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171 INTRODUCTION AQl

Composite material structures [1] are widely used in the aerospace, marine, aviation, transport,
sport/leisure, and civil engineering industries [1]. Such composite material structures are frequently
subjected to external perturbations and varying environmental conditions, which may cause the
structures to suffer from fatigue damage and/or failures, and thus require real-time structural health
monitoring (SHM). Of necessity, the diagnosis process and condition monitoring of composite struc-
tures are usually carried out during their working life [2]. The goal of such diagnosis is to detect,
identify, locate, and assess the defects that may affect the safety or performance of a structure.
Sensors that are commonly employed for SHM are resistance strain gauges, optical fiber sensors
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492 Optical Fiber Sensors: Advanced Techniques and Applications

(OFSs), piezoelectric sensors, eddy current sensors, and microelectromechanical systems (MEMS)
sensors [3]. Traditional nondestructive evaluation (NDE) techniques such as ultrasonic inspection,
acoustography, low frequency methods, radiographic inspection, shearography, acousto-ultrasonic,
and thermography are effective in SHM of composite materials and structures, but it is difficult to
use them in an operational structure due to the size and weight of the devices [4].

OFSs on the other hand are suitable candidates for SHM of composite materials during operation
since they are capable of achieving the goals of diagnostics as well as condition monitoring and can
also be embedded into such structures acting as a nervous system [5]. This powerful and potential
rich technology is being currently implemented in a wide variety of applications. In the composite

AQ?2 materials area, compared to traditional NDE techniques, OFSs offer unique capabilities: monitor-
ing the manufacturing process of composite parts, performing nondestructive testing once fabri-
cation is complete, and enabling health monitoring and structural control. Investigations of OFS
embedded in composite structures indicate that OFS technology is capable of monitoring stress/
strain, temperature, composite cure process, vibration, humidity, delamination, and cracks and thus
has great potential for condition monitoring of a variety of composite materials applications [6,7].
Because of their minimal weight, small size, high bandwidth, and immunity to electromagnetic
interference, OFSs have significant performance advantages over traditional sensors. Furthermore,
optical fibers are steadily becoming more cost-effective due to advances in the telecommunication
and optoelectronic industries. Also, to ensure the integrity of composite structures, an important
requirement for the sensor is that it should be possible to embed it into the host composite without
modifying the host’s properties and functions. This can be achieved by OFSs, which are compatible
with reinforcement fabrics and can be embedded within the structure without affecting its strength
and thereby act as the nerves of the system and provide vital information on the internal mechanical
health of the structure.

Recognizing the increase in the use of composite structures, this chapter describes an overview
of recent advances in the area of OFS technology for condition monitoring applications in compos-
ite materials, arranged as a number of sections. An overview of different types of most commonly
used composite materials and their properties is given in Section 17.2. Then the demand for the
SHM in composite material structures is discussed in Section 17.3, following which the common
fabrication methods of composite materials with embedded fiber sensors are detailed in Section 17.4
while the issues of composite degradation associated with embedding of fiber sensors are discussed
in Section 17.5. An overview of different types of fiber sensors for strain/temperature measurements
in composite materials is presented in Section 17.6 and an introduction to lightweight composite
material is presented in Section 17.7. The recent trends, issues, and future challenges of the OFS
technology are discussed in Section 17.8. The aim of this chapter is to provide a state of the art in
the area of composite materials embedded with OFSs and its potential application in SHM.

17.2  COMPOSITE MATERIALS AND THEIR CLASSIFICATION

In this section, we discuss important classifications of typical composite materials and their prop-
erties. In general, fiber composite materials have two constituents: reinforcement and matrix [§],
which when combined together can produce a material with properties superior to those of the
constituent materials. It is known that the mechanical properties of the composite materials dif-
fer depending on the matrix and the holding reinforcing materials used to fabricate the composite
material [8].

The functions of the matrix in a composite material are to transfer the load to the reinforcement
fibers, provide temperature resistance and chemical resistance, and maintain the reinforcement fibers
in a fixed orientation [9]. Matrix materials are generally divided into two categories: thermosets and
thermoplastics [10]. Thermoset matrices are the most common, being low cost and solvent resis-
tant. The curing process in the thermosets is an irreversible chemical process. The most common
type of thermoset is epoxy resin, which possesses superior performance and is relatively low cost.
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Optical Fiber Sensors for Smart Composite Materials and Structures 493

Thermoplastic-based matrices can be softened by heating to an elevated temperature. Then to form
a thermoplastic composite material, the softened matrix is mixed with the reinforcement fiber, a
process that is reversible. The most common thermoplastic is polypropylene, which has a limited
temperature range of up to 150°C. The typically used thermoset and thermoplastic matrices are
classified according to the extent of their use in Figure 17.1a and b, respectively.

The second constituent of a composite material is the reinforcement fiber [8]. The composite
material’s tensile properties, stiffness, and impact resistance are influenced by the type of the
fiber reinforcement [9]. Thus, for a manufacturer, it is important to select an appropriate fiber
reinforcement taking into account the end user’s application of the fabricated composite structure.
The reinforcement fiber materials are mainly categorized into two types: glass fiber and advanced
fiber [10]. There are different kinds of glass fibers available that are made of different kinds of
glass, ranging from normal silica glass to high purity quartz glass, and each of these glass fibers
offers its own set of properties. There are also advanced fiber materials that offer high strength
and high stiffness but with low weight [10]. Boron, silicon, carbide, carbon, Aramid (Kevlar® or
Twaron®), polyamide, nylon, self-reinforced polymer fibers (e.g., Curv®, Pure®, Tegris®), basalt
fiber, and natural fibers (e.g., flax, jute, coir, hemp, cotton) are examples of such advanced fibers.
These reinforcement fibers can be arranged in a woven, knitted, braided, or nonwoven style. In the
case of a multilayered composite material fabricated using woven-style reinforcement fiber fabrics,
it is found that the mechanical properties are also determined by the fiber reinforcement fabrics’
woven style, density, and ply configuration [7,8]. Typically available categories of composite mate-
rial are shown in Figure 17.2.

As regards applications, fiber-reinforced composite materials are commonly used for fabri-
cation of various structural parts such as aircraft tails, wings, fuselages, propellers, helicopter
rotor blades, wind turbine blades, and parts of racing cars, boats, etc. [7]. One of the prominent
challenges for a composite structural part designer is a fail-safe design solution, which requires
optimization of multiple parameters. Typically, given the performance specifications for the com-
posite part [8], the areas that need optimization are the following: the selection of most appropriate
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FIGURE 17.1 Classification of typical thermosets (a) and thermoplastic matrices (b) and the extent of their
use and price. (Courtesy of the special chem 12/08.)
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AQ4 FIGURE 17.2 Typically available categories of composite materials. (From www.engineeringcivil.com.)

reinforcement and matrix constituents to satisfy the requirements for strength and stiffness of the
particular composite part with a minimum weight; the selection of the composite part’s geometry;
a careful analysis of stress distribution within the part; the minimization of moisture ingress;
optimization of toughness; and an analysis of failure modes. Prior to opting for a particular design
for mass production, the manufacturer also needs to consider the repeatability of the composite
part’s performance specification, ease of production, cost efficiency, and quality assurance mecha-
nisms [9,10]. Finally, even though the designed structural part is optimized for fail-safe perfor-
mance, there is a possibility of damage during operation in extreme environmental conditions and
mechanical failure of the structure due to external perturbations [3]. All of this necessitates the
requirement for nondestructive SHM techniques throughout the lifetime of the composite struc-
tural part.

17.3 DEMAND FOR THE SHM IN COMPOSITE MATERIAL STRUCTURES

The demand for SHM in composites is in the first instance driven by the increased use of composite
materials. One of the main reasons that drive industry to use composite materials is the benefit of
lower weight, resulting in improved energy efficiency and less CO, emissions. This increasing use
of composite materials brings with it a need to establish inspection and/or monitoring regimes to
ensure structural integrity and safe operation throughout service life. This can make the cost of
ownership high, with downtime being an important issue [11]. Therefore, any SHM methodology
that could increase the inspection intervals for a structure and indicate damage before costly failures
occur would be very advantageous, financially and in many cases in terms of safety.

The global use of carbon fiber—reinforced plastics (CRP) and glass fiber—reinforced plastic (GRP)
composite materials based on structural parts has significantly increased in application areas such
as aircraft, sport vehicles, wind turbines, and infrastructure constructions, because of the inherent
advantages of composite materials. For example, in aircraft, the advantages are well known: lighter
weight for the aircraft, reduced requirements for maintenance, and increased passenger comfort.
The use of composite materials in aircraft is growing as shown in Figure 17.3a. Composite-based
aircrafts consume less fuel and result in a high cost benefit that yields energy savings up to 18%.
Some existing commercial aircraft models such as the Boeing 787 and Airbus A350 are comprised
of circa 50% composite materials by weight. A market research conducted in 2013, in terms of the
global CRP market by Bernhard Jahn and the European GRP market by Dr. Elmar Witten, indicates
that there will be a growing demand for such aircraft in the coming years [12]. Figure 17.3b and ¢

AQS5 show the overall use of CFP composites by different industries and GRP production in different
European industries, respectively.
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FIGURE 17.3  (a) Use of CF composites by industry (Courtesy of the global CRP market by CCeV), (b) GRP
production in Europe for different application industries (Courtesy of the European GRP Market by AVK),
and (c) development of composite aerospace applications in the last 40 years. (Courtesy of the Hexcel Corp.
Aecrostrategy.)

The second driving force behind the need for SHM in composite material is the necessity to
monitor composite parts during operation, for safety and early detection of failure. During a typi-
cal 20-year service life, composite structures such as wind turbine blades, helicopter blades, and
aircraft parts are subjected to static and dynamic lifts, and drag and inertial loads over a wide
range of temperatures and often severe environmental conditions. As the growth of production of
composite parts has increased, the composite industry has increasingly focused on damage/failure-
free composite structures and nondestructive techniques for SHM over their lifetime. Compared to
conventional nondestructive sensing techniques, OFSs have achieved wide acceptance due to their
attractive properties such as small size, immunity to electromagnetic interference, and low cost [1].
OFSs embedded in various structures are very useful for strain/temperature monitoring [2] applica-
tions in extreme environmental conditions. For example, issues such as bend loading and icing can
be monitored and avoided by implementing smart composite structures with embedded OFSs. Such
smart composite materials with embedded OFSs can enhance the safety of advanced machines,
structures, and devices.
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174 COMPOSITE MATERIALS WITH EMBEDDED FIBER
SENSORS: FABRICATION METHODS

In this section, we discuss the commonly employed sample fabrication methods for composite mate-
rials with embedded OFSs. The fabrication processes commonly adopted by laboratory-based and
small-scale industrial manufacturers are the expertise-intensive hand layup and pre-preg layup [13]
methods. The hand layup method is a process for arranging fiber-reinforced layers in a laminate
and shaping the laminate to fabricate the desired part. For this, the reinforcement fibers or fabrics
are stacked one over another by applying the matrix in between them. After stacking, curing (or
polymerization) of the resin matrix of the multiple laminate layered composite, the sample can be
shaped as per the manufacturer’s specifications. Pre-pregs are single laminates of pre-impregnated
composite fibers with a matrix material such as epoxy resin. In the pre-preg layup method, multiples
of composite pre-preg laminates are stacked one over another and the curing can be done unaided
or by applying heat and/or pressure. The molding process can be either vacuum-bag molding or an
autoclave molding. Typical autoclave curing conditions involve a temperature range from 120°C to
200°C and with an applied pressure up to 100 psi.

For embedding optical fibers in samples prepared by both the hand layup and the pre-preg layup
methods, the process is similar: before the curing process, optical fibers are placed on the corre-
sponding composite layer and some prestrain is applied to make sure the optical fibers remain free
of bends [14]. Positioning of the optical sensor is highly application specific and depends on the
location of the areas where parameters need to be monitored. For example, for strain and tempera-
ture measurements of composite material structures, it is reported that OFSs were embedded within
the farthest layer from the middle layer to achieve the highest measurement sensitivity [15]. The
different steps for embedding OFSs by the hand layup and pre-preg methods are shown in Figure
17.4a and b, respectively. For larger composite parts, optical fibers can be embedded manually with
expert assistance as shown in Figure 17.4¢, but for large-scale production of smart composite struc-
ture materials embedded with OFSs, automated robotic systems are now common and an example
of such is a robotic system by SABCA Limburg and Sonaca/Ingersoll shown in Figure 17.4d. One
of the most important concerns while embedding OFS inside composite structures is their influence
on the structural integrity of the composite part. In the next section, we have detailed some meth-
ods to reduce the risk of composite material degradation and to maintain the structural integrity of
composite material structures.

17.5 COMPOSITE DEGRADATION ASSOCIATED WITH
EMBEDDING OF FIBER SENSORS

One of the major concerns of OFS for composite materials is the potential for degradation of the
composite material mechanical properties and possible increased failure rate due to the presence
of an embedded optical fiber [16]. Various studies have been carried out to analyze the influence
of the embedded OFS on composite material tensile/compressive strength, stiffness, interlaminar
fracture toughness, and fatigue resistance. Lee et al. reported that having embedded optical fibers
passing through or parallel to ply drops in a laminate does not have any significant effects on the
static strength of the laminate [17,18]. This is valid even for optical fibers placed in the most criti-
cal locations. In principle, any potential degradation of strength and the modulus of a composite
material will be a function of the orientation of the optical fiber relative to the nearest plies, the
overall thickness of the laminate, the optical fiber diameter, and the type of protective coating on
the optical fiber [17]. Degradation becomes increasingly severe with an increasing angle between
the optical fiber and ply directions. Another issue is the larger diameter of the optical fiber (with its
buffer coating) compared to the ply fibers of the composite. In general, commercially available opti-
cal fibers have diameters from 125 to 230 um, which is about 10-15 times larger than the average
E glass fiber or carbon fiber. The optical fiber orientation perpendicular to the fiber reinforcement
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FIGURE 17.4 Embedding fiber sensors inside composite materials (a) hand layup, (b) pre-preg method,
(c) expert-assisted manufacturing of composite part embedded with OFS, and (d) automated robotic-assisted
manufacturing of composite structures embedded with OFS. (Photo (d): SABCA Limburg and Sonaca/
Ingersoll.)

can result in a characteristic eye pattern or pocket within the resin, which acts as a defect center in
the composite part that could lead to premature failure in the form of delamination [18]. However,
testing conducted at a number of labs worldwide concluded that such delaminations were insignifi-
cant if the OFS density was low as shown in Figure 17.5. Wojciech et al. reported that if the opti-
cal fiber is laid along the direction of reinforcement fiber, there is a uniform consolidation around
the optical fiber with minimum defects and thus the laminate’s mechanical parameters are least
affected [6,17,18]. Also the optical fibers laid along the direction of fiber reinforcement have limited
influence on the mechanical behavior of the composite structure because of the optical fiber’s own
inherent load carrying ability [17].

An analysis [19] on the flexural strength of a composite material, embedded with OFSs, that
bears tensile loading showed that the flexural strength did not suffer any noticeable degradation
when the OFSs were embedded in the tensile region either in the longitudinal direction or in the
transverse direction. For compressive loading, the situation is similar if the sensor is embedded in
the longitudinal direction but it is found that if the OFS is embedded in the transverse direction with
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Optical
fibers Z®)
0000000000 00| & 1 0000000000 00| &y
—
000000000000 000000000000
0 / ) /

FIGURE 17.5 Optical fibers in composite materials embedded with high and low density.
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respect to the compressive region, the flexural strength is degraded significantly [21]. In order to
realize SHM for composite material components in many applications, it is essential to measure the
strain and temperature of composite materials, and in the next section we discuss the different types
of OFS strain and temperature sensors that can be embedded in composite materials.

17.6 TYPES OF OPTICAL FIBER SENSORS FOR COMPOSITE MATERIALS

There are a wide variety of condition monitoring applications in composite materials, including cure
process monitoring, vibration measurements, and detection of delamination and cracking. [20,21].
For all these applications, the key requirement is to measure either strain or temperature or both
parameters. In this section, we discuss the different types of OFSs that can be used with composite
materials to measure strain/temperature when embedded inside a composite material. The differ-
ent types of OFSs reported for strain/temperature measurements for composite materials are fiber
Bragg grating (FBG) sensors [22], interferometric OFSs [23], polarimetric sensors [24], distributed
sensors (using techniques such as Rayleigh scattering, Raman scattering, and Brillouin scattering)
[25,26], and hybrid sensors [20,21,27,28].

17.6.1  FiBeR BRAGG GRATING SENSOR FOR COMPOSITE MATERIALS

FBGs are the most commonly employed OFSs in SHM applications for composite materials [22,29].
An FBG sensor comprises of a grating region with a periodic change in refractive index in the core
region of an optical fiber. Such a periodically modulated refractive index structure enables the light
to be coupled from the forward propagating core mode into a backward propagating core mode
generating a reflection response, as shown in the schematic illustrating the principle of an FBG
provided in Figure 17.6 [30].The light reflected due to periodic variations of the refractive index of
the Bragg grating with a central wavelength is given by

Ay =2noA (17.1)
where
n, is the effective refractive index of the fiber core
A is the grating pitch

Strain and temperature

Optical fiber A

Incident light I Clad '\ Transmitted light

Reflected light Bragg grating

Incident light
Reflected light
Transmitted light

FIGURE 17.6 FBG.
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The strain sensitivity of the Bragg wavelength arises from the change in the pitch of the fiber
grating due to the strain and changes in the refractive index arising from the strain-optic effect.
When a strain is applied to the grating, the Bragg reflected wavelength changes. The wavelength
shift A\, for a value of elongation AL is given by

A=, | LOA L L O oy 17.2)

In practice, the applied strain value can be estimated from the measurement of reflected wave-
length as it changes due to the applied strain. The typical strain sensitivity of an FBG at 1550 nm
is ~1.2 pm/pe.

Bragg wavelength shift can also occur due to changes in temperature. For a temperature varia-
tion of AT, the corresponding wavelength shift AL, is given by

(17.3)

Ay =xB.( L oA +18”°].AT

AT ny oT

The temperature sensitivity of the Bragg wavelength arises from the change in the grating pitch
associated with the thermal expansion of the fiber and the change in the refractive index arising
from the thermo-optic effect. Thus, Equation 17.3 can also be written as

Ay =(ag+PBo)-Ap - AT (17.4)

where
o, is the coefficient of thermal expansion (CTE) of the fiber
B, is the fiber refractive index variation with temperature

The values of o, and f3, are constants for silica optical fiber and are 0.55 x 10-¢/°C and 6.6 x 10-6/°C,
respectively. The typical temperature sensitivity of an FBG at 1550 nm is ~11.6 pm/°C.

17.6.1.1 Strain and Temperature Measurements Using Embedded FBGs

Commonly, FBGs are used to measure axial strain in the longitudinal direction as this provides
higher sensitivity and temperature. For example, the measured wavelength shift of the embedded
FBG sensors placed at different locations inside the composite for different deflection values dur-
ing a three-point bending strain test on composite material is shown in Figure 17.7a. The measured
wavelength shift of the embedded FBG sensors at different temperatures of composite materials
is shown in Figure 17.7b. One can see that a red shift of the Bragg wavelength arises as a result
of an increase in temperature. Other than standard Bragg gratings with uniform period, there
are chirped gratings with a gradual period variation [31], and tilted fiber Bragg gratings (TFBG)
[31] with gratings written at an angle to the fiber axis are also employed for strain temperature
measurements in composite materials. The chirped FBG sensor has a gradual distribution of the
grating period [32]. This variation in the grating period provides a one-to-one correspondence
between the wavelength in the spectrum and the position of the gauge section within the composite
material, which is the significant advantage of chirped FBG sensors over the conventional FBG
sensors [32]. The main disadvantage of conventional FBG sensors is the cross-sensitivity between
temperature and strain. In a different manner from conventional FBGs, the wave vector of a TFBG
has a certain angle with respect to the fiber axis, making the resonance wavelengths of core mode
and cladding mode to be sensitive to temperature, while their transmission power is temperature
independent [33]. Thus, based on these unique characteristics of TFBG, it is possible to achieve
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FIGURE 17.7 Wavelength shift for the FBG sensors embedded in composite materials at different locations
(a) at different deflection values and (b) at different temperatures.

simultaneous discrimination of mechanical perturbations and temperature [31,33]. Different meth-
ods have been reported by other authors to compensate for the cross-sensitivity effects between
temperature and strain; these methods include introduction of a reference FBG [34], dual-wave-
length superimposed FBGs [35], combined FBG and a long-period grating (LPG) [36], different
cladding diameter FBGs [37], combination of an FBG and a Fabry—Perot interferometer [38], and
superstructure FBG method [39].

It is also reported that for coating-stripped FBGs, the transverse CTE for a composite material
as well as the uniform lateral strain can cause Bragg peak distortion and broadening [40]. Such a
nonuniform lateral strain distribution in the composite material can be measured by using an FBG
written in a microstructured high-birefringence fiber [41].

17.6.1.2 Vibration Measurements Using Embedded FBGs

Composite material structures are frequently subjected to external excitations over a variety
of vibration frequency ranges. Such dynamic interference may cause the structures to suffer
from fatigue damage and/or catastrophic failures if the excitation frequency approaches natural
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FIGURE 17.8 (a) Temporal and (b) FFT spectrum of the FBG sensor at different frequencies. (From Rajan, G.
et al., IEEE Sensors J., 12(5), 1365, 2012.)

frequency of the structures. The microstructural mechanisms of damage accumulation include
fiber breakage and matrix cracking, debonding, transverse ply cracking, and delamination. These
mechanisms may occur independently or sometimes interactively, and the predominance of one
or the other may be strongly affected by both material variables and testing conditions [42].
FBGs can be effectively used for vibration measurements of composite materials. Rajan et al.
demonstrated that FBGs embedded in composite materials can be used to measure vibrations up
to a frequency of 25 Hz [43]. The time-domain responses of the embedded FBG sensor at vari-
ous frequencies are shown in Figure 17.8a and the corresponding frequency spectra are shown
in Figure 17.8b.

17.6.1.3 Effect of Thermal Expansion of the Composite Material on FBG Sensitivity

For an FBG sensor embedded inside a composite material, three effects can take place due to
change in temperature: (1) wavelength shift induced by the thermo-optic effect and thermal expan-
sion of the polymer fiber; (2) wavelength shift induced by a longitudinal strain resulting from the
thermal expansion of the composite sample; and (3) wavelength shift and spectral broadening cor-
responding to a transverse strain (or thermal stress) induced by thermal expansion of the composite
sample. Due to the combined effect of (1) and (2), the temperature sensitivity for the embedded FBG
sensor will be different from that for a free-space grating and if the transverse strain is effectively
transferred to the grating, additionally a spectral broadening can be observed. Based on the type of
reinforcement used, orientation of the reinforcement ply, and matrix materials, the magnitude of the
wavelength shift due to thermal expansion may vary.
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FIGURE 17.9 Comparison of wavelength shift of acrylate- and polyimide-coated FBGs embedded in glass
fiber pre-preg composite material. (From Rajan, G. et al., Proc. IEEE Sens., 351, 2011.)

Considering only the temperature effect on the FBG and the thermal expansion—-induced mechan-
ical strain, the net wavelength shift for an embedded FBG with temperature can be written as [14]

Ay = (o +E+k, )ApAT, (17.5)

where
o is the CTE
AQ6 € is the thermo-optic coefficient of the optical fiber
A 1s Bragg wavelength of the FBG

The coefficient k, corresponds to the effective mechanical strain on the FBG due to the thermal
expansion of the composite material

Figure 17.9 shows the temperature sensitivity of the embedded silica FBGs with polyamide and
acrylate coating, which shows significantly high temperature sensitivity compared to the free-space
temperature sensitivity that arises from the strain induced on the grating due to thermal expansion.

17.6.1.4 Acoustic Emission Measurements Using Phase-Shifted FBGs

Among the FBG-based sensing techniques for acoustic emission (AE) measurement, one of the
proven and most reliable techniques is based on phase-shifted FBG (PS-FBG) sensors and its corre-
sponding interrogation system. PS-FBGs are widely used in optical fiber communications and opti-
cal fiber sensing applications as a wavelength multiplexer and also as a strain sensor. The extremely
sharp resonance in the transmission spectrum of the PS-FBG enables it to develop a high sensitivity
interrogation system capable of measuring very small strain changes, even at high acoustic frequen-
cies. A typical transmission spectrum of a PS-FBG interrogated using a tunable laser from is shown
in Figure 17.10. Using this method, it is proved that microscale strain can be measured and is suit-
able for AE sensing in composite structures [45].

17.6.2 FBG WRITTEN IN MICROSTRUCTURED FIBERS AS A SENSOR FOR COMPOSITE MATERIALS

AQ7 Conventional FBG sensor’s primary response is to an axial strain and thus transverse strain has very
little influence on such an FBG sensor’s response. For strain mapping in some SHM applications,
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for example, for the detection of damage, cracks, delamination, etc., a multiaxial strain measure-
ment is required. This in turn results in the importance of development of a sensing scheme that
provides measurements of axial strain together with lateral stain. Luyckx et al. reported that FBGs
written in highly birefringent (HB) fibers and highly birefringent microstructured optical fibers
(HB-MOFs) have real potential to measure transverse strain and axial strain simultaneously [41,46].
As represented in Figure 17.11a, an FBG written in an HB fiber displays two Bragg peaks, corre-
sponding to both orthogonally polarized modes. The Bragg peak separation depends on the phase
modal birefringence variation induced by transverse load and temperature. The properties of an
MOF and its sensitivity to different measurands are determined by the type of the fiber used. But it
is reported that FBGs written in HB fibers such as bow-tie type and Panda type have the disadvan-
tage of greater temperature and strain cross-sensitivity.

The cross-sensitivity issue can be resolved by writing FBGs in low temperature—sensitive MOFs,
such as highly birefringent polarization-maintaining photonic crystal fibers (HB-PM-PCF). For
example, a comparison response of the embedded FBG sensors written in conventional birefringent
optical fibers (bow tie) and an HB-PM-PCF when the composite material is exposed to controlled
mechanical and thermal loads are presented in Figure 17.11b and c, respectively. For the FBG in a
bow-tie-type fiber, the Bragg peak separation varies in accordance with transverse stain and tem-
perature as shown in the figures. However, in the case of an FBG in an MOF, the Bragg peak
separation varies with transverse stain only. A temperature-independent axial strain measurement
in a composite material can be carried out using an FBG written in an HB-PM-PCF [46]. It is also
reported that the two Bragg peaks in the case of FBG in PM-PCF are farther separated than for
an FBG in a bow-tie fiber, and therefore FBGs written in MOF/PM-PCF allow for more accurate
measurements of the peak wavelengths and thus are more suitable for composite material sensing
applications [41,46].

17.6.3 PoLYMER FBG SeENsOR FOR COMPOSITE MATERIALS

Polymer FBGs have attracted much interest among application engineers and scientists due to their
unique advantages compared to the silica counterparts, such as the inherent fracture resistance, low
Young’s modulus, high flexibility, high temperature sensitivity, large strain measurement range,
and low density [47-49]. In recent years, advancements in the fabrication of single-mode polymer
optical fiber (POF) have also enhanced the research and development of Bragg grating sensors in
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FIGURE 17.11 (a) Reflection spectra for an FBG written in an HB-PM-PCF with two peaks corresponding
to slow axis and fast axis, (b) change in the peak separation with transverse strain for FBGs written in MOF
and bow-tie-type fibers, and (c) change in peak separation with temperature. (From Luyckx, G. et al., IEEE
Photon. Technol. Lett., 21, 1290, 2009.)

POF [50]. Sensors for different applications based on single-mode POF gratings have been reported
[51,52]. For composite materials, the attractive characteristics of polymer FBGs include their high
temperature sensitivity, large strain range, and the absence of buffer coating. These distinct features
of the polymer FBGs might give an edge over the standard silica FBGs in measuring some of the
parameters of the composite materials.

Rajan et al. conducted studies with polymer FBGs embedded in glass-reinforced composite
materials [53]. For the polymer FBG embedded in composite materials, due to temperature change,
spectral broadening is observed together with the shift in the peak reflected wavelength. The
observed wavelength shift of the polymer FBG embedded in a glass-reinforced composite and its
comparison with silica FBG and free-space FBG sensors are shown in Figure 17.12a. A blue shift
in the wavelength is observed for the polymer FBG due to the negative thermo-optic coefficient,
while a red shift is observed for the silica FBG. The observed temperature sensitivity of the embed-
ded polymer FBG is 92.28 + 2 pm/°C, which is close to the free-space temperature sensitivity of
90 + 6 pm/°C.

The change in bandwidth of the reflection spectra of the polymer FBG at different temperatures
and its comparison with silica FBG is shown in Figure 17.12b. It can be seen that the bandwidth of
the polymer FBG increases as the temperature increases. The measured bandwidth change for the
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embedded polymer FBG within the temperature range of 30°C-45°C was 8.5 pm/°C. Therefore,
from the observed spectral broadening and distortion, it can be concluded that the thermal expansion
induced stress is effectively transferred to the polymer fiber and can be measured using a polymer
FBG. It is assumed that the reason for this is the absence of a buffer coating for the polymer fiber,
which results to a direct transfer of the surrounding physical phenomena to the core and cladding
of the polymer fiber. Stress induced by localized microbends in the composite material could also
contribute to the chirping effect.

The strain sensitivity of the embedded polymer FBG and its comparison with silica FBG is
shown in Figure 17.13. From the figure, it can be seen that the strain sensitivity of the embedded
polymer and silica FBGs are very close to each other. In free space, the polymer FBG had a slightly
higher strain sensitivity (1.340 + 0.015 pm/ue) compared to that of silica FBG (1.2 £ 0.01 pm/pe).
The similarity in the measured strain sensivity of the embedded silica and polymer FBGs under-
lines the fact that longitudinal strain in the composite is not effectively transferred to the polymer
fiber. This can be attributed to the differnces in mechanical properties of the polymer fiber and the
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FIGURE 17.13 Wavelength shifts of the polymer and silica FBGs with deflection in the middle of the
composite material.
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composite material, which resulted in the mechanical strain not being effectively transferred to the
polymer FBGs as compared to the case of silica FBG. With further works in this area, polymer
FBG has the potential in measuring temperature and thermal expansion of the composite material
simultaneously.

17.6.4  INTERFEROMETRIC FIBER SENSORS FOR COMPOSITE MATERIALS

Interferometric fiber sensors [24] can also be employed for strain/temperature measurements in
composite materials and this is discussed in detail in this section. There are different types of
interferometric fiber sensors that differ in their operating principles and strain/temperature sensing
characteristics. Among the interferometric fiber sensors most commonly employed for composite
sensing applications are extrinsic Fabry—Perot interferometers (EFPI), microhole collapsed modal
interferometers, and Sagnac fiber loop mirror (FLM) sensors.

The schematic experimental arrangement of the EPFI sensor is shown in Figure 17.14b, which
comprises of a superluminescent light diode (SLD) source, a coupler, and a spectrometer. Any
applied longitudinal strain to the FPI sensor alters the physical length of the cavity, which results
in a phase difference between reflected or transmitted beams. By measuring the shift of the wave-
length spectrum, the strain applied to the FPI can be measured. It is found that the shorter the
optical path difference (OPD), the larger will be the free spectral range (FSR), resulting in a wider
dynamic range for a sensor [24,54]. Therefore, the dynamic range of the sensor can be tuned by
varying the cavity length, which in turn changes the OPD of the FPI sensor [54].

EFPI sensors based on PCFs are proved to be good candidates for measurements of axial strain
in composite materials since their sensitivity to transverse strain and temperature is insignificant
[55-57]. Figure 17.15a illustrates experimentally measured strain using embedded EFPI sensor
during the three-point bending test of a composite material sample [57].

Recent advancements in the area of PCF sensors [58] have opened new possibilities for the
development of temperature-insensitive microhole collapsed PCF modal interferometric sensors.
Microhole collapsed PCF modal interferometers can be used for localized strain measurements
in a composite material. It can be fabricated by fusion slicing of a PCF section between two stan-
dard single-mode fibers. During the splicing process, at both ends of the PCF section, the holes
of the PCF are collapsed in a microscopic region. The first collapsed region allows for the excita-
tion of multiple modes in the PCF and at the second collapsed region at the other end the modes
recombine and thus the PCF section forms an interferometer [58]. Temperature-independent strain
measurement in composites using such a microhole collapsed PCF interferometer fabricated from a
microstructured PM-PCF fiber (LM A-10) was reported by Rajan et al. An example of the output of
a microhole collapsed modal interferometer embedded in composite beam undergoing three-point

Coupler EFPI sensor

Composite

Air

Optical fiber > >
S A

|
(@) (b)

FIGURE 17.14 (a) One of the typical EFPI sensor design and (b) schematic experimental arrangement for
the EPFI sensor.
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of the of PCF-based sensors embedded in the composite material sample during deflections based on a three-
point bending test, and (c) at different temperatures of the composite sample.

bending deflection is shown in Figures 17.14b and 17.15c¢ illustrates that such a sensor embedded in
composite material has very low temperature dependence [58].

Fiber-optic Sagnac interferometers (SIs) are another promising candidate for composite mate-
rial sensing applications. In a fiber-optic SI, input light is split into two parts propagating in the
opposite directions by a 3 dB fiber coupler, and these two counterpropagating beams are combined
again at the same coupler as shown in Figure 17.16. The fabrication of such an interferometer can be

D —

Input Output
3 dB coupler
Polarization / \
controller

Sensing fiber

FIGURE 17.16  Schematic of the sensor based on an SI.
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simply achieved by connecting the ends of a conventional 3 dB coupler. HB fibers or polarization-
maintaining fibers (PMFs) are typically utilized as sensing fibers since HB fibers maximize the
polarization dependence of the signal within the SIs. In order to control the input light polarization,
a polarization controller (PC) is connected to the sensing fiber. The signal at the output port of the
fiber coupler is a result of interference between the beams polarized along the slow axis and the fast
axis. The phase of the interference is simply given as

Sy = 27“ BL (17.6)

where
B = | n;—n, | is the birefrigent coefficient of the sensing fiber
L is the length of the fiber
neand n, are the effective indices of the fast and slow modes

Fiber-optic-based SIs can be used for measuring parameters such as strain, temperature, pres-
sure, and twist. Such fiber-optic-based SIs provide the value of the sensed parameter averaged
over the length of the sensor. However, a disadvantage of the SI is its significant temperature and
strain cross-sensitivity. Rajan et al. reported that the temperature strain cross-sensitivity issue can
be eliminated by employing PM-PCFs [58]. The output of a low temperature—sensitive PM-PCF
SI-based sensor embedded in composite beam undergoing a three-point bending deflection is
shown in Figure 17.17. Such low temperature—sensitive HB fiber—based SIs are an appropriate
option for measuring strain acting on a composite material over the length of the sensing fiber.

17.6.5 OpticAL FIBER POLARIMETRIC SENSORS FOR COMPOSITE MATERIALS

The polarization properties of light propagating through an optical fiber can be affected by stress,
strain, pressure, and temperature acting on a measuring fiber, and in a fiber polarimetric sensor, the
polarization change is detected to retrieve the sensing parameter [59,60]. A symmetric deformation
effect or temperature variation in a single-mode fiber influences the propagation constant (f) for
every mode because of the changes in the fiber length (L) and the refractive indices of the core and
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FIGURE 17.17 Responses of the PM-PCF Sl-based sensor embedded in the composite material sample
during deflections based on a three-point bending test.
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the cladding [24,61]. Under the influence of longitudinal strain (¢) or temperature (7)), for single-
mode fiber polarimetric sensors, the change in the phase difference can be written as [61]

3(AD) _ AB oL, 8B
8X ox X

A7.7)

where X stands for temperature, pressure, or strain.

Optical fiber polarimetric sensors can be realized by different types of PM fibers such as Panda
fiber, bow-tie-type fiber, side-hole fibers, and PM-HB MOF fibers. Optical fiber polarimetric
sensors can be embedded in composite materials to measure the average strain/temperature over
the sensor length [24,61]. It is possible to vary the strain/temperature sensitivity of optical fiber
polarimetric sensors by selecting a PM fiber type with appropriate birefringence and length [61,62].

For optical fiber polarimetric sensors, the phase difference between the two orthogonal polariza-
tions can be extracted using an experimental setup consisting of a tunable laser source and a polar-
imeter/polarization control system [63]. Optical fiber polarimetric sensors can also be operated in
intensity domain with the help of a polarizer—analyzer arrangement, and the experimental setup for
operation in intensity domain is shown in Figure 17.18. For polarimetric sensors, the change in the
output intensity at a wavelength A due to externally applied longitudinal strain can be described by
the following formula [24,61]:

I,(M) = %"[1 +cos(AD) | (17.8)

For such polarimetric sensors operating in the intensity domain, periodic variations in the output
intensity can be associated with applied strain or temperature [64]. Wolinski et al. reported that
low strain—sensitive polarimetric sensors such as PM-PCF polarimetric sensor guarantee a linear
response for a wide range of applied strain values [61] (Figure 17.19). Moreover, the insignificant
temperature sensitivity of PM-PCFs makes them the most appropriate candidates for composite
strain measurements [64]. However, for local strain/temperature measurements of large composite
structures, polarimetric sensors cannot be employed as the polarimetric sensors measures average
strain over the length of the sensing fiber.

When embedded in the composite material, OFSs are influenced by various physical param-
eters of the composite material such as thermal expansion composite materials [14]. It is found that
PM-PCF polarimetric fiber sensor with an acrylate coating embedded in the composite material
shows the same response as the one in free space while the coating-stripped fiber polarimetric sen-
sor shows significant temperature sensitivity when embedded in the composite material as shown
in Figure 17.20a and b. This is due to the stress-induced change in birefringence created by the
thermal expansion of the composite material, while in the case of a buffer-coated fiber, the effect
is considerably reduced as the thermal stress is largely eliminated by the buffer coating. While AQ9
a coating-stripped fiber polarimetric sensor shows a significant increase in temperature sensitiv-
ity when embedded in the composite material as shown in Figure 17.20c and d, which is due to
the stress-induced change in birefringence created by thermally induced strain. A comparison of

N Input N Output

fiber \V/ \V/ fiber

S

ource N Fiber sensor N H Photodetector
Polarizer C/PC FC/PC Analyzer

FIGURE 17.18 Experimental setup for measurements with fiber-optic polarimetric sensors in intensity
domain.
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temperature sensitivities of PM-PCF sensors in various configurations (with and without buffer
coating) at different layers is shown in Figure 17.20e, and it is clear that the presence of a coating
preserves the temperature independence of a PM-PCF sensor when it is embedded in a composite.
The thermal expansion of the composite material is the main source of error in strain and tem-
perature measurements using embedded polarimetric fiber sensors, and more accurate strain and
temperature measurements can be obtained with buffer-coated polarimetric fiber sensors.

It is also found that the temperature-induced phase change of buffer stripped PM-PCF polari-
metric sensors embedded in different type composite material samples varies with the amount of
thermal elongation induced strain over a temperature for the particular material. Figure 17.21 shows
the observed phase shift for stripped PM-PCF sensors embedded in different composite samples
for temperature variation from 0°C to 65°C. The information from embedded sensors opens up the
possibility of measuring the CTE value of a composite material itself, based on the observed phase
change of the embedded buffer stripped PM-PCF polarimetric sensor. The CTE of carbon—epoxy,
E glass—epoxy, and E glass—unsaturated polyester resin composite material samples is measured
experimentally using the PM-PCF sensor and it shows good agreement with the theoretically calcu-
lated CTE values as shown in Figure 17.22. Thus, PM-PCF-based polarimetric sensor can provide a
vital key information for the composite manufacturing industry by further developing nondestruc-
tive methods based on embedded OFSs for the characterization of composite material at different
stages in their life cycle, from fabrication through operation to predicting the onset of failure.

17.6.6  DisTrRIBUTED OPTICAL FIBER SENSORS

Distributed optical fiber sensors (DOFSs) are capable of providing a continuous measurand profile
over the length of the optical fiber and thus are very promising for strain/temperature measurements
in large structures such as bridges, buildings, and pipelines [25,65,66]. However, given the nature
of composite structures, the length is normally limited to 80 m or less with a strain or temperature
requirement of at least 1°C or 20 pe with a few centimeters resolution. DOFSs are categorized into
several types based on the sensing technology and the physical effect underpinning the operating
principle: (1) optical time-domain reflectometry (OTDR) and optical frequency-domain reflectom-
etry (OFDR), both based on Rayleigh scattering; (2) Raman optical time-domain reflectometry
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(ROTDR) and Raman optical frequency-domain reflectometry (ROFDR), both based on Raman
scattering; and (3) Brillouin optical time-domain reflectometry (BOTDR) and Brillouin optical
frequency-domain reflectometry (BOFDR), both based on Brillouin scattering [67].

OTDR and OFDR are the first generation of optical fiber distributed sensors, based on the
use of Rayleigh scattering to reflect the attenuation profiles of long-range optical fiber links [68].
An example of strain measurement by OFDR technique for various loading conditions is shown
in Figure 17.23. An optical pulse is launched into an optical fiber and the power of the Rayleigh

K22579_C017.indd 511 @ 9/24/2014 11:57:36 AM



512 Optical Fiber Sensors: Advanced Techniques and Applications

1.4 T T T T

= Carbon/epoxy ..
124 | *® E-glass/epoxy
® E-glass/unsaturated polyester resin

1.0

. Dotted lines indicate trend lines =

3 -

= L -
o 0.8+ g .
%D o
S " '::=:"

o 0.6 1 e S

% = ‘e -
< AL

2 >

‘om

.Q!

40 50 60
Temperature (°C)

FIGURE 17.21 Observed phase shift for stripped PM-PCF sensors embedded in different composite samples
for temperature variation from 0°C to 65°C.

backscattered light is detected using a photodetector as the light pulse propagates along the fiber
link [67]. Frequency-based Brillouin method can provide rapid strain/temperature sensing [69].
BOFDR can be employed to measure strain/temperature variations as small as 1°C or 20 pe with
a few centimeters of resolution [69,70]. For BOFDR-based long-distance measurements, single-
mode fibers are used [69,71]. ROTDR is an appropriate candidate for temperature measurements
in composites since the intensity ratio between anti-Stokes components and Stokes components of
the ROTDR response provides information about temperature [71]. ROTDR can be employed to
measure temperature variations as small as 0.1°C with a few meters of resolution [71,72]. Multimode
fibers are commonly used for ROTDR-based short-distance measurements [72]. In the case of com-
posite strain/temperature measurements from the aforementioned categories of DOFS, an appropri-
ate sensing technology can be selected based on the application and its requirements; specifically,
BOFDR is more suitable for strain measurements and ROTDR is more suitable for temperature
measurements in composite material [71-73].

17.6.7 HYBRID SENSING APPROACHES FOR SIMULTANEOUS STRAIN AND
TEMPERATURE MEASUREMENTS IN COMPOSITE MATERIALS

In most of practical applications of composite materials, the key requirement is to measure more
than one parameter. For example, for SHM applications in composite parts such as helicopter rotor
blades, wind turbines, and aircraft structures, a simultaneous monitoring of temperature and strain
is favorable. Several OFSs such as FBGs and PM polarimetric sensors are capable of measuring
strain and temperature, but there is always an issue of accurate discrimination between these two
influencing factors [23,25]. One of the simplest and promising methods for simultaneous measure-
ment of strain and temperature in composite parts is the hybrid optical fiber sensing approach; in
this, two or more OFSs operate in a combined manner to eliminate the disadvantages of individual
OFSs providing accurate and independent strain/temperature information [74]. Many researchers
have investigated different hybrid sensing approaches for simultaneous strain and temperature
measurements such as using a combination of FBG sensors with various types of sensors such
as LPGs [36,74], Fabry—Perot interferometer sensors [37], PCF modal interferometers [75], and
FLMs using a small-core MOF [76]. Sensors based on gratings written in MOFs and standard
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FIGURE 17.22 Comparison of theoretical predictions with experiment, (a) carbon—epoxy and (b, ¢) E glass—
epoxy/E glass—resin composite samples.

optical fibers have also been reported for discrimination between strain and temperature [77].
Previously, we reported a hybrid approach that involves an FBG sensor and a PM-PCF polarimet-
ric sensor for simultaneous measurement of strain and temperature [78] of composite materials.
In the context of composite structures, the temperature sensitivity of an OFS is largely influenced
by the thermal strain of the composite material [14]. Sensors based on stripped PM-PCF-based
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FIGURE 17.23  Strain measured by the optical fiber bonded to a composite sample for various loading condi-
tions. (Courtesy of Luna Engineering Note EN-FY1317.)

polarimetric sensors have been reported for thermal strain and thermal expansion measurements
in composite materials [13]. A hybrid OFS embedded in a composite material that is capable of
discriminating between strain, temperature, and thermal strain has great potential for future OFS-
based SHM applications.

17.7  LIGHTWEIGHT SANDWICH COMPOSITES
WITH EMBEDDED FIBER SENSORS

Among the different types of composite material laminates, it is common in advanced manufac-
turing industries to construct composite laminates using a sandwich construction, consisting of
an outer layer of reinforcing fiber in conjunction with a core filling, such as a solid foam core
or a honeycomb core [79]. The combination of carbon fiber—reinforced composite materials with
structurally efficient sandwich laminate design offers novel opportunities for ultra-lightweight struc-
tures. This sandwich combination allows the structural element with a very high bending stiffness
to weight ratio as well as bending strength to weight ratio [80].

Many applications including marine and automobile industry [81] use sandwich composite con-
struction to save weight and increase stiffness, because the low density foam is lightweight while
ensuring that the reinforcing fibers sustain the majority of the stress at the extremes from the neutral
bending axis. However, one of the main concerns related to sandwich composite structures is the
fact that their load carrying ability can be significantly reduced by the presence of delamination
between the foam core and the reinforcement fiber. Such damages usually cannot be observed from
outside the sandwich construction but can cause a serious reduction in load-bearing capacity of the
structure. For sandwich structures, due to the presence of the core material, the performance of the
embedded sensor could be different from those of the standard composite laminates.

FBG embedded in sandwich composites are used to measure strain, impact, and temperature of
the composites. Rajan et al. demonstrated a carbon foam core sandwich composite (Figure 17.24)
embedded with composite materials and the strain experienced within the material is measured [82].
Other works carried out by Peters et al. showed that FBGs can be used to impact measurement in
foam core sandwich composites [83]. Rajan et al. also demonstrated the temperature measurements
of sandwich composites using embedded FBGs. The measured wavelength shift for the embedded
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FIGURE 17.24 A carbon fiber foam core sandwich composite.

FBG with change in temperature is shown in Figure 17.25a. From the graph, it can be seen that the
carbon fiber foam composite specimen shows a temperature sensitivity of approximately 9.5 pm/°C,
which is close to the free-space sensitivity of the FBG (10 pm/°C). In comparison with embedded
FBGs in standard glass and carbon fiber composites, which shows considerably high sensitivity
(12-20 pm/°C) [14] due to the stress/strain induced by the thermal expansion of the composite, the
results obtained for the carbon foam composite is highly promising, as there was no considerable
effect of the material properties on the sensitivity of the embedded grating, and hence the embedded
sensor can accurately measure the true temperature inside the composite.

Another important factor to be considered in the case of a foam core sandwich composite is
the relaxation of the foam during bending measurements and its effects on the performance of the
embedded FBG. To evaluate this, the reflection spectra of the FBG are monitored after removing
the physical pressure applied to the laminate. It was observed that the FBG peak reflected wave-
length continues to shift slightly even after the complete removal of the load as shown in Figure
17.25b. This is assumed to be due to the relaxation of the foam core in the composite sandwich. The
observed wavelength shift was approximately 0.02 nm for a time period of 60 s, which is equivalent
to a strain of 16 pe given a strain sensitivity of 12 pm/ue. This adds an error of +2.5% in the strain
measurement using the embedded FBG in the case of the sandwich laminates. However, for the
foam relaxation, the percentage of error also depends on the amount of load applied and the type of
load applied. Further research is required to quantitatively predict the suitability of using embedded
FBG for accurate impact/strain and temperature measurement for sandwich composites, and many
groups are currently focusing on SHM of these types of lightweight composites.
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FIGURE 17.25 (a) Temperature response of the embedded FBG in a sandwich composite and (b) wavelength
shift of the FBG due to the gradual relaxation of the foam core.
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17.8 RECENT TRENDS, ISSUES, AND FUTURE CHALLENGES
OF THE OFS TECHNOLOGY

Embedding an optical fiber inside composite materials is a minimally invasive technique; how-
ever, for industrial applications, there still exist a few issues that are under investigation and in
this section we discuss those challenging issues. One of the challenges with composite structures
embedded with a fiber sensor is the provision for a reliable method for accessing the sensor [84,85].
Custom-designed connectors with ingress/egress optical fiber ends are a promising technique, and
one example of such a connector is shown in Figure 17.26. However, such egress optical fibers may
become brittle at the edges of the smart composite structures [21,86]. Also, connecting to such
a connector is very hard and edge trimming of the composite after the connector installation is
impossible.

The second issue is the structural damage to the composite material due to the fact that opti-
cal fibers have larger diameter compared to reinforcement fibers. As a solution, researchers are
considering new optical fibers with a reduced diameter and an optimized coating. One example of
such fibers is a thinner optical fiber with 80 um diameter known as Draw Tower Grating (DTG)
fiber, which is proven to be less invasive when embedded within laminate composite structures or
textiles [87].

Another issue related to embedding of fiber sensor in a composite part in weight- or space-
sensitive applications is the large size of conventional OFS interrogators, which could present dif-
ficulties for sensing of composite parts that, for example, are in constant motion, such as helicopter
rotor blades and wind turbine structures [88]. To an extent, this issue can be resolved by adopting
miniaturized interrogation modules based on photonic integrated circuits (PIC) or flexible polymer
waveguides [89,90]. Such surface attachable flexible interrogators allow for integration of photo-
detector arrays with wireless communication technology and thus have strong potential in smart
sensing of composite parts in motion.

Finally, it must be recognized that the OFS embedding procedure is often a labor-intensive task.
Therefore, ideally it requires a reliable automated optical fiber placement system that matches well
with the existing industrial composite production processes. Several composite manufactures, such
as Airborne, have introduced automated fiber placement system that provide control over embed-
ding depth, prestrain, position, and alignment. Such an all-automated fiber placement system is
shown in Figure 17.27. The biggest challenge in using most of the automated fiber sensor embedding
systems is that it is difficult to ensure an adequate repeatability of the fiber sensor placement. In
addition, during such an automated fabrication process, the safety of delicate areas of optical fiber
(such as grating written area of FBG, spliced and buffer coating removed areas of sensing optical
fiber) and control over the alignment of specialized fibers such as MOFs are not well assured. Thus,

FIGURE 17.26 Egress optical fiber with connector.
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FIGURE 17.27  Automated fiber placement system. (Courtesy of Airborne: the future in composites.)

an automated fiber placement system together with an X-ray-based microcontrolled tomography
could be a suitable solution for quality control of the embedded fiber sensor and a realistic option
for appropriate alignment of optical fibers for future smart sensing applications.

17.9 CONCLUSION

This chapter presents a comprehensive overview of the OFSs used for sensing of composite materi-

als and provides essential information regarding many aspects, including different types of com-

posite materials, properties, and their performance, the relevance of OFS for composite material
sensing applications, future challenges of embedded OFSs, and recent trends. Embedded OFSs are  AQ10
useful to the smart sensing applications of composite materials in aerospace, structural, civil, and

sports industry and this technology will be commercially available and beneficial to the society

after a few more years of research work.
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