thickness of the carbon/epoxy laminates, the FBG
sensor’s tail length was adjusted to consider the shear-lag
effect. Consequently, it was discovered that the FBG with the
longest tested tail length of 50 mm produced the most accu-
rate curing-induced shrinkage strain measurement. It was
asserted that cure shrinkage did not cause significant stress

Skin side] Stringer side

[ et T P

FIGURE 3. Embedment locations on a T-shaped aircraft structure [82].
Notice how the FBGs are placed both directly on the longitudinal axis and
slightly offset.
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to the transversal direction of the sensor due to it being in a
uniaxial stress state. It was also suggested that using thinner
and more flexible polymer-based sensors might improve the
sensitivity ofthe sensor affected by shear-lag. In another work
by the same author [84], it was noted that through-thickness
temperature distribution was almost uniform for the slow-
cooling cycle. A higher strain was also observed for the
fast-cooling cycle due to the thermal skin-core effect. The
study also reported that while long-tailed FBG is more
sensitive toward strain, the difference against short-tailed
FBG becomes negligible as the temperature approaches the
glass-transition temperature (Tg) of the matrix.

Following this study, Hu et al. [85] utilized both short-
and long-tailed FBG sensors to study the curing mechanism
inside carbon/epoxy laminates. It was found that FBG with a
tail length of 30 mm portrayed sufficient sensitivity to capture
the strain curing process, as the difference between the strain
0of 30 mm and 50 mm tailed-FBG was marginal. Furthermore,
FBG embedded at different laminate thicknesses exhibited
no difference in strain distribution throughout the thickness,
implying that epoxy resin cures uniformly in the thickness
direction. The short-tailed FBG embedded in-plane and out-
of-plane showed a similar strain change curve, signifying that
the curing shrinkage is transversely isotropic - an identical
conclusion drawn in [82] and [83].

Unlike the results by Minakuchi [83] and Hu et al. [85],
Zhang et al. [86] discovered that a strain distribution exists
between different layers ofthe composite, which might imply
that laminate composite cures anisotropically in an out-of-
plane direction. Prior to curing in the oven, two FBGs were
embedded near the middle and surface layer of a 16-plies
carbon/epoxy laminate. The strain values were obtained by
calculating the wavelength shifts of both FBGs following
Equation 5:

AAactual = Admeasured (@ + %9 (T  To) (5)

where Akactual is the shift in wavelength due to curing,
AXnmeasured refers to the shift in wavelength as measured
by FBG, a and %are thermal expansion and thermo-optic
coefficients of fiber material, respectively, and T and To are
the measured and initial temperatures, respectively. While
the FBGs responded well to tensile loading, FBG embedded
near the neutral plane of the laminate exhibited a non-linear
response to bending load, which the authors assumed the
non-changing length of the neutral plane under internal bend-
ing as the cause of the non-linear perturbation to the FBG.
Another work focusing on the monitoring of through-
thickness-dependent  parameters was  reported by
Chen et al. [62]. In this study, bare and stainless-steel-
encapsulated FBG sensors were each embedded inside 30-ply
carbon/epoxy prepregs at a 5-ply interval. Contrary to the
experimental work carried out by Tsukada et al. [84], which
observed no through-thickness temperature gradient inside
the laminate composites, Chen et al. [62] reported approx-
imately a 2°C temperature difference between each layer,
with the peak temperature originating from the middle ply
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and gradually decreased towards the outer layers. This phe-
nomenon was associated with the heat released instead of
chemical reactions that could not instantaneously propagate
outward. While the bottom layers in contact with the manu-
facturing tools did allow for a more efficient heat flow - as
shown by its lower temperature during the cooling stage com-
pared to the top layer exposed to ambient air - it introduced
residual strain to the composite material.

Comparing the methodologies employed by
Chen et al. [62] and other works [84], [87], it could be con-
cluded that the former was able to detect through-thickness
temperature gradient in the curing stage of composite lam-
inate due to the more effective positioning of the FBG
sensors. Forinstance, Tsukada et al. [84] FBG was embedded
directly in the out-of-plane direction compared to the in-plane
direction by Chen et al. [62]. It is also highly plausible that
a temperature gradient exists - or to a lesser extent, can
be detected - in laminates with a high number of plies
or thicknesses. Chen et al. [62] detected through-thickness
temperature distribution in a 5.4 mm thick laminate, while
Qi et al. [87] and Tsukada et al. [84] found none in laminates
with 2.5 mm and 2.0 mm thickness, respectively.

Additionally, Rochaet al. [88] utilized small-diameter
FBG to monitor the curing strain and temperature of lami-
nated composite materials. The study inscribed two types of
FBG on an 80 *m outer diameter optical fiber; one FBG is
sensitive to both strain and temperature changes, while the
other is only to temperature. The temperature-sensitive FBG
was first enveloped inside a fused capillary silica tube. The
OFS system was then embedded near the middle and bot-
tom layers and mid-plane of 10-ply carbon/epoxy laminate
composites parallel to the reinforcing fiber direction. Sub-
sequently, the FBG-embedded laminates were manufactured
via the Vacuum-Assisted Resin Infusion Method (VARIM).
It was reported that wavelength shift by temperature-sensitive
FBG was only due to the ambient temperature change and not
from the resin reaction.

Oromiehe et al. [89] proposed a new method to compen-
sate for temperature from strain sensing for simultaneous
strain-temperature monitoring during the curing of compos-
ite laminates manufactured via Automated Fiber Placement
(AFP). Two FBGs were embedded between the 2nd and
3rd ply of a 10-plies carbon/polyether ether ketone (PEEK)
laminate - one longitudinally-placed, while the other was
angled at 15°. A thin adhesive layer was used to securely
attach the FBG to the carbon ply at a fixed 15° angle. The
idea behind this proposed method is that the angled FBG
will measure a slightly varied strain perturbation, and the
difference in sensitivity between the axial and angled FBG
could cater to the cross-sensitivity issue for simultaneous
strain and temperature monitoring in composite materials.
Regarding the characterization test, the authors reported that
the thermal effect became less prominent as more layers
piled up on the FBG sensors. This phenomenon was credited
to the presence of more materials (the carbon fiber plies)
between the FBG and the heat source, insinuating an evenly
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distributed heat throughout the layers. However, the strain
measurement exhibited a fluctuating pattern, with the trend
generally increasing with increasing layers.

Matveenko et al. [90] embedded FBG with five grat-
ings in the midpoint of a 20-plies glass/epoxy laminate and
assessed the optical fiber’s response toward changes in tem-
perature and strain during the curing cycle inside an oven. The
authors concluded that significant process-induced strains
were detected during the manufacturing process of FRPs.
In another work, the authors explored the FBG sensitivity
towards inhomogeneous or non-linear strain distribution in
laminate composite with unusual shapes [91]. FBGs were
embedded between the 10th and 11th layer of a 20-plies
glass fiber-reinforced laminate, with the composite speci-
mens shaped into three different test coupon shapes compris-
ing unnotched rectangular, rectangular with a sharp notch,
and rectangular with a round notch, as shown in Figure 4. The
specimens were then loaded with axial tensile load, and the
FBG response toward change in strain was examined. Based
on the results, the FBG could accurately detect the different
strain gradients in the specimen under testing, as verified
via a three-dimensional (3D) digital optical system, which
captured data in the form of a photo.

On the other hand, Qi et al. [87] investigated the strain
history of fiber-reinforced polymer composites using FBG.
The authors embedded two FBGs in a transverse direction -
one was left bare while the other was encapsulated in a
hermetic steel tube to enable strain-free condition — in both
the 1st and 5th layer of a 10-ply unidirectional carbon fiber
laminate, and characterized for its curing behavior. During
the FBG temperature test, the FBG curve between the 1st
and 5th layers showed significant differences, which insin-
uated the homogenous curing of the composite. However,
the bare FBGs exhibited overshot temperature values than
encapsulated FBGs due to the thermal expansion of the car-
bon fiber. In fact, it was reported that during the curing
cycle, the embedded FBGs could register thermal strains from
exothermal chemical reactions, compressive strains due to
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FIGURE 4. Different-shaped laminate composite specimens tested in [91].
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curing shrinkage, and thermal strains due to a mismatch of
the thermal expansion coefficient for carbon fiber and epoxy
resin.

Boateng et al. [92] investigated the suitability of different
capillary tubes in thermal strain isolation to embed FBG
in composite material curing behavior monitoring. Three
different types of strain-isolation casings - one made from
glass while the other two from steel of different diameters —
were used to envelop a standard FBG, with both ends of
the casing fixed onto the FBG using an epoxy sealant. The
encased FBGs were embedded in axial and transversal direc-
tions inside unidirectional carbon fiber reinforced compos-
ites. Comparatively, the glass capillary casing showed almost
zero sensitivity towards the varying heat rate compared to the
steel capillary due to the difference in the thermal expansion
coefficient between the two strain-isolation casings. Of the
two embedding directions, the FBG in the perpendicular
direction detected a higher amount of strain relative to that
in the parallel direction. The authors also claimed that it was
difficult to accurately distinguish between strains due to the
curing shrinkage and strain due to the fiber expansion from
the FBG strain curve.

FIGURE 5. a) Configuration of OFS embedment into braided comosites;
(b) Experimental setup for the in-situ monitoring of composite curing
inside a customized mold [64].

B. INTERLAMINAR MECHANICAL AND THERMAL
CHARACTERIZATION

Apart from monitoring curing and post-curing conditions,
FBGs are frequently embedded in composite laminates to
obtain their hosts” mechanical and thermal characteristics.
Unlike the internal source of strain and temperature change
related to the curing and post-curing monitoring in Sub-
Section IV-A, this section discusses FBG as an embedded
sensor for external sources of strain and temperature per-
turbations. It is vital to precisely characterize the strain and
thermal properties of the laminates to avoid any catastrophic
in-service failure of the laminate. This is achievable by
embedding FBG at strategic locations to allow for more
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accurate sensing, as FBG reacts directly to its surrounding
perturbation [13]. Apart from that, proving the feasibility
of FBG as an interlaminar sensor for composite laminates
allows for more diverse subsequent applications, specifically
SHM, which involves periodic interlaminar strain and ther-
mal monitoring. This is also perhaps the main reason for the
rising interest in utilizing FBG as sensors in smart composite
structures.

Previously, Frazao etal. [93] explored an alternative
configuration to correctly discriminate between strain and
temperature in simultaneous FBG sensing by adopting the
different strain responses of FBG in numerous composite
laminate layers. Mathematically, the expression can be pre-
sented as:

AAPBGI bi 0' Kti Kei AT
_AApBG2 _ b2 0 Kt2 Kg2 As
al0 AT2
a2 0 As?2 (6)

where KT and Ks represent the temperature and strain coef-
ficients, respectively, AT and As denote the change in
temperature and strain, respectively, and a and b are empirical
constants. The authors embedded an FBG between two and
four layers of carbon fiber prepregs prior to curing in an
autoclave. As expected, strain characterization at a constant
temperature exhibited linear but distinguishable differences
between the two FBGs. Nevertheless, temperature charac-
terization at constant strain showed a non-linear response,
with a marginal difference between the two curves from
the two FBGs due to the different wavelength responses to
temperature perturbance.

Kosaka et al. [64] tested the feasibility of using FBG
as a strain and temperature sensor in braided composites.
FBG was coupled with EFPI and embedded inside glass
fiber braids along with a thermocouple (Figure 5(a)) prior to
being impregnated with epoxy and cured inside a customized
mold (Figure 5(b)). The braided glass fiber-reinforced plastic
(GFRP) test specimens were then loaded with tensile and
dynamic loads. During the mechanical testing, the FBG read-
ing exhibited a peculiar anomaly in which after the strain
reading was measured correctly up until 0.8% strain - as
verified via the externally attached strain gauge - the FBG
output reading drastically ‘hopped’ discontinuously. The dis-
crepancy between the strain gauge and FBG feedback rose
as the experiment progressed. The FBG spectra also depicted
spectral distortion, beginning with a spectral broadening at
lower strain values and developing into peak splitting as the
strain increased. Further investigation revealed that this phe-
nomenon was due to the damage initiation or crack nucleation
near the sensor gratings, which caused non-uniform strain
distribution along the sensor grating. Following this, a similar
observation was observed during the dynamic mechanical test
in which, after reaching approximately 15,000 load cycles,
the emergence of smaller peaks can be detected for FBG spec-
tra. Close-up photography revealed the presence of numerous
matrix cracks in the vicinity ofthe sensor, which was assumed
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as the cause for the spectral distortion of FBG spectra in the
said fatigue test.

Alternatively, Mulle et al. [94] explored the feasibility of
FBG as sensors to detect strain change of quasi-static inden-
tation and low-velocity impact load in thermoplastic com-
posites. The study staked eight layers of unidirectional glass
fibers in a cross-ply direction for the hot press manufactur-
ing method with polypropylene (PP)/rubber copolymers as
the matrix. FBGs were embedded inside the surface layer
of the composite, near the 0/90-layer interface. The results
observed a significant signal loss in the FBG sensor due
to indentation (between 4 and 6 mm). The finding was
associated with the altered light path due to the severe
micro-bending experienced by the optical fiber. Strain change
between the top and bottom plane of the specimens, as well
as the loading-unloading strain path, were asymmetrical due
to load-induced damage. Moreover, the study deduced that
FBGs were more sensitive toward transversal tension and
longitudinal compressive loading, and the FBGs suffered
no apparent damage under low-velocity impact loading that
could impair their sensing capabilities. Interestingly, wave-
length hopping was observed during a low-velocity impact
loading due to the FBG sensing non-uniform strain distribu-
tion, which in turn caused spectrum division.

Furthermore, Keulen et al. [2] utilized multiplexed FBG
and Etched Fiber Sensors (EFSs) as flow and strain sen-
sors to develop composite structures via the Resin Transfer
Mold (RTM) process. The authors fabricated two differ-
ent specimens. The first consisted of a multiplexed OFS
embedded in the surface layers of an 18-ply plain-weaved
glass/epoxy composite laminate, while the other sample was
a 6-ply glass/epoxy semi-circular composite structure, with
the OFS embedded between the 4th and 5th layer. The EFS
was intended to detect resin flow during the RTM process,
while the FBG was used to detect strain in the manufactured
composite. Accordingly, the FBG was able to detect strain in
both laminate and semi-circular composites with an average
sensitivity of 1.288 pm/~e. The difference in values com-
pared to the typical strain sensitivity of FBG was credited to
several manufacturing, processing, and material errors. The
authors also reported an interesting observation, where the
multiplexing arrangement between the FBG and EFS resulted
in no change in the power output when the mold was saturated
with resin.

Meanwhile, Basu and Ghorai [65] determined the effect of
FBG embedding angle and load angle on its strain-sensing
capabilities inside composite materials. An FBG was embed-
ded at different angles between the 8th and 9th plies of a
16-ply glass/epoxy laminate composite for each specimen
prior to being loaded with tensile load, and its effect on the
strain sensitivity of the FBG sensor was precisely assessed.
The schematic representation of the embedding angle of
FBG between the lamina and inside test specimen is illus-
trated in Figures 6(a) and 6(b), respectively. It was revealed
that as the angle increases (i.e., the sensor angle becomes
perpendicular to the direction of applied load), variation in
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FIGURE 6. Schematic representation of the angled FBG embedment
(a) inside the woven glass fiber fabric layer, and (b) inside the tensile
test specimen [65].

the reflected optical power decreases, with both experimental
and theoretical values exhibiting similar trends within an
acceptable margin of error. For the case of different loading
angles, almost identical findings were observed, in which
the detected strain and variation in reflected optical power
reduced with an increase in loading angle.

Recently, Papantoniou et al. [68] simulated the patching or
repair of aircraft composite structures by manufacturing a
unidirectional boron/epoxy composite with FBGs embedded
just below the last layer of the composite laminate. Another
batch of specimens was manufactured to investigate the effect
of FBG embedment on the microstructure and properties
of its host composite material. Several FBGs were placed
between the manufactured born/epoxy plies, parallel in the
direction ofthe reinforcing fiber. It was revealed that the pres-
ence of FBG in the composite laminate adversely affected its
tensile properties to a certain degree - a reduction of approxi-
mately 300 MPa was observed. This decrease was owed to the
manufacturing errors manifested with FBG implanted in the
laminates, such as local debonding and delamination. Further
exacerbating this finding was a further drop of 100 MPa
when the FBG was offset from the specimen’s neutral axis,
which was presumed to be attributed to the additional bending
effect exerted by the optical fiber. Another factor that could
contribute to the decline of mechanical properties was the
disparity in the diameter size between the reinforcing and the
optical fiber. Since optical fibers, such as FBG, often pos-
sess significantly larger diameters than individual reinforcing
fibers, they tend to act as defects or stress concentrators
within the reinforcing microstructure of composite laminates.
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On the contrary, Kuang et al. [95] demonstrated the sens-
ing capabilities of FBG in FMLs and FRPs. FBGs
were embedded approximately on the middle layer of an
8-ply glass/epoxy and carbon/epoxy laminate. Conversely,
the FMLs comprised of 7-ply glass/PP alternated with alu-
minum sheets with the FBG embedded near the surface
plies. The stacking sequence between the specimens was var-
ied, in which quasi-isotropic, unidirectional, angle-ply, and
cross-ply configurations were employed and tested. Compar-
ing the spectra pattern between pre- and post-curing, it was
revealed that unidirectional FRPs and FMLs exhibited no
spectrum distortion. In contrast, the quasi-isotropic showed
a slight distortion, while the angle-ply FRPs showed peak-
splitting. The occurrence of peak-splitting was due to the
non-uniform strain distribution exerted on the FBG sensor,
which could be introduced by the adjacent 45° angle-plot-
stacking sequence. For cross-plies FMLs and FRPs, it was
discovered that the FBG sensor was ‘nestled’ inside the
adjacent longitudinally-parallel glass-fiber layers, which con-
sequently was suspected of causing the radial compressive
strain exerted on the sensor grating to reduce.

In addition, Mohantaetal. [77] used FBG to measure
swelling in composite materials due to water immersion. The
FBG and thermocouple were embedded between the 3rd and
4th layer of a 7-ply glass/epoxy, and the laminate specimens
were manufactured through VARIM. The test specimens were
then immersed in corrosive-produced water at room temper-
ature and standard atmospheric conditions for a set period,
while the readings from the FBG were recorded at a certain
period to assess the strain state in the GFRP specimens due to
water-absorption swelling. The study reported a strong cor-
relation between the deterioration in mechanical properties
and the increase in specimen weight due to water absorption
with the hygroscopic strain, defined as strain exerted within
the composite specimen due to swelling and changes in the
fiber-matrix interface. The strains can be mathematically rep-
resented as:

emeas = CAM (t) - X (a)m;

(Po - Pt)/Po @)

a

where c refers to the isotropic linear Coefficient of Moisture
Expansion (CME) of polymer, AM represents the weight
gained by the specimen at time t, X and m denote empirical
constants, and Po and Pt signify the material properties at the
initial time and at time t, respectively.

C. DAMAGE DETECTION AND LOCALIZATION

The previous sub-sections discussed the techniques used to
embed FBG in FRP laminates as sensors to monitor its curing
and post-curing internal state and to characterize its host
composites’ mechanical and thermal properties. Hence, this
sub-section elucidates the function of FBG specifically to
detect internal microstructural damages in composite lami-
nates, such as debonding, delamination, fiber breakage, and
matrix cracks, known as Barely Visible Damage (BVD).

VOLUME 11, 2023

IEEEAXesS'

While some of these damages have been discussed in Sub-
Section IV-B, they were mainly due to external tensile or
compressive load. Oppositely, this sub-section focuses on
the artificially-caused damage to emulate real-life applica-
tion damages. This section also elaborates on the utilization
of FBG in detecting external impact events on composite
structures and triangulating or localizing the impact’s source
location. One ofthe most common types of loads experienced
by high-end in-service composite structures, such as commer-
cial aircraft and wind turbine blades, is low-velocity impact.
While most impact damages can be detected by the naked eye
(such as dent, breakage, or puncture on structures), some are
not. These damages are called Barely Visible Impact Damage
(BVID), which are impact-induced BVDs and can dramati-
cally increase the possibility of structural failure. In this case,
FBG is an indispensable approach to assess the internal state
of the composite material, specifically in detecting BVIDs.
Not only is it crucial to be alerted to the occurrence of impact
events, but the information on the impact location should
also be known so that proper maintenance and repair can be
carried out on the affected area. FBG also plays a role in
impact source triangulation.

Oromiehe et al. [12] explored the feasibility of using
a dual-FBG sensor system for damage detection in
AFP-manufactured laminates. A single FBG sensor was
longitudinally-embedded between the 2nd and 3rd layer of
unidirectional glass fiber, followed by placing an artificial
overlap defect on top of the FBG sensor to emulate the
delamination defect and crack growth. The study evaluated
the wavelength shift curve of both damaged and defect-free
specimens and proved that the damaged laminate spectrum
exhibited a less prominent peak than the defect-free specimen
when the placement head passed through the FBG sensor
area. The authors further elucidated that the finding was due
to the presence of artificial unstacked overlap on top of the
FBG sensor, acting as a heat inhibitor that hampered a proper
transfer of heat from the placement head to the sensor.

Okabe and Yashiro [96] also investigated the capability
of FBG as a damage-detection sensor in composite laminate
structures. An 8-ply carbon/epoxy composite laminate was
manufactured containing an FBG sensor embedded between
the 3rd and 4th layer and positioned approximately 1.5 mm
offset from a 5-mm diameter hole drilled at the center of
the specimen. Tensile and cyclic loads were then applied to
the manufactured specimens. The broadening FBG spectrum
was observed post-embedding, which was associated with
the birefringence effect of residual thermal strain due to
the curing of the laminates. During tensile load, the FBG
spectrum changes according to the damage state near the hole,
especially upon splitting and delamination, in which the spec-
trum showed peak splitting and the emergence of numerous
minor peaks. However, during the dynamic load test, FBG
spectra showed almost no change in pattern, although appar-
ent damage had already occurred on the specimens, which
were confirmed via soft X-ray photography, as portrayed in
Figure 7. Upon closer inspection, it was discovered that this
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FIGURE 7. a) Configuration of OFS embedment into braided composites;
(b) Experimental setup for the in-situ monitoring of composite curing
inside a customized mold [96].

phenomenon was due to the debonding between the optical
fiber and the composite, which did not occur during the static
load test. These findings were almost similar to their previous
study [97], where notches were made on each transverse side
ofthe specimens rather than drilling a hole at the center of the
specimen. In addition, the authors found that since the split
defect caused stress concentration at its tips, the FBG tends
to react strongly if the damage occurs near the vicinity of
the sensor gratings, which indirectly implies the importance
of proper sensor orientation and placement inside composite
laminate structures.

In one study, Prusty and Raju [98] proposed a damage
detection method in offshore composite structures by utiliz-
ing Acoustic Emission (AE) and FBG as sensors. Top-hat-
shaped composite stiffened panels (Figure 8) were manufac-
tured using an 8-ply glass/vinylester combination and cured
under room temperature conditions priorto being loaded with
tensile load until fracture. One phase of the study involved
embedding the FBG fiber inside the curved section of the
crowd-web bend region. The findings revealed that FBG
could accurately detect damage occurrence and its progres-
sion, size, and location inside the composite structure through
a sudden fluctuation of strain distribution or a sudden spike in
strain gradient. Nonetheless, the authors argued that the cur-
rent methodology was limited to localized damage detection,
restricting its wider application.
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FIGURE 8. a) Configuration of OFS embedment into braided composites;
(b) Experimental setup for the in-situ monitoring of composite curing
inside a customized mold [98].

Freire et al. [99] explored the potential of FBG as a
strain sensor for industrial steel piping applications rein-
forced with composite laminates. In this study, steel pipe
specimens suffering from metal loss area were repaired via
patching with 12-ply carbon/epoxy laminates. Two FBG sen-
sors were each embedded between the layers ofthe composite
laminate patching (one at 0° and the other at 90° circumfer-
entially away from the defect region). Another three FBGs
were directly attached to the defective surface of the steel
pipe. The pipe was then pressurized under several condi-
tions until it burst. Based on the results, a higher pressure
reading was detected closer to the defect area, specifically
the FBG between the layers closer to the base of the metal
loss defect. Similar findings were also observed for strain
distribution through-thickness of the repair patch, where the
FBG recorded higher strains on the inner layers.

Working with  3D-braided composite structures,
Li et al. [100] utilized FBG as a strain sensor for SHM pur-
poses on the said structure. The FBG sensor was embedded
during the 3D weaving process comprising a carbon/epoxy
combination with the braiding angle and sensor spacing
and manufactured via the RTM process. At a lower braid-
ing angle, it was revealed that the FBG wavelength peak
change exhibited a non-linear relation with its applied strain,
as measured and verified via a strain gauge. It was believed
that additional bending exerted on the sensor exists at a
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lower angle, and this effect gradually disappears as the
braiding angle increases. The same author [101] investigated
3D six-directional braided composites with embedded FBG
for damage detection. Similarly, the specimens were man-
ufactured via RTM consisting of carbon/epoxy composites,
and several types of mechanical damages were imposed on
the specimens post-curing, such as impact damage, internal
cracks, holes, and linear scratches. Distinguishable fluctua-
tions of the wavelength peaks were observed for composites
with existing damages compared to that of pristine ones.

Moreover, Rajabzadeh et al. [102] employed FBG to
detect the BVD of transverse cracks in composite laminates.
The FBG was embedded between the 4th and 5th layer of
a 24-ply carbon/epoxy laminate and between the 2nd and
3rd layer of a 10-ply glass/epoxy laminate. The specimens
were then subjected to tensile load until the crack formation
was visibly detected via camera. It was found that FBG
in CFRP specimens exhibited wavelength anomaly in peak
broadening, owing to the presence of residual strain. This
anomaly was thought to be due to the manufacturing process,
as GFRP specimens fabricated without being subjected to
high transverse pressures suffered marginal to no residual
strain. Hence, the FBG spectra were less affected by the bire-
fringence effect than its carbon fiber-based counterpart. Upon
the nucleation of the first crack, the FBG spectrum visibly
changed shape, with a particularly interesting observation
being the emergence of new harmonics on the side-lobe spec-
tra. Therefore, the authors inferred that the FBG reflection
spectrum side-lobes were highly-reactive toward the change
in strain distribution along the sensor grating. Also worth
being pointed out was that since the study was limited to
detecting the formation of up to two cracks only, it is highly
plausible that the formation of cracks more than this could be
more challenging to localize.

V. FBG MOUNTED ON COMPOSITE LAMINATES SURFACE
As opposed to being permanently embedded inside its host
composite materials, another feasible method to employ FBG
as a sensing system in fiber-reinforced composite laminates
is by physically mounting the OFS on the surface of the
composites. Epoxy is the most common adhesive used to
attach FBG to the composite surface, which is usually the
preferred resin for the composite system, although it is not
unusual to use other types of adhesives. Apart from the
simplicity of employing this method, attaching the OFS on
the external surface of the FRP laminates also offers numer-
ous other benefits compared to embedding them inside the
composites, such as non-complex maintenance and the ability
for visual inspection of the sensor [103]. Attaching FBG on
the external surface is also done to suit specific fabrication
or manufacturing limits that are unsuitable for embedding
the FBG, such as to perform SHM on enormous composite
structures, for example, aircraft cockpit or fuselage, or even
composite bridge. As shown in Table 3, externally-mounted
FBG sensors system has also been utilized in various applica-
tions, measuring multiple parameters in different composite
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types. As such, the following in-depth literature review is
categorized by their theme applications, namely for damage
detection and impact source sensor, as well as for mechan-
ical and temperature characterization. The first sub-section
reviewed numerous works in the past that covered damage
detection, severity identification, and impact source trian-
gulation or localization method using externally-mounted
FBGs. The final sub-section encompasses past literature stud-
ies that utilized FBG to obtain the mechanical and thermal
properties of the tested FRPs.

A. DETECTION ’SEVERITY, AND LOCALIZATION SENSOR
It is unsurprising that among the typical applications that
require the FBG to be externally attached to the surface of
composite laminate structures are those related to damage
detection and its severity. The damage source triangulation
and localization also use FBG as part of the sensor system.
Since some of the composite structures are large by design,
such as aircraft cockpits, wings, and fuselage, as well as
wind turbine blades, it is more feasible to attach the sensor
system on the external surface of the structures for in-situ
monitoring. Past works focused on this theme include that by
Wu et al. [112], who explored the damage detection aspects
of FBG sensors in composite materials by integrating them
with Piezoelectric transducer (PZT). Three FBGs and two
PZTs were fabricated on a composite patch to form a damage
detection zone prior to being mounted on composite test
specimens. The center ofthe zone ofthe specimens were then
impacted to introduce damage, and subsequently to observe
the impact and damage-sensing capabilities ofthe smart sens-
ing system established. The first test phase involved mounting
a stick-on patch across the path between FBG and PZT, which
revealed slightly different spectra than the unperturbed sensor
system. This was due to the high composite stiffness of the
panel, which reduced the effect of flexural wave propagation.
The second phase involved the controlled impact damage via
hammering a rod on the specimen to introduce damages, such
as delamination, debonding, and cracks. Pitch-catch test of
the damaged specimen revealed a significant alteration in the
spectra's phase and amplitude due to the debonding damage.
Shin et al. [107] deployed distributed FBG to monitor the
impact load on wind turbine blades. Nine pairs of longitudinal
and transversal FBG sensors were positioned externally on
various locations of aretired 22-m long 660 kW wind turbine
blade surface. The impact events were simulated using a
hammer on a known and coordinated location on the blade
surface. However, the authors claimed that it was impossible
to regulate the applied impact due to the difference in the
blade’s structural response to the force. Furthermore, the
focus of the study was more on assessing the capability
of FBG sensors in detecting impacts rather than detecting
their severity. Regardless of the fiber orientation or impact
location, there was always an FBG sensor that successfully
detected an impact event, which could be separated from
the background noise. For cross-region impact events, it was
also observed that FBGs positioned longitudinally towards
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TABLE 3. Details on selected previous literature studies using FBG as a sensor on the external surface of fiber-reinforced composites.

Details/applications

Strain and temperature
characterization in 3D-
braided composites

Damage and
degradation detection
in bolted-joint
composites

Pressure sensing

Impact detection in
wind turbine blades via
distributed FBG

Damage detection in
aircraft structures due
to dynamic load

Damage localization in
aircraft structure due
to low-velocity impact

Matrix crack detection
sensor in composite
laminates

Vibration monitoring in
composite automotive
roof structures

Brittle fracture
monitoring in
composite insulators
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Structure

3D-braided composites -
Carbon fiber strands/epoxy

Manufactured via RMT

Bolted-joint composite -
structure

Glass fiber/epoxy -

Hollow cylindrical shell -

Carbon fiber ribbon/epoxy (UP-
01/EZ-LAM)

Manufactured via filament
winding

Wind turbine blade structure -

No definitive information on
the composite makes and
manufacturing

Aircraft panel (skin, stringer, -
and frame)

Carbon fiber/epoxy prepregs
(Sigrafil CE 1007/£022);
[0/90/45/0/-45/90]s,
[0/90/+45]% [0/90/+45]s

Aircraft wing structure -

No definitive information on
the composite makes and
manufacturing

Standard laminate specimen -

E-glass unidirectional
fiber/epoxy
(EKU1150(0)/SWANCOR 2711-A
BT; (on/+omson), mand nare
integers

Manufactured via VARIM, oven-
cured

No definitive information on -
the composite makes and
manufacturing

Transmission line composite -
insulator structures

No definitive information on
the composite makes and
manufacturing

Surface-mounting technique

FBG hybridized with EFPI and encapsulated
in 300 pm

FBG/EFPI mounted on the surface of the
specimen with glue

Two FBGs were placed through-thickness
of the composite plate

FBGs mounted using adhesive Scotchweld
DP100/DP270

An FBG pre-strained and fixed through
cylinder shell end-caps holes using epoxy

18 pairs of FBGs attached to specimen
surface at 0° and 90° direction; 6 pairs
divided into three regions each

Three FBGs mounted on the frame, one on
the skin using adhesive

Indefinite information on the surface-
mounting method

An FBG was attached to the center of the
test specimen using glue

8 FBGs were placed at pre-determined
locations via numerical optimization

Five FBGs were written on a single OF

Each OF mounted axially separated 120°
from each other about the centroid of the
structure

Parameters

Tensile strain and
temperature

Strain (creep)

Pressure

Impact damage
detection, severity
identification, and

localization

dynamic strain, damage
detection

Impact damage
localization

Tensile strain

Impact strain and
displacement

Tensile strain and
damage detection
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the impact location origin exhibited more sensitive detection.
Impact locations can also be predicted by computing the
wave speed of the impact signal. Nevertheless, the difference
in blade structural rigidity caused a varying signal response
during impact, which might have increased the possibility of
error and requires careful data interpretation.

Continuing the previous study by Shinetal. [107],
Jang et al. [113] utilized FBG sensors for the detection of
impact damage location by employing grids in the area of
interest on a composite structure. Four FBG sensors were
multiplexed and attached to the inner surface of a 30-ply com-
posite, with another 30-ply composite structure manufactured
with six 10-ply stringers to emulate an aircraft wing structure.
A round-headed impactor was then used to impart 1 J of
energy on the composite samples. Eventually, a Neural-
Network (NN) method was employed for data processing
and optimization to determine the impact location. The study
revealed that NN training could pinpoint the impact location
to acertain accuracy as the maximum resultant error produced
by NN training was smaller than the grid size (48.72 mm
vs. 250.00 mm). In detecting damage severity due to impact,
the wavelength pattern exhibited AE signals and sudden
change in frequency portion, ascribed to the presence of frac-
ture within the composite systems. The research group then
applied the current finding to real-life applications by testing
iton an Unmanned Aerial Vehicle (UAV) composite box wing
structure [114], using six multiplexed FBG sensors compared
to only four in their previous study [113]. Furthermore, they
used an improved algorithm and sampling method to reduce
errors, and the results were closely comparable between both
studies.

Another impact triangulation method using FBG sen-
sors was proposed by Sai et al. [115]. They employed FBG
sensor arrays shaped into a right isosceles triangle on an
18-ply carbon/epoxy composite plate to detect impact events
simulated using an impact hammer. By arranging six FBG
sensors into two sets of right isosceles triangles, as shown
in Figure 9, the impact source location could be theoretically
triangulated by determining the difference between the elastic
wave propagation time from the impact source and both sets
of the FBG sensor arrays via the Morlet wavelet transform
manipulation. Interestingly, it was discovered that errors pro-
duced (i.e., the difference between actual impact location and
triangulated location) were higher when the impact source
was closer to FBG arrays. This phenomenon was credited
to the fact that as the impact source tends to get closer, the
difference between the impact source and FBG arrays, D,
and the distance between FBG in arrays, d, becomes smaller
(refer to Figure 9). Subsequently, the elastic wave is no
longer approximately equal to the plane wave, which was a
fundamental assumption used for earlier calculations. Then,
the authors further improved the method by employing
several NN methods [116] and claimed that the impact
source location detection obtained via NN, especially using
Extreme Learning Machine (ELM), achieved an increased
accuracy.
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Impact source

Plane wave

FIGURE 9. Formation of FBG arrays for the impact location
triangulation [115].

In the other work, Raju et al. [117] investigated the feasi-
bility of damage detection in the top-hat stiffener for offshore
composite structures using an FBG sensor paired with AE as
the signal source. The composite structure was manufactured
via the vacuum infusion method using an 8-ply of glass fiber
and vinylester as the resin. A single FBG acoustic sensor
was attached on the web side of the top-hat structure by
using ultrasonic couplant gel, similar to the ones portrayed in
Figure 8. The compressive load was applied to the structure at
2 mm/min until reaching the fracture point, and the AE signal
patterns were then analyzed via the transient and parametric
analysis methods. Both results from the piezoelectric and
FBG exhibited similar trends, although different in value,
where each signal pattern could be ascribed to various failure
modes, such as crack initiation, crack propagation, delami-
nation, and fiber pullout. As a follow-up to the first phase of
another study mentioned earlier [98], an FBG was attached
to the flat surface of a manufactured composite specimen
web to verify AE detection and applied with tensile load
until fracture. The study revealed that the AE-FBG sensor
could detect the corresponding damage occurring within the
composite system as the experiment progressed. However, the
amplitude values were lower than that of piezoelectric. The
result was relatively comparable with another work by the
same research group [118] with the fiber embedded inside
the composite structure.

Kim et al. [119] performed a low-velocity impact damage
assessment and strain monitoring on a cylindrical composite
structure using a tin-coated FBG sensor. Several pairs of
regular and tin-coated FBG sensors were attached 15 mm
and 20 mm from the expected impact points on the filament-
wound carbon/epoxy composite cylinder’s outer surface.
Different impact loads were then applied to the composite
structure. It was reported that both types of sensors were
able to detect initial failures in the composite structure, which
were identified as matrix cracking and delamination, denoted
by the sudden drop in strain detected as the applied load
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progressed. Tin-coated FBG sensor also exhibited a higher
stress transfer rate than the regular-coated one, possibly
due to the shear-lag effect from the increased stiffness. The
results also signify an enhanced sensitivity by the tin-coated
FBGs but only at a lower impact load. The augment grad-
ually decreased as the impact energy increased and became
indistinguishable beyond the delamination point. The authors
also demonstrated that the permanent deformation in the
tin-coating imparted residual strain in the composite struc-
ture, with the highest being -0.00894% for 40 J of impact
energy and 15 mm for the impact point.

Sun et al. [110] proposed the usage of FBG as a crack
detection sensor in composite materials. FBG was attached
to the surface of angle-ply laminates of various thicknesses
prior to being subjected to tensile load. It was revealed that
FBG wavelength shift and pattern highly correlated with
the crack density that appeared on the composites. As the
load was continuously applied to the specimen prior to crack
nucleation, a proportional central peak wavelength shift is
observed. FBG spectrum distorts and tends to widen as
the crack starts to form, with the formation of minor peak
wavelengths observed. As crack density increases, the minor,
secondary peak wavelengths split from its primary peak cen-
tral wavelength. At higher crack density, the FBG spectrum
regressed to its typical undamaged laminate spectrum, with a
marginal difference in the wavelength pattern. Interestingly,
the FBG attached to the top surface of the specimen could
detect crack formation on the bottom surface, proving the
feasibility of attaching the FBG sensor to the exterior surface
of the specimens. However, the authors anticipated that such
conditions are only valid until a certain level of laminate
thickness.

B. MECHANICAL AND THERMAL CHARACTERIZATION

Similar to embedded FBG, mechanical and temperature char-
acterizations of laminate composites could be carried out by
externally mounting the OFS. Although this review paper
has presented multiple reports that embedded FBG compos-
ite laminates for characterization, some applications strictly
inhibit OFS from being embedded due to various limitations.
For instance, Pran etal. [105] conducted a long-term test
of tension in bolted-joint composite structures due to creep
using two FBG sensors. A 3 mm hole was drilled on a 60 mm
thick glass fiber reinforced composite laminate, and two FBG
sensors were inserted into the hole. One FBG was positioned
near the midplane of the laminate, while the other was closer
to the surface. Another hole was drilled to fit an M20 bolt,
with thick steel bushings in between, and tightened with a
suitable nut. Likewise, a 3 mm hole was drilled through
the bolt to place an FBG sensor. Test specimens were then
stored under different ambient conditions. Specifically, two
specimens were exposed to ambient air conditions, while
another two were placed in freshwater at room temperature
conditions. The experiment was conducted for one whole
year, and after one year, the nuts in one of the specimens from
both conditions were tightened to their initial strain level. The
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FBG detected a reduction in compression in the specimen
plates one hour into the experiment, which was not reflected
by the change in strain in the bolt. The finding was ascribed
to the localized creep experienced by the glass fibers.

Rao et al. [104] utilized FBG as part of a strain and tem-
perature sensing system in 3D-braided composite materials.
The FBG was connected to an EFPI and placed in capillary
quartz tubing prior to being mounted onto a 3D-braided car-
bon fiber composite manufactured via RTM. The specimens
were then subjected to tensile and thermal load to study the
strain and temperature response of the in-tandem optical fiber
sensing system. The optical fiber sensing system detected
strain well, as verified via an electrical strain gauge attached
near the EFPI. Peculiarly, spectral distortion was observed for
the FBG during the temperature sensing experiment. As the
temperature decreased, the peak position slightly offset to its
side. The non-symmetric spectral distortion was due to the
periodic modulation of EFPI, represented by the third term in
Equation 8:

— = aFaBR (A) + aFaBRf T (A)2
10

+ aBRfBS(A)T(A)2 cos cos (2kd) (8)

where lo is the incident light source intensity, aF and aB are
the forward and backward direction fiber couplers’ coupling
coefficients, respectively, R(A) refers to the reflectivity of the
FBG, Rf denotes the reflectivity of the fiber end, T(A) is the
transmittivity of the FBG, B represents the fringe visibility of
the EFPI, k signifies the wave number, S (A) is the light source
spectral profile, and d is assigned to the absolute length of
EFPI cavity, which was analytically proven by the authors.
It was postulated that using FBG with higher reflectivity
could address this issue. Another simple method proposed
to cater to this spectral anomaly was to accurately deter-
mine the peak in advance, achievable using the mean value
of two wavelengths, specifically at a 3 dB level where the
reading was stable. This method was proven to improve the
temperature sensing accuracy, which enabled more accurate
temperature-compensating strain measurement. The authors
also claimed that the thermally-induced strain imposed on the
OFS was mainly introduced by the resin, as carbon fibers are
generally non-temperature-reliant.

On the other hand, Mizutani etal. [120] explored the
in-situ strain monitoring of a liquid hydrogen cryogenic tank
mounted on a reusable rocket using an FBG sensor. A UV-
cured resin-coated FBG was attached to the exterior sur-
face of a 10-ply carbon-epoxy unidirectional laminate using
polyurethane (PU) adhesive. Preliminary studies revealed
that the load applied on the composite tank under cryogenic
temperature (approximately -150 °C) triggered the crack
formation when the epoxy was used as adhesive for the
FBG. This, in turn, caused irregular perturbance in the FBG
wavelength due to the non-uniform strain distribution in the
vicinity of the cracks and may subsequently cause inaccurate
data interpretation. While readings from the FBG largely
agreed with that of the strain gauge set as the reference sensor
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during actual testing, a distinguishably significant noise was
detected in one segment ofthe test, and the authors associated
this with the insulation effect of the cryogenic tank.

Wei et al. [121] developed and demonstrated a
high-pressure sensor by combining FBG with an anisotropic
composite structure. The FBG was attached extrinsically
using epoxy resin on the side of the carbon fiber-based
composite structure with a total fiber volume fraction of
50%. The pressure sensing capabilities of the pressure sensor
were characterized by placing it inside a pressure chamber.
Another FBG was placed inside a tube and put together
inside the pressure chamber as atemperature sensor. The FBG
wavelength shift behaved as anticipated as the pressure inside
the test chamber changed, although atemperature change was
also detected. A temperature-compensated pressure value
can be achieved using the wavelength shift value from the
encapsulated FBG. Song et al. [106] reported another study
on the feasibility of using FBG as a pressure sensor by
housing it in a composite shell. An FBG was enclosed
inside a filament-wound carbon/epoxy composite shell, with
its end sealed securely by bonding cylindrical iron caps.
The FBG-based pressure sensor was then placed inside a
sealed chamber, where water at a known and controlled
pressure was pumped into. The FBG wavelength shift with
a change in the internal pressure of the test chamber depicted
a linear relationship, which indicated a sensitivity value of
0.452 nm/MPa, which is well-agreed with the attached pres-
sure regulator. The enclosed FBG sensor also showed good
repeatability. However, a discrepancy was detected between
the calculated and experimental value of pressure sensitivity,
owing to the difference between the actual and calculated
value of Young’s modulus and Poisson’s ratio, apart from any
manufacturing imperfections.

Fernandez et al. [103] assessed an SHM on a commercial
airplane CFRP cockpit structure and CFRP-stiffened concrete
pillars using FBG as sensors. A full-scale aircraft cockpit
was manufactured using carbon fiber with 24 sets of FBG
sensors securely positioned at various critical locations of
the structure (Figure 10). Additionally, two sets of FBG and
strain gauges were attached on the external surface ofthe con-
crete pillar consisting of a steel-reinforced concrete wound
with carbon/epoxy composite via filament winding tech-
nique. These aeronautical and civil engineering composite
structures were tested under several conditions. Accordingly,
fluctuating discrepancies between the FBG and strain gauge
sensor measurements were observed for the CFRP cockpit
analysis. Some readings were also significant to even change
the signs from tensile to compressive or vice versa. The
authors ascribed the phenomenon to the inaccessible location
between the FBG and strain gauge sensors or the manufac-
turer’s restrictions. In contrast, the CFRP-reinforced concrete
pillar exhibited significant discrepancy between FBG sensors
during the initial stage of compressive loading due to insuf-
ficient parallelism between the test specimen and the pillar
support, suggesting the remarkable capability of the FBG
sensor to detect these experimental setup defects. Several
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FBG fiber breakages were reported when the load applied
exceeded the threshold value.

Cao et al. [16] employed quasi-distributed FBG sensors to
examine the brittle fracture phenomenon in composite insula-
tors’ power transmission systems. Following the test method
specifications, the tubular-shaped test specimens were made
of GFRPs via the pultrusion method. Five FBG sensors were
written, with each sensor attached to the outside surface ofthe
composite insulator at 120° from each other about the cen-
troid ofthe specimen’s diameter. Specimens were submerged
inside a container with nitric acid of known concentration
prior to being applied with tensile load until fracture. The
results revealed that the FBG wavelength shift was directly
related to the number of cracks near the vicinity of the
FBG sensor and the severity of the crack itself. The authors
also reported several damaged FBGs throughout the fracture
monitoring processes, which could be due to the tensile load
applied surpassing the stress limit of the FBG material and
possibly further worsened by the nitric acid corroding the sen-
sors. However, such claims were never explicitly mentioned
in the article.

2 i

FIGURE 10. Images of the FBG and strain gauge installations on the
commercial aircraft cockpit structure [103].

VI. COMPARISON BETWEEN EMBEDDED AND
SURFACE-MOUNTED FBG

So far, this paper has reviewed several past literature stud-
ies focusing on both embedded and surface-mounted FBG.
However, the deployment methods between these two sen-
sors could not be directly compared since the composite
laminates were made from different materials and manu-
factured with varying numbers of plies, the FBG locations
were incomparable, and the sensing parameters were differ-
ent. Geng et al. [122] are the only researchers that directly
compared embedded and surface-mounted FBG, specifically
the curing, temperature, static loading, and dynamic load-
ing sensing capability between externally-mounted FBG and
embedded FBG in composite laminate structures. The test
specimens comprised a 22-ply carbon/epoxy laminate man-
ufactured via the hot press method. One FBG was embedded
between the 3rd and 4th ply, while the reinforcing fibers in
both layers and optical fiber were positioned in a longitudinal
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FIGURE 11. Image of the CFRP (a) before curing [122] and (b) after
curing [122]. Notice that the FBG egress is protected by a layer of Teflon in
the inset image.

direction. Another two FBGs were attached using epoxy,
each on the top and bottom surface of the cured composite
specimen, in the same coordinate as the embedded FBG. The
image of the specimen before and after the curing process
is shown in Figures 11(a) and 11(b), respectively. It was
revealed that the post-curing FBG spectrum showed no spec-
tral distortion, indicating its sensing reliability. However, the
wavelength peak shifted to a lower value which dictates the
presence of thermal residual stress due to curing. In addition,
the temperature measured by the internal FBG accurately
matched those of the surface-mounted FBGs and the actual
set temperature.

During static loading test, weights were placed at several
locations on the composite specimen and along the FBG’s
longitudinal axis to represent load. Accordingly, the wave-
length shift in the FBG spectra linearly correlates with the
load applied on the specimen, although the rate differed at
each position. Despite being bonded perfectly symmetrical
on the top and bottom of the specimen, the FBG spectra
wavelength change under static loading was not completely
symmetrical. This is is due to the different individual ply
thicknesses, which, when stacked, could minutely cause a
difference in distance from the composite’s neutral axis and,
subsequently, marginally different exerted strain under static
loading. Dynamic loading tests were carried out on similar
coordinates to static loading. Based on the results, embedded
FBGs exhibited slightly lower sensitivity to impact load than
surface-mounted FBGs. The authors postulated that due to the
stacking sequence, the impact load had dissipated as it propa-
gated through the specimen thickness, causing the embedded
sensor to detect less strain. The authors also argued that the
impact response sensed by the FBG was similar regardless of
the impact location.

Based on the literature reviews, it is evident that the
intended application of the sensor itself is the main factor
that determines whether the FBG sensor should be embedded
or attached to the surface of the composite laminates. While
past work by Freire etal. [99] and Prusty and Raju [98]
utilized both FBG sensors, no direct comparisons were made
concerning their sensitivity or reliability. Nevertheless, both
works have practically endorsed the suitability of embed-
ded and surface-mounted FBGs as sensors. Conversely,
Geng et al. [122] directly compared the two optical fiber
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conditions and concluded that embedded and surface-attached
FBGs are highly capable sensors. The authors also stated
that both sensors demonstrated noticeable differences in
sensitivity, specifically during static and dynamic loading
tests. However, such outcomes were already anticipated since
both loading tests arguably remained under the influence of
the specimens’ geometrical effect to a certain degree.

Both deployment methods possess unique and distinct
characteristics, as listed in the performance comparison in
Table 4. The list shows that embedded FBG sensors specifi-
cally monitor interlaminar strain and the interlaminar temper-
ature, which is possible because they are embedded between
the fiber layers. The close proximity of the embedded sensor
to the damage location gives it advantages in terms of captur-
ing the strain and acoustic signatures released during failure
events. Meanwhile, the surface-mounted technique is only
capable of measuring surface strain, and these parameters
also give the possibility of detecting damage. The embedded
technique is less flexible and requires careful planning as the
sensor position is permanent after the FRP manufacturing
process is completed. On the other hand, surface-mounted
FBGs are more flexible, require less complex installation
and maintenance, and can be deployed immediately to a
desirable structure. Surface-mounted FBGs are more likely to
be affected by human and environmental perturbations. In the
case of sensor damage or breakage, embedded FBGs are sus-
ceptible to damage during manufacturing if the optical fiber is
not handled carefully. Both embedded and surface-mounted
FBGs are vulnerable to in-service damage. Excessive loading
impacted on the host structure could also result in damage
to embedded FBG; thus, study of the structure to identify
the strategic position is required, especially for complex FRP
composite structures. The performance of embedded FBGs
can be affected by other issues, such as resin-rich areas,
nestled FBG inside the reinforcing fibers, chirped FBG sensor
grating, angular and axial angular disorientation of FBG,
fiber debonding and delamination, and additional residual
strain, which could significantly affect the sensing capabil-
ities of the FBG or the mechanical integrity of the host
composite laminate, or even both. More in-depth elabora-
tion regarding these issues is provided in Section IX of this
paper. Therefore, careful consideration and planning should
be conducted before deciding on the incorporation method of
the FBG into the FRP laminates, especially on the intended
sensor application.

VII. IN-COMPOSITE FBG SENSOR CHARACTERIZATION

Another essential aspect of FBG embedment in composite
laminates is the characterization ofthe FBG itself. In this sub-
section, several past literature studies on the evaluation and/or
characterization of new FBG materials or sensor enhance-
ment techniques and the impact of these novel materials
or techniques on the sensitivity of the FBG are presented.
As opposed to characterizing its host polymer, FBG is com-
monly embedded inside composite materials to determine
its sensing capabilities. Utilization of novel FBG material
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TABLE 4. Performance comparison between embedded and surface-mounted FBG on composite laminates.

Main characteristics

Intended sensing application

Detected physical parameters

Manufacturing technique

Temperature susceptibility

Strain susceptibility

Risk of sensor damage

Maintenance

Laminate-related defects

Sensor-related defects
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Embedded

- FBG sensor incorporated between reinforcement
fibers layers during the manufacturing process

- Permanently embedded inside the composite laminate

Usually utilized for smart composites

- Internal composite strain and temperature state
during the curing stage

- BVD detection and localization

- Interlaminar strain, interlaminar temperature, impact,
vibration, and damage

- Pre-strained FBG fixed between selected layers of the
composite laminate prior to resin impregnation or
curing

- The laminate fabrication process may include hand
lay-up, hot press, VARIM, Vacuum-assisted Resin
Transfer Mold (VARTM), vacuum bagging, and
autoclave curing

- Sensitive to detecting curing/chemical reaction
temperature shift

- May be influenced by the temperature change of
certain fiber or matrix

- May be influenced by thermal-induced strain due to
chemical reactions or curing cycle

- More sensitive in detecting strain perturbation on its
axial orientation compared to transversal strain

- Prone to breakage during manufacturing

- Sensor damage/breakage dependent on host
composites' fracture strength

- Impossible for physical maintenance and replacement

- Requires replacing the whole smart composite
structure

- Resin-rich region/air pockets

- Debonding

- Reduced mechanical properties

- 'Nestled' FBG

- Chirped grating

- FBG angular rotation and orientation shift

- Residual strain due to cure-shrinkage/laminate
warpage

Surface-mounted

- Composite laminates are manufactured first prior to
attaching FBG securely on the cured composite laminate
surface using high-performance adhesive

- Damage detection and localization

- SHM for large structures

- Surface strain, surface temperature, impact, damage,
vibration, and pressure

- Pre-strained FBG attached to the surface of cured
composite laminate using adhesives or the composite's
matrix epoxy

The laminate fabrication process may include hand lay-
up, hot press, VARIM, VARTM, vacuum bagging, and
autoclave curing

- Prone to sensing external/ambient/environmental
temperature perturbation

May lead to inaccurate sensing

- Heightened sensitivity due to surface measurement,
which might not be representative of the actual value

- Less susceptible to damage during sensor placement
- Prone to in-service breakage due to external factors
- Usually requires additional protection coating
- Possible sensor replacement and maintenance

- Capable of visual inspection/confirmation

- Nothing significant

- Nothing significant

86629

IEEEAXesS'



IEEEArcess*

or microstructure, or even a novel sensitivity-enhancement
method, requires the FBG to be embedded to observe its
behavior inside the polymeric composite laminate and how
they affect the host composite microstructure and mechanical
properties. In fact, novel FBGs’ performance is occasion-
ally set as a benchmark to compare with other types of
embedded OFSs.

Previously, Ramakrishnan et al. [123] proposed using
polarimetric sensors and FBG for simultaneous multiparam-
eter measurement in laminate composites. Individual FBG,
acrylate-coated Polarization Maintaining Photonic Crystal
Fiber (PM-PCF), and stripped PM-PCF were embedded just
below the surface of an 8-ply unidirectional E-glass/polyester
composite, and subjected to thermal and flexural load to
observe strain, temperature, and thermally-induced strain
sensing capabilities of each OFS. During the three-point
bending experiment for strain-sensing, the FBG exhibited
a sensitivity of 0.0862 dB/”e, followed by the coated and
stripped PM-PCF at 0.00464 dB/"e and 0.00467 dB/"e,
respectively. The authors found that the buffer coating on the
FBG significantly reduced the effect of thermally induced
strain. For thermally-induced strain measurement, the FBG
showed the highest sensitivity at 0.0845 dB/"e, followed
by the stripped PCF at 0.00462 dB/"e and coated PCF at
0.000464 dB/”e. Therefore, the authors have chosen stripped
PCF as a sensor for thermally-induced strain.

Rajan et al. [124] also evaluated and compared the per-
formance of FBG as a sensor in composite materials against
polarimetric based sensors. Panda fiber and PM-PCF were
embedded inside an 8-ply of carbon/epoxy and glass/epoxy
laminate with the sensors embedded just below the sur-
face of the laminate. During strain measurement, the FBG
exhibited marginally higher sensitivity compared to PM-PCF.
For the case of temperature sensing, the embedded FBG
showed a higher sensitivity compared to its free-space sensi-
tivity, owing to the birefringence effect from the composite
materials’ thermal expansion. This also explains the rela-
tively unchanged temperature sensitivity of the FBG upon
being embedded inside the CFRPs compared to normal,
free-space temperature sensitivity, as carbon fiber possessed
a smaller thermal expansion coefficient than glass fiber.
A similar observation was also present in the case of dif-
ferent FBG coatings, where acrylate-coated FBG depicted a
higher sensitivity compared to polyimide-coated FBG. While
both PM-PCF and FBG were able to measure the applied
vibration frequency to a certain degree adequately, the FBG
could only detect vibrations with an amplitude larger than
0.3 mm compared to the minimum 0.1 mm detectability by
the PCF.

Following the previous study, the research group carried
out an extended study emphasizing low-frequency dynamic
loading sensing using FBG and PM-PCF [125]. Both FBG
and PM-PCF were embedded between the 2nd and 3rd layer
of an 8-ply glass/polyester unidirectional laminate manufac-
tured via the hand lay-up method. Prior to being embedded,
both optical fibers were applied with pre-strain by fixing
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both fibers’ ends. In the vibration sensing test, the measured
periodic wavelength change of the FBG spectra showed a
lower effective noise content than that of PM-PCF, as the
FBG was measured in the wavelength domain, as opposed to
the intensity domain for the PCF measurement. Although the
FBG spectra exhibited a noticeable harmonic distortion, the
authors claimed that the FBG could resolve more significant
details in harmonic contents.

In another study, Rajanetal. [71] fabricated Polymer-
based FBG (PFBG) and utilized it as a sensor in compos-
ite laminates. The PFBG was produced using poly(methyl
methacrylate) (PMMA) via the phase mask technique.
Besides standard FBG, PFBG was embedded between the
2nd and 3rd layer of an 8-ply unidirectional glass/polyester,
and the cured composite laminates were characterized for
their thermal and flexural response. It is worth noting that
during the embedding stage ofboth FBGs, the firmly attached
optical fibers on the glass fiber layer caused pre-straining
and potentially residual strain post-curing since the FBG
showed spectral peak-broadening compared to its free-state
spectrum. It was highly plausible that the phenomenon was
related to the inhomogeneous strain distribution on the FBG
sensor gratings. Another interesting observation was that
only a portion of the PFBG consisted of polymer-based
optical fibers, while the rest was composed of single-mode
silica fiber pigtail attached to the polymer fiber via UV-
cured adhesive. It was believed that the adhesive between
the silica/polymer interface might have caused noise on the
reflected spectra in the form of ripples, as no such occurrence
was exhibited for the standard silica FBG. During the thermal
characterization test, PFBG exhibited spectral broadening
instead of spectral shift, as shown by the silica FBG. PFBG
also depicted a negative wavelength shift gradient due to its
negative thermo-optic coefficient. Nevertheless, both embed-
ded and free-space sensitive PFBGs were marginally similar.
The authors theorized that this was due to the inefficient
longitudinal thermal strain transfer of the PFBG gratings.
On further investigation, PFBG reacted to transverse thermal
strain more adeptly, possibly owing to the absence of coating
on the PFBG, which subsequently caused a direct transfer
of any surrounding perturbance to the sensor core. In the
flexural response sensing, although both PFBG and silica
FBG showed no spectral broadening or distortions, PFBG
recorded a slightly inaccurate strain, which was attributed to
the inefficient transfer of mechanical strain due to the differ-
ence in properties between the PFBG and polymer composite
materials.

Zhan et al. [126] also focused on utilizing PFBG as a multi-
parameter sensor inside a thermoplastic composite laminate.
Polyimide was chosen as the material to fabricate the FBG,
and the PFBG was embedded inside a carbon/polyphenylene
sulfide (PPS) during the AFP process with a 0° and 15° angle
to its longitudinal axis. The strain and temperature changes
throughout the manufacturing and curing process were mon-
itored. The authors postulated that the PFBG temperature
sensitivity varied greatly due to a significant mismatch of
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thermal expansion coefficients between the resin and optical
fiber. Therefore, the Bragg wavelength shift should be repre-
sented as:

AAb = \af + %+ (I- —pe) (ares —af )] AT  (9)

where % s the thermos-optic coefficient, Pe represents the
photo-elastic coefficient, ares and af are the thermal expan-
sion coefficient of the resin matrix and optical fiber, respec-
tively, and AT denotes temperature change. According to the
results, the FBG displayed a sharp peak intensity increase
whenthe AFP roller passed through the region where the FBG
was embedded due to the force exerted by the roller, besides
an additional force imposed during the fiber ply placement
and the temperature change. These additional perturbances
subsequently caused the emergence of side lobes on the spec-
tra. It is also interesting to note that while the composite plies
were heated to 250 °C prior to being placed down, the highest
temperature detected by the FBG was only up to 231 °C.
Naturally, as more layers are laid-up, the temperature reading
drops. Hence, the authors credited this phenomenon to the
heat loss due to the conduction between layers.

Meanwhile, Luyckx et al. [67] evaluated the influence of
material and geometrical birefringence of FBG by embedding
both types of fiber sensors in composite laminates. The first
FBG sensor was manufactured by inscribing Bragg gratings
on a bow-tie fiber (geometrical birefringence), while the
other was on a highly-birefringent microstructured optical
fiber (material birefringence). The sensors were embedded
between the 2nd and 3rd layers of a 16-ply carbon/epoxy
composite laminate, and the specimens were loaded with
bending, transversal strain, and thermal load. While both geo-
metrical and material birefringent FBGs showed marginally
similar sensitivities during the flexural test, the same could
not be said during the transversal strain test. The bow-tie FBG
showed a higher sensitivity, which was thought partially owed
to its thinner cladding.

Interestingly, both FBG sensors showed significant differ-
ences during the thermal-cooling test, in which the bow-tie
FBG exhibited a substantially higher sensitivity (0.42 pm/°C)
as opposed to 0.026 pm/°C for the microstructured FBG.
The authors associated this finding with the difference in
material and geometrical birefringence of both types of FBG,
with the former being more inherently temperature-reliant
for bow-tie FBG. Focusing on the birefringence of FBG,
the authors utilized residual strain-induced birefringent FBG
as a multi-axial sensor in composite laminates in another
study [126]. The study employed two types of FBG sensor
settings: one type of sensor comprised of FBG encapsulated
inside capillary fused silica tubing to measure pure axial
strain, while another was non-encapsulated FBG with its
coating stripped to measure the total strain exerted on the
sensor gratings. Both sensors were separately embedded on
the neutral plane of a 16-ply cross-plied carbon/epoxy lam-
inate, as depicted in Figures 12(a) and 12(b), respectively,
and loaded with longitudinal and transversal in-plane tensile
load, as well as out-of-plane transversal load. The effect of
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FIGURE 12. The cross-sectional profile of the (a) coating-stripped FBG,
and (b) FBG inside the capillary glass tube embedded in the cross-ply
laminate [127].

transverse strain during the applied longitudinal load was
revealed to be marginal. However, during longitudinal load
testing, the transverse in-plane strain component exhibited
higher reading variations than its longitudinal counterpart,
indicating that the transversal strain in optical fibers was
closely related to changes in its axial wavelength shift. This
claim was also valid in terms of error - a small error in axial
strain detection (~ 1%) led to a more considerable error in
the transverse strain direction (~13%). After applying the
transversal load, both stripped and encapsulated FBG showed
almost 20 times smaller wavelength shifts relative to the
longitudinal load case; even for the out-of-plane transversal
load case, the FBG could still detect strain changes in the
complementary axes’ direction.

Wang et al. [6] attempted to improve the FBG sensitivity
in composite materials using fiber buffer coating. Three indi-
vidual FBGs positioned at 0°, 45°, and 90° to the longitudinal
axis of the reinforcing fiber were embedded between the 7th
and 8th layer of a 24-ply carbon/epoxy laminate prior to being
cured and characterized for the flexural and thermal response.
In a preliminary study, the simulation and experimental out-
comes demonstrated the effect of buffer coating on FBG
under three conditions: standard FBG, coating-stripped FBG,
and recoated FBG. The stripped FBG showed the highest
birefringence effect with peak splitting on its reflectance
wavelength spectrum, while the standard FBG showed slight
spectral distortion, and no discernible spectral anomaly could
be detected for recoated FBG. The addition of an extra thick-
ness of coating enveloping the sensor grating was also thought
to mitigate the birefringence of the FBG by balancing the
longitudinal and transversal stress component imposed on
the sensor. The recoated FBG also showed remarkable tem-
perature sensing capability after being embedded inside the
composite material, recording a sensitivity of 13.33 pm/°C
and 14.46 pm/°C at 0° and 90° oriented FBG sensors, respec-
tively. Nonetheless, the study did not elaborate on the higher
sensitivity for the perpendicularly-placed sensor. On the other
hand, the 0° oriented FBG sensor exhibited the highest strain
sensitivity under applied flexural loading, as it was parallel
with the axial tensile stress exerted due to the deformation
of the composite material. It was also noted that as load
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increased during the flexural test, the wavelength spectrum
of the FBG exhibited slight spectral distortion in the form of
spectral broadening, highly suggestive of non-uniform strain
distribution along the sensor grating.

VIIl. RECOMMENDATION ON FBG EMBEDDING
CONDITIONS AND TECHNIQUES

After reviewing numerous works utilizing embedded FBG
inside fiber-reinforced polymer composite laminates, this
section lists several ideal optical fiber embedding condi-
tions and techniques to obtain defect-free specimens with
defect-free sensing capabilities. Note that these proposed
ideal embedding conditions and techniques serve more as
precautions - matters requiring extensive consideration, care-
ful planning and strategy, and utmost care during or prior
to the embedment process. These proposed conditions and
techniques are also mainly based on the various issues, obser-
vations, problems, and findings discussed in past papers.
Also, discussion on ideal techniques for surface-attaching
FBG is not included due to the almost non-existent problems
reported in past literature related to the surface-attachment
process.

A. APPLICATION OF PRE-STRAIN TO STRAIGHTEN FBG
One of the essential precautions during the FBG embedding
procedure is to ensure that the OFS is perfectly straight and
aligned to increase the reflectivity ofthe FBG. This is achiev-
able by fixing both ends ofthe FBG with adhesive tape during
its placement between the composite laminate layers prior to
resin impregnation so that the OFS remains securely straight
throughout the curing process. It is also advisable to avoid
fixing the FBG end using adhesive tape on the composite ply
itself since it may block resin impregnation into the reinforce-
ment fiber plies within that vicinity. The tape may also act as a
defect and, consequently, as a stress concentrator. Instead, the
adhesive tape should be placed on the preparation surface area
at the edge of the specimen. Several past works have utilized
this method [71], [95], [124], [126]. Itis also worth noting that
excessively fixing the FBG may introduce pre-strain onto the
sensor, which in turn may induce additional residual strain
post-curing, as reported previously [86]. Therefore, special
care must be taken to avoid introducing pre-strain onto the
Sensor.

B. PROPER FBG AXIAL AND ANGULAR ORIENTATION

Apart from ensuring the FBG remains straight, it is also cru-
cial to ensure thatthe OFSs are correctly axially and angularly
oriented during the embedding and specimen manufactur-
ing process. It was previously shown that strain detected
by the FBG dropped as the embedding angle deviated from
the longitudinal axis of the reinforcing fiber [65]. For the
case of geometrically-birefringent FBGs, including bow-tie
fiber, Panda fiber, or any other novel microstructures, such
as the one designed by Sulejmani et al. [69], [128], the opti-
cal fiber angular orientation must be appropriately aligned.
Any misalignment may cause a drop in sensitivity, as

86632

S. M A Musa et al.: Embedded and Surface-Mounted Fiber Bragg Grating as a Multiparameter Sensor

FIGURE 13. (a) The cross-sectional image of the angular misalignment of
a highly-birefringent OFS and (b) the corresponding wavelength shift with
applied uniform load [127]. Notice the difference in wavelength shift as
the misalignment angle increases.

portrayed by the in-composite cross-section illustration in
Figure 13(a) and its corresponding wavelength shift upon
applied uniform strain in Figure 13(b).

C. INGRESS AND EGRESS POSITION/PROTECTION

During the FBG embedding stage, the ingress and egress
locations (the optical fiber enters and exits the composite
laminate) are the weakest. The FBGs are prone to damage
or breakage at these locations, usually due to the sharp
edges of cured polymers. Therefore, the most straightforward
approach in addressing this issue is by providing ample pro-
tection to the FBG at these locations by simply enclosing the
protruding optical fibers in protection sleeves made up of rub-
ber, Teflon, or steel, as demonstrated by past researchers [7],
[129], [130]. Another feasible method is to use a detach-
able connector system, as proposed by Basile et al. [131] and
Tsutsui et al. [132]. Details regarding this alternative method
are discussed in Sub-Section IX-F.

D. PROPER FBG CARE DURING MANUFACTURING

It is not an understatement to say that FBG is a highly
fragile sensor. As such, proper care must be taken during its
embedding process and not just on its ingress/egress posi-
tion, as discussed earlier. Similarly, the optical fiber must
not be under excessive bending load or bending curvature,
especially during the experimental system setup requiring
the OFSs to be connected to multiple ports and places. This
indicates that the experimental setup must be planned ahead,
even during the manufacturing process of the composite
specimen. Apart from this, some manufacturing processes of
the in-composite embedded FBG, such as autoclave curing,
including exposing the specimen to considerable pressure
cycles, which could physically damage the optical fiber dur-
ing the specimen manufacturing stage.

E. PROPER PLANNING FOR FBG WAVELENGTH, NUMBER,
LENGTH, AND LOCATION

The planning stage is the most important stage of FBG
embedment in FRP composite laminates. The planning
includes designing the OFS - length of gratings, number
of gratings, optical fiber materials, the distance between
gratings, splicing or multiplexed, sensor amount per optical
fiber, and use of capillary tubes - as well as planning its
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placement - optimized location, and the number of FBGs
per composite ply. These multitudes of factors may influence
the overall outcome of the FBG sensor. Therefore, it is not
surprising to discover that most researchers opted for sim-
ulations prior to carrying out experimental works, such as
that reported by Tsamasphyros et al. [133], who conducted
a numerical simulation to achieve the optimized embedment
placement of FBG inside composite laminates. For applica-
tions requiring multiple FBGs, it is crucial to plan and deploy
the FBGs with distinct differences in the peak wavelength
values. This is to ease the process of data interpretation and
analysis. Conversely, similarly close peak wavelength valued
FBG might hamper the data analysis stage, especially for
analyzing simultaneous perturbations at different locations
on the composite laminate specimens. Moreover, it is vital
to estimate the wavelength shift and predict its direction to
avoid spectral overlapping. This is achievable by performing

F. COATING AND CAPILLARY TUBE

Polymer-coated FBG is commonly available as the coating
provides physical protection on the fragile structure of the
OFS. Apart from the coating, FBGs are encapsulated in cap-
illary tubes to cater to cross-sensitivity issues. However, the
presence of polymer buffer coating might cause inefficient
strain transfer on the sensor grating, as demonstrated by
Khadkaet al. [134], owing to low-quality bonding between
the matrix and the polymer buffer coating. The author’s group
also proved that stripping the FBG bare of the buffer coating
exhibited excellent interfacial bonding between the compos-
ite matrix and the FBG sensor, as shown in Figure 14.On the
other hand, Wang et al. [6], [9] demonstrated that optimizing
the coating thickness could mitigate the birefringence effect
of the FBG by balancing the asymmetric strain distribution
on the sensor grating. They showed that stripping the FBG
bare led to wavelength distortion in the form of peak splitting
due to non-uniform strain distribution on the sensor grating.

FIGURE 14. Microscopic imaging of the interfacial bonding between the
FBG and polymer matrix for (a) unstripped FBG and (b) bare FBG [134].

IX. ISSUES AND CHALLENGES WITH FBG AS SENSORS

This paper has repeatedly demonstrated the reliability and
capability of FBG to act as an individual or multiparameter
sensor in fiber-reinforced composite laminates, regardless of
whether it is surface-attached or embedded. Nevertheless, the
OFS is imperfect and still prone to induce specific issues,
which may adversely affect its host composite materials
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and/or the sensing process itself. Hence, this sub-section
highlights and addresses the following issues. First, the
effects of FBG embedment on the mechanical properties of
its host composites is explained, mainly on the deterioration
of composite laminate properties due to the presence of FBG
sensors inside the FRP microstructure. Following this issue,
several defects on composite laminate microstructure that
directly result from FBG embedment or imperfection during
FRP manufacturing are presented. Subsequently, the discus-
sion focuses on FBG failure due to in-service optical fiber
fracture or during testing, followed by the cross-sensitivity
issue of FBG - how it affects multiparameter sensing and
how current researchers cope with it. Another issue deemed
necessary to highlight is the limited sensing region of FBGs,
or it only allows point sensing. Then, several strategies to
manipulate this limitation into distributed or quasi-distributed
sensing are presented. The discussion finally emphasized the
methods to handle the precise location and placement of
embedded FBG before stressing the limitation of FBG to act
as sensors in other composite systems efficiently.

A. EFFECT OF FBG ON MECHANICAL PROPERTIES OF
HOST COMPOSITES

Using the definition of composite materials [135], [136] as
stated in the earlier parts of this paper, OFS is qualified to
be considered as a reinforcement to an existing composite
material upon its inclusion into the composite’s microstruc-
ture. As such, it could be argued that embedding FBG into
an FRP composite laminate will most definitely influence
the output mechanical properties of the host composites. The
issues are whether they are detrimental or beneficial and
whether the effects are marginal or significantly distinguish-
able. The former could be easily solved - although FBG is
mainly made of silica which is the similar main ingredient
in reinforcing glass fibers, FBG was never intended as a
load-carrying reinforcing fiber. In fact, to the best of the
authors’ knowledge, no available literature at the point of
writing this paper has decisively shown that embedding FBGs
enhanced the mechanical properties of its host composite
laminates. This indicates that the inclusion of FBG inside
composite laminates deteriorates its mechanical properties,
but to what extent?

Past literature has shown mixed responses regarding
the severity of the influence imparted by FBG on its
host’s mechanical properties. On the one hand, some
researchers claimed that an apparent reduction in mechan-
ical properties was observed due to FBG embedment.
Papantoniou et al. [68] demonstrated a decrease of 300 MPa
in ultimate tensile strength when FBG was embedded in the
center of the specimen, with a further drop of 100 MPa
observed when the optical fiber was placed off the center
to a non-symmetrical axis. This was associated with the
additional bending effect exerted by the optical fiber and
manufacturing imperfection caused by the FBG, such as
debonding. Furthermore, the size of FBG, which is often five
to tenfold larger than individual reinforcing fibers, is also
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thought to contribute to this issue, as they act as stress con-
centrators.

Some studies even concentrated on investigating the
influence of FBG embedment on itself. For instance,
Khadkaet al. [134] studied the impact of FBG embedment
on the mechanical properties of its host composite material.
FBGs were embedded between particular layers of an 18-ply
unidirectional carbon/epoxy composite, cured, and tested for
their tensile response. The authors observed that the com-
posite strength steadily deteriorates as the FBG is positioned
farther from the middle ply of the composites (towards the
outer plies). However, the effect was not reflected in its
tensile modulus. Upon further investigation via the micro-
scopic imaging method, it was discovered that due to the
employed lay-up sequence, the FBG positioned towards the
outer layer tends to get ‘nestled’ into its adjacent 0° ply,
as similarly reported by another literature [95]. It was also
apparent that the nestled FBG was not enveloped in epoxy
resin, insinuating fiber debonding. To further test this theory,
the authors embedded an FBG perpendicularly in a unidi-
rectional carbon prepreg and discovered the presence of a
resin-rich area surrounding the FBG. The authors, however,
did not provide further information on how the resin-enriched
area governs the microstructure and mechanical response of
its host composite, not to mention how it can impact the
sensing capability of FBG.

In contrast, other researchers argued that the FBG implant-
ing effects were marginal and could even be considered neg-
ligible [107], [123]. For instance, Kuang et al. [95] claimed
that the embedment of the optical fiber does not impart local
perturbation in the vicinity of the FBG itself. The claim was
further substantiated by showing that the FBG spectra of
all unidirectional specimens depicted no spectral distortion,
which observed no significant microstructural change on
the region near the sensor, implying no major effect on the
mechanical properties of the host composite laminates.

On top of FBG inclusion inside the composite laminate,
the utilization of capillary tubes was another factor that may
indirectly affect the laminate’s mechanical properties. Pre-
viously, researchers often encapsulated their FBGs inside a
capillary tube made from various materials to ensure that they
would be in a constant strain-free state and protected from
thermally-induced strain due to the cross-sensitivity issue of
the FBG [62], [79], [82]. Again, the marked discrepancy
between the diameter of the capillary tube and the reinforcing
fiber (two to four times difference in size) may impose some
perturbance in its vicinity microstructure, acting as a stress
concentrator and subsequently altering the mechanical prop-
erties of the host laminates. This agrees with the claims made
by past researchers [7], [20], [32], [67], although they were
never proven with relevant scientific data or studies.

Also, note that this paper only covered the effects on
mechanical properties ofthe composite laminates and not any
other properties, such as thermal or fire response, since it is
improbable that the embedment of FBG would impart any
significant deterioration to these properties. The only other
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aspect known to change due to FBG being embedded inside
the composite laminates is its local microstructure, which is
explained in the following sub-section.

B. EFFECT OF FBG ON THE MICROSTRUCTURE OF
COMPOSITE LAMINATES

As mentioned earlier, FBG embedment inside the composite
laminates is expected to distort the composite’s microstruc-
ture. This distortion in the vicinity of OFS might contribute
to the adverse effects imparted on the mechanical properties
of the composite laminates. As the previous sub-section has
already addressed the drop in properties, this sub-section
focuses on the microstructure changes, which may lead to the
deterioration in mechanical properties covered earlier.

The first crucial microstructure anomaly reported upon
the inclusion of OFS into composite laminates is the emer-
gence ofthe resin-rich region. This phenomenon was reported
by various studies, among them by Song et al. [137], who
reported the presence of spindle-like resin-rich enveloping
the FBG when the optical fiber was placed transversely to
the direction of the reinforcing fibers. A similar finding was
observed by Minakuchi [83], who claimed that FBG embed-
ment displaced and caused misalignment of reinforcing fiber,
along with the presence of resin-rich region, as illustrated
in Figure 25(a). The author added that the region imposed
a limited effect on the sensing capability of the fiber. How-
ever, no further elaboration was given on its impact on the
composite’s mechanical properties.

Shivakumar et al. [138], [139] dedicated a study to explore
further the effect of FBG embedment on the change in
microstructure it caused to its surrounding region. FBG was
embedded midplane of an 8-ply, 16-ply, and 20-ply unidirec-
tional carbon/epoxy composite, with the optical fiber oriented
at 0°, 30°, 45°, 60°, and 90° orientation. The manufactured
specimens were then characterized for their morphological
structures and tensile and compressive properties. It was
revealed that except for the 0° FBG orientation, the optical
fiber in all other orientations created a ply wave with resin
pockets to fill them, which agrees with that of Minakuchi [83]
and Song et al. [137]. It is also interesting to note the emer-
gence of air pockets for the orientation at 60° and 90°,
as shown in Figure 15(b). The study measured the distur-
bance angle -the opening angle of the end of the spindle-like
resin-rich pocket - and the area of the resin-rich region and
concluded that they were almost constant regardless of the
FBG orientation inside the composite. Nevertheless, differ-
ences in value were still detected when comparing those
obtained from 8-ply and 16-ply laminates, which the authors
credited due to the manufacturing variation as more plies
were added.

In the mechanical tensile test, the authors postulated the
failure mechanism of the composite laminate under the
influence of the disturbance caused by the embedded FBG,
as illustrated in Figure 16(a). As the axial load progressed,
the transverse stress concentrated at the end of the resin-rich
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FIGURE 15. (a) Resin-rich region and fiber misalignment around the FBG,
as depicted by Minakuchi [83], [82]; (b) The presence of air pocket in the
resin-rich region for FBG orientation at 90° [138].

pocket due to the geometric perturbation. Failure was ini-
tiated with fiber-matrix debonding at the previously men-
tioned stress-concentrated region, which propagated with
load, before stopping and failure due to breakage of the rein-
forcing fiber. As opposed to the tensile test findings, failure
initiation was first detected by debonding at the FBG-matrix
interface due to the concentrated transverse tensile stress,
which then propagated to the resin pocket end, followed
by fiber micro-buckling. The proposed failure mechanism
is presented in Figure 16(b). Although the tensile strength
dropped by a maximum of approximately 10%, which is
considered minimal, the failure initiation stress was lower
than the ultimate strength. Interestingly, compressive strength
suffered a more significant drop ofup to 40%, which is highly
suggestive of the heavy reliance on compressive properties to
the orientation ofthe OFS. Notably, all the maximum drops in
properties were recorded by the 90° orientated FBG sensor.
Another critical microstructural defect caused by the FBG
embedment occurred when the optical fiber was embedded
in an adjacent unidirectional reinforcing fiber ply, leading
the FBG to be nestled inside the fiber ply, as depicted in
Figure 17. This phenomenon was observed in numerous
studies. For instance, Shivakumar and Emmanwori [138]
reported such observation upon embedding the fiber between
two 0°/0° unidirectional plies. Conversely, Kuang et al. [95]
observed FBG nestling upon using a 0°/90° unidirectional
configuration, where the optical fiber submerged itself inside
the adjacent 0° ply and possibly displaced by the 90° ply,
as depicted in Figure 17. A similar finding was also claimed
by Song et al. [137], who tested several lamina configura-
tions, including 0°/0°, 0°/90°, and 90°/90°. The authors
concluded that the FBG will always be nestled when embed-
ded adjacent to a longitudinally-parallel ply. Interestingly,
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FIGURE 16. Microscopic imaging of the interfacial bonding between the
FBG and polymer matrix for (a) unstripped FBG and (b) bare FBG [138].

FIGURE 17. Microscopic imaging of the interfacial bonding between the
FBG and polymer matrix for (a) unstripped FBG and (b) bare FBG [95].

Song et al. also mentioned that almost no resin enveloped
the optical fiber in this condition, which might explain
the failure mechanism and the drop in mechanical prop-
erties, as mentioned earlier. However, this could be due
to material incompatibility or manufacturing imperfection.
Kuang et al. [94], [95] also elaborated that the nestled FBG
between the longitudinally-parallel reinforcing fibers was
shielded from the radial compressive stress of the adja-
cent non-axis plies. However, radial compressive stress from
the individual 90° reinforcing fibers could still be exerted
should the optical fiber be incompletely nestled inside the 0°
ply, as in the case depicted in Figure 17. This may induce
non-uniform strain distribution on the sensor, which conse-
quently induces FBG spectral distortion.

C. FBG FAILURE DUE TO BREAKAGE

Although FBGs are often incorporated in composite lam-
inates and intended for NDTs, such as strain and tem-
perature sensing or specific tests or applications progress
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until the composite structure becomes fractured, the FBG
is sometimes broken in the process. Several studies high-
lighted earlier have reported the failure of FBG. For example,
Freire et al. [99] embedded several fibers inside a composite
laminate to act as a ‘repair patch’ on a steel pipe. However, the
FBGs failed under repeated hydrostatic tests after 10 cycles
and reached 5 000 /is. Fernandez et al. [103] reported another
FBG breakage when the attached OFS on a CFRP-reinforced
concrete beam ruptured under continuous compressive load-
ing. The first FBG failed when the load reached 314.5 kN,
while another failed above 900 kN. The authors credited the
fiber breakage to the load eccentricity or non-uniform load
distribution on the composite structure.

Additionally, previous literature reported that FBG breaks
beyond a certain strain or stress value. Therefore, it could
be argued that sensor failure after exceeding a certain load
or stress threshold is an excellent criterion to consider its
suitability with the intended application. Certain applica-
tions might require a higher parameter sensing value, which
might not be suitable for FBG due to its possible failure.
This, in turn, depends on the material properties of the
manufactured optical fiber, especially the typical mechanical
properties of FBG materials, as listed in Table 5. Therefore,
it is crucial to ensure that the host composite’s mechanical
properties and intended service load do not exceed those
of FBG.

TABLE 5. Typical mechanical properties of FBG from past studies [68],
[139], [140], [141].

Material Young's Shear modulus, Poisson's ratio,
type modulus, E (GPa) G (GPa) v
Silica 70.00-72.90 31.10 0.17-0.33
glass

D. CROSS-SENSITIVITY OF FBG

It is well-known that FBG is highly-responsive to strain
and temperature perturbations [55]. This consequently raises
an ongoing issue of separating the FBG wavelength shift
between strain and temperature, especially in applications
requiring one to conduct mono-parameter sensing with the
influence of other parameters. Over the past decades, the
most common method to cater to this was to employ two
FBGs, with one of the FBG encapsulated inside a capillary
tubing prior to being embedded inside or attached to the
surface of the composite laminates [78], [88], [127]. As the
encapsulated FBG is always in a strain-free state, the different
readings with the bare FBG can differentiate between the
actual temperature and the true strain perturbation shift from
the FBG spectra. As has been covered in earlier sub-sections,
this method was thought to cause microstructural disturbance
to the local vicinity of the host composite, consequently
affecting its mechanical properties. Adding to this was the
fact that one must include a separate FBG sensor for each
parameter for sensing purposes, which could be costly and
involve a more complex sensing system. Not to mention
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that embedding multiple FBGs, especially with encapsulation
tubes, might exacerbate the local microstructural perturbation
effect.

In the past, numerous researchers have continuously
explored alternative options to enable multiparame-
ter sensing, possibly without the need to perform
temperature-compensated strain measurement using cap-
illary tubes, as reported before. To avoid using multiple
OFS, Kang etal. [80] used FBG in tandem with EFPI as
a sensor. However, both optical fibers were still enclosed
inside a capillary tube. Rao et al. [104] adopted a similar
approach to Kang et al. [80], but the encapsulated optical
fibers were surface-mounted on the composite. Meanwhile,
Yoon et al. [81] spliced two FBG gratings made from glass
of different dopant concentrations so that the only sensitivity
towards strain is identical, but not temperature. Furthermore,
Rocha et al. [88] used smaller FBGs with a smaller encap-
sulated tube to mitigate the effect of microstructural per-
turbation, while Oromiehe et al. [89] embedded two FBGs,
with one implanted at a slightly different angle so that
the slightly different strain caused may cater for the cross-
sensitivity issue. Keulen et al. [2] multiplexed FBG with EFS
to monitor flow and strain so that different OFS will monitor
different parameters. Nevertheless, these methods showed
promising potential to cater to the cross-sensitivity issue of
FBG. Continuous efforts are currently in progress to address
this ongoing and unsolved issue.

E. SPATIAL COVERAGE OF FBG SENSORS

Despite the numerous advantages of FBG, one of its draw-
backs is its limited sensing vicinity. Although it is generally
known that FBG is highly sensitive to external perturbations,
such as temperature change or strain, this high sensitivity
might have limited its sensing capabilities to only point sens-
ing. There are a few available methods that cater to this issue.
Among them is by adopting distributed or quasi-distributed
FBG sensing, which usually involves inscribing Bragg grat-
ings on numerous equidistant points on an optical fiber.
This method is called multiplexing; it can be done by time,
space, wavelength division multiplexing, or any combina-
tion. Regardless, multiplexing might have just increased
the complexity of the sensing system, as additional sensing
components are usually needed to cater to the increase in
sensing power, such as a demodulator, which will not be cost-
effective. Not to mention that multiplexing FBG also suffer
from sampling frequency problem, as not many technologies
currently support the high-speed frequency of multiplexed
FBG, as claimed by previous studies [113], [114]. While mul-
tiplexed FBG might be able to conduct distributed or quasi-
distributed sensing, the sensing accuracy might have been
compromised. Zhu et al. [142] claimed a significant optical
power loss on the last sensor position of a 10-multiplexed
FBG sensor system due to the accrued optical power loss from
the preceding sensor as a result of induced micro-bending
optical loss.
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F. SENSOR LOCATION AND PLACEMENT

For both embedded and surface-mounted FBGs, its loca-
tion of placement plays a vital role and is highly related to
the sensing capabilities of the optical fiber. Certain appli-
cations require the FBG to be perfectly placed at specific
locations, or the sensor will not function efficiently. Several
past studies opted for numerical and analytical simulations
to determine the optimal embedding or the FBG placement
location [133], [143], [144] and have shown deteriorated
sensing capabilities when placed other than at the optimal
location. Apart from the placement location, the orientation
of FBG has also been proven to impact its sensing capabilities
directly. A study by Basu and Ghorai [65] demonstrated
that FBG sensors orientated increasingly transversal to the
direction of the reinforcing fiber reduced the sensing capa-
bilities by nearly 90%. Similarly, Shivakumar and Emman-
wori [138] witnessed a drop in the mechanical properties of
the host composite by up to 40% and 15% for 8-ply and
16-ply composite laminates, respectively. On the other hand,
Sonnenfield et al. [128] observed fluctuation in the sensing
capabilities of its anisotropic geometrically-birefringent FBG
as it ‘rotated’ about its fiber axis, causing the perturbation
sensed not efficiently to transfer to the sensor grating.

In addition to these critical issues, FBG embedment inside
composite laminates presents another problem: the optical
fiber’s ingress and egress location are the weakest and most
vulnerable to failure, especially during the in-mold manu-
facturing, such as VARIM, VARTM, hot-press, or vacuum-
bagging. Most researchers adopted capillary tubing made
from high-resilience materials, such as rubber or Teflon,
to encase the optical fibers at the ingress and egress loca-
tions to protect them from additional load and prevent fiber
breakage [122], [129]. However, the protruding encased opti-
cal fiber might act as a stress concentrator and assist in
fiber debonding or delamination, which hastens the com-
posite laminate failure. Another alternative solution is to
adopt detachable connectors. Previously, Basileetal. [131]
proposed the use of detachable magnetic connectors, while
Tsutsui et al. [132] demonstrated the use of embedded con-
nectors for smart composite in an aircraft structural dam-
age detection system. Besides that, embedding multiple
FBG sensors in between multiple layers -as conducted by
Chen et al. [62] to study the curing temperature through the
thickness ofthe composite laminate - might be detrimental to
the mechanical properties ofthe host composite. As discussed
in Sub-Sections IX-A and IX-B, improper FBG embedment
might disturb the microstructural integrity in the vicinity of
the FBG itself. Therefore, it is not advisable to incorporate
multiple FBG sensors onto different layers of the lamina in a
real-world application manufacturing process.

G. FBG AS SENSORS FOR ADVANCED COMPOSITES

As extensively shown throughout this paper, FBG is a
highly-capable multiparameter sensor to be employed on
or inside FRP composite laminates. With FRPs being a
high-end material sought after by various high-end industrial
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applications, this has undoubtedly put FBG into the interest
of researchers and industrialists to be utilized as valuable
sensors. Nevertheless, it is intriguing to investigate if FBG
can be further manipulated as a sensing system for other com-
posite materials, such as polymeric foam, honeycomb core,
or corrugated core. It is worth pointing out that the three types
of composites mentioned above are commonly paired with
FRP laminates in a ‘sandwich composites’ system, which
is made up of one low-density composite core sandwiched
between two highly-stiff composite laminates. Therefore, it is
interesting to determine if the FBG sensing system already
existing in FRPs could be further extended as a sensor for
sandwich cores in a sandwich composite system in real-world
applications. The challenge would be properly placing the
OFS, as the composite cores comprise unusual and irregular
shapes and surfaces, as demonstrated in Figure 29. An early
attempt to integrate optical fiber sensing for sandwich com-
posites was performed by Kulpa et al. [145], who utilized a
distributed optical fiber sensing system as strain and dis-
placement sensors embedded in polyurethane foam-filled
honeycomb-ribbed core sandwich composites.

X. FUTURE PROSPECT OF FBG AS SENSORS

Based on past literature, the previous sub-sections have thor-
oughly reviewed the usage of FBG as multiparameter sensors
in fiber-reinforced composite laminates under various con-
ditions, providing mixed normal and peculiar experimental
feedback. This was followed by an in-depth discussion on
several outstanding issues affiliated with FBG sensors, par-
ticularly its application in polymer composite laminates. It is
clear from this paper that research regarding the application of
FBG in composite material sensing will continue to flourish
and evolve.

Itis highly suggestive that all previous efforts were made to
achieve a common target, which is to enhance the reliability
and accuracy of FBG sensing. Numerous methods have been
explored and employed in the past, including Finite Element
Method (FEM) optimization, optimal sensor placement, FBG
coating manipulation, FBG orientation manipulation, and
addressing cross-sensitivity issues [6], [96], [97], [127]. The
methods mentioned above have been verified to enhance FBG
reliability and accuracy to a certain degree. However, as the
global community is now embracing the transition towards
Industrial Revolution 4.0 (IR4.0), a shift in trend in FBG
accuracy-enhancement methods is apparent, leaning more
towards utilization of computerized software, which includes
optimization, algorithms, NN, and Deep Learning (DL). They
involve complex mathematical modeling and solving, pattern
and trend recognition, and an even more complex decision-
making process; based on some preliminary experimental
data used as input. A summary of work utilizing these kinds
of methods is shown in Table 6.

Intandem with the emergence of IR4.0 and the transition to
less experimental-based research and more simulation-based
studies, there is also a demand for functional, more compact,
energy-efficient, and low-cost machinery. This implies the
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TABLE 6. Details on selected works utilizing NN, algorithms, or DL to
improve FBG sensing.

Experimental Parameter ML type Ref.
details/Application
FBG as Strain, Multilayer [93]
temperature/strain temperature  perceptron NN
sensors in CFRP
FBG for SHM in Strain Algorithm [15]
aircraft composite
wing structure
FBG as SHM of Dynamic Algorithm, [108]

Artificial Neural
Network (ANN)

composite-stiffened strain
panel in aircraft
structure to detect

damage

Embedded FBG as Strain, NN [113,114]
damage detection damage

mechanism via

‘coordinate’

FBG as an MRI- Strain Backpropagation [159]
compatible tactile NN

sensor in the medical

field

FBG as a sensor Strain Localization [109]
system for impact algorithm

localization of

aircraft composite

wing structure

FBG as a three-axis Strain Two-layer feed- [160]
force sensor in robot- forward NN

surgery application

Impact damage and Strain, Optimization [161]
localization using damage

FBG

FBG as strain sensor Strain Algorithm [40]

in wearable hand
device to track hand
movement

necessity for a more compact and portable sensing system,
which in the case of this present paper, is the application of
FBG. Itis not an overstatement for a complete sensing system
using FBG, even for a single parameter made up of complex
equipment and not to mention space-consuming. While the
space or size of the equipment is of concern, it is essential
to highlight that any reduction in the size of the equipment
should never jeopardize the reliability or accuracy of the
sensing system itself, which is a challenge to be addressed
during the implementation of IR4.0. Mizutani et al. [120]
have attempted to address this issue in which they had to
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manufacture a novel lightweight and smaller FBG demodu-
lator to fit the weight limit of the reusable rocket to which
it was intended to be applied to. This work could spearhead
more research into developing a more portable high-end FBG
sensing system.

In an effort to further enhance the sensing competence of
FBG, it is highly indicative that hybridized FBG sensors will
take the spotlight soon. By splicing or connecting different
OFSs using adhesive, different responses on different pertur-
bations can be obtained, leading to more efficient multipa-
rameter sensing. Moreover, this method also seems to address
the cross-sensitivity issue of the FBG, which is a major draw-
back and has undoubtedly limited the application of FBG as
sensors. Numerous works have demonstrated the feasibility
of hybridizing FBG using several types of OFSs, including
EFPI [64], [80], [104], long-period grating (LPG) [32], [146],
and Mach-Zehnder interferometer (MZI) [147], [148]. With
the flourishing and continuous efforts by researchers and
industrialists to improve the competency of FBG, it is highly
feasible to anticipate more unorthodox hybridization of FBG
with other types of OFSs in the future.

Recent breakthroughs in FBG measurement techniques
could also lead to a significant improvement in FRP monitor-
ing. Recently, a new concept of distributed sensing based on
large-scale FBG arrays has been introduced with high spatial
resolution (<10 mm), small grating spacing (1 mm), and large
multiplexing capacity up to a few thousand sensor units [149]
This technique provides high resolution measurement, allow-
ing 2D or 3D strain or temperature mapping at the targeting
area [150], [151] which could enhance the quality of FRP
composite monitoring. The reflection spectrum of the FBG
could also provide a very localized strain distribution across
the FBG. Several strain distribution reconstruction techniques
have been proposed to address the non-uniform strain ution
impacted along the FBG length [152], [153], [154] which
could provide a vital explanation for the complex failure
mechanism of FRP composites. The capability of FBG sen-
sors as 3D shape sensors realized using multicore fiber [155]
could also be implemented in certain FRP composite moni-
toring applications that require knowledge about the direction
of curvature and twisting of the FRP composites. All of these
additional capabilities offer innovative solutions to a variety
of engineering issues and should be rapidly translated into
user-accessible commercial products.

In the current market, the customized multiplexed FBG
sensors are sold at high price. As the demand for FBG sen-
sors rises and FBG sensors become a standard instrument,
it is imperative that FBG writing equipment become acces-
sible to researchers at a low cost. Possessing a FBG writing
system would allow researchers to tailor FBG designs and
implement FBG sensor networks without any constraints.
The common writing techniques adopted by commercial sys-
tems are based on direct writing [156], interferometric and
phase mask techniques [157], with most development focus-
ing on the enhancement of automation and software control,
multiple sensors writing capability, positional accuracy, and
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reproducibility of center wavelength. It has been demon-
strated previously that by combining the fiber drawing pro-
cess with the grating writing process, the manufacturing time
of large scale FBG sensor networks can be dramatically
reduced [158]. Based on the ongoing trend, the cost of the
FBG writing system will gradually decrease in the future
while providing ever-more advanced capabilities. FBG sen-
sors are expected to become increasingly important in the
monitoring of FRP composites and other engineering appli-
cations as a result of their great sensing capabilities, which
cannot be replicated by other techniques.

Xl. SUMMARY

This paper has provided a comprehensive review regarding
the application of FBG as either a single or multiparameter
sensor in fiber-reinforced polymer composite laminates. The
background of FBG was first presented, including the appli-
cation of FBGs other than in composite laminates and the
working principle behind FBG. Following this, a detailed and
elaborate literature review was provided, essentially divid-
ing the topic into two major themes, mainly embedded and
surface-mounted FBG. The ideal guidelines for FBG embed-
ding procedures and techniques were also discussed, which
will benefit future researchers and industrialists. Further-
more, relevant issues were highlighted and discussed, with
the paper ending with a projected overview of how FBG will
evolve and fare in the upcoming years.

Regardless of whether embedded or surface-mounted,
FBG has shown an unambiguous competency as a strain and
temperature sensor. Moreover, it has demonstrated the ability
as damage detection, impact source triangulation, pressure,
and flow sensor. It is also evident from past literature that only
marginal difference exists in terms of the measured parameter
sensitivity between both types of FBG deployment meth-
ods. Apart from selecting the embedded or surface-attached
approach, the location of FBG on the laminate has proven to
be a pivotal factor in determining the efficiency of the optical
fiber laminates. Hence, obtaining the optimal location often
requires either preliminary tests or optimization via finite
element analysis.

Regarding optimization, it is highly indicative that most
FBG sensing applications will be paired with optimization
components in the foreseeable future, such as ANN, algo-
rithms, Machine Learning (ML), and Artificial Intelligence
(Al), especially with IR4.0 currently in motion. It is also
intriguing to anticipate the application of FBG as a sensor
in other composite materials, such as polymeric or metallic
foam composites, honeycomb cores, corrugated foam, and
sandwich structures. Continuous efforts by researchers and
industrialists are
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