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Abstract: Developing an advanced monitoring system for strain measurements on structural
components represents a significant task, both in relation to testing of in-service parameters and
early identification of structural problems. This paper aims to provide a state-of-the-art review on
strain detection techniques in composite structures. The review represented a good opportunity
for direct comparison of different novel strain measurement techniques. Fibers Bragg grating (FBG)
was discussed as well as non-contact techniques together with semiconductor strain gauges (5Gs),
specifically infrared (IR) thermography and the digital image correlation (DIC) applied in order to
detect strain and failure growth during the tests. The challenges of the research community are finally
discussed by opening the current scenario to new objectives and industrial applications.
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1. Preface and Motivation

For the development of lightweight structures, in recent decades, the use of advanced composite
materials and modern manufacturing methods has intensified the need to provide effective means of
performing experimental investigations to support analytical and numerical analyses. The complexity
and high associated costs of full-scale experiments indicate enhancing the reliability of the experimental
research to improve precise and effective techniques capable of reducing full-scale testing to
subcomponent testing. In the aerospace industry, for instance, several application areas have garnered
significant interest. In effect, structural monitoring can improve the characterization and prediction of
effects associated with failure that affect the structural safety. In addition, non-destructive techniques
can offer fault tolerance to component/subsystem/system-level, thus offering the possibility to reduce
costs associated with ordinary/extraordinary maintenance [1]. Chia et al. illustrated an ambitious plan
towards developing smart hangar technology, where noncontact measurements would be used to inspect
aircraft structures [2]. Rapid inspection also regarded space structures for pre-launch verification using
health monitoring technologies [3,4]. Advanced composite materials have encouraged considerable
interest in the research community owing primarily to their increased application in both military and
general aviation vehicles. Next-generation marine vessels are also adopting orthotropic materials and,
for similar reasons, the need for capable monitoring systems is crucial [5]. In this large framework,
many different sensing methodologies have thus been deployed for these structural monitoring
applications. Many of these methods are based upon strain measurements, which can be detected by
conventional gauges or other techniques [6]. Since 1940, the resistance strain gauges (SGs) exemplified
the most powerful tool concerning the experimental stress evaluation, even today representing a
common choice for monitoring material deformations and damage on in-service composite vehicles.
The physical environment of the strain gauge is, in any case, a crucial parameter that has to be
considered in gauge selection and protective coating. Owing to their relatively high surface area and
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the need for protective coatings, electrical resistance strain gauges have found a lot of difficulties in
acceptance of their filling into laminated composite materials. A main drawback to such an approach
is given by their surface limitation, so a large quantity of them would be necessary to monitor an
entire vehicle, yielding a complex network with a lot of wires and cables. For this reason, the strain
gauges’ location is often optimized for the most critical areas. Optical fibers have been introduced
recently just to overcome the weaknesses given by conventional SGs. In many approaches, fiber
optic sensors are used to achieve static or quasi-dynamic strain, providing better resolution of up
to two to three orders of magnitude compared with conventional SGs [7-9]. Structural monitoring
requirements have increased rapidly in the last few decades, and these requirements have prompted
many new developments in various sensing technologies. The present article deals with a review of
the strain characterization techniques; the technological approach and introduction to experimental
techniques are topics illustrated within the following chapters. In this perspective, Fibers Bragg grating
(FBG)-based sensors represent of course the most advantageous application to monitor in situ strains
over the life of a component, providing more reliable decisions regarding maintenance and replacement
of the system. Additionally, semiconductor-based SGs represent another contact transducers category
for embedded structural monitoring applications, revealing a high fatigue life, which makes them
very attractive for long-term installations. Infrared (IR) thermography and digital image correlation
(DIC) represent attractive non-contact techniques offering an interesting full-field investigation of the
material response. Their combination could allow a coupled analysis of different specimen aspects
from the early stages of testing. A further, very appealing possible integration of the hybrid monitoring
system is that which provides the use of non-destructive and non-contact controls such as online
monitoring with infrared thermography or DIC in order to highlight possible hot-spots during the
tests. The inspection is accomplished in a remote way, avoiding any direct contact, thus preserving
the controlled surface from any contamination. Moreover, it can be performed far away from any
dangerous environment, safeguarding the safety of the operator. All these techniques are analyzed
here and numerous examples are provided for different damage scenarios and aerospace components
in order to identify the strength and limitations of each approach. The development of an efficient
monitoring system inevitably has repercussions on the life-cycle of the product. Several scientific
studies [10] have shown how the proper implementation of structural monitoring may have a positive
effect on a structure’s life-cycle cost, thus achieving a positive cost/benefit ratio. Commercial insights
and industry perceptions pointed out many scenarios where immediate, near-term, and long-term cost
savings outweigh the cost of the measurement system, confirming the benefits of its implementation.

2. Contact-Based Techniques
2.1. FBG Sensing Network

2.1.1. Theory Background

One of the alternatives to strain gauge-based sensors for structural monitoring is given by FBG
optical sensors. The theory of fiber Bragg gratings may be developed by considering the propagation
of modes in an optical fiber. Although guided wave optics is well established, the relationship between
the mode and the refractive index perturbation in a Bragg grating plays an important role in the
overall efficiency and type of scattering allowed by the symmetry of the problem [11]. Being de facto
small and flexible, FBG sensors can be embedded discretely into composites at locations of interest,
thereby allowing for the detection of local strain distribution and progression without compromising
the structural integrity of the host material. Often, it is mandatory for getting the strain state in many
stations of the structure; the need for a dense network of sensors, that is, strain gauges, could lead to a
considerable size increase of the test set-up, comprising a large amount of electric wirings and so on.
From this perspective, optical FBG sensors are lightweight and versatile, they can be non-intrusively
inserted into adhesive materials as well as multiplexed into an array of single FBG sensors. Taking into
account the advantages of electromagnetic noise tolerance, high sensitivity, and multiplexing capability,
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the fibre optic sensing technique has been recognised as a reliable means of measuring structural
strain response (static and transient), and FBGs have been successfully developed and employed in
structural health monitoring (SHM) for strain, temperature, refractive index, or loads measurements.
An FBG is a delimited and systemic discontinuity, imprinted on an optical fibre wire, which reflects
different wavelengths. Narrowband reflections can be obtained by deploying discontinuities to allow
this system to filter those frequencies [12-17]. FBGs are formed by exposing an optical fiber to an
ultraviolet interference pattern, producing a periodic change in the refraction core index. These periodic
changes cause a reflection when the light in the waveguide is of a particular wavelength (owing to the
constructive interference of grating plane reflections), while other wavelengths are transmitted in the
fiber, as shown in Figure 1 [18].
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Figure 1. Reflected and transmitted light through a Bragg grating [18].

FBG operation is based on the Fresnel reflection: a broadband light band is diffused into the
optical fiber. Once the signal goes through grating, a specific wavelength (i.e., a narrow frequency
band, centred at the nominal frequency) is reflected and detected by a spectrometer as well. When fiber
is stretched, the gratings time is contracted or expanded and the wavelengths reflected are modulated
in turn. The most common way to print gratings inside a glass core fibre is to perform a periodic
modulation of the effective refractive index using lasers or UV sources and a suitable method to realize
the spatial pattern, such as phase mask. The reflection of light signal by the grating occurs at the
Bragg wavelength Ap. At each plane, light waves are scattered, interfering constructively. Bragg’s law
defines the requirement for constructive interference from several grating planes, so this narrow energy
component is reflected back and missed in the spectrum of transmission. The particular reflected
wavelength Ap is dependent upon the FBG’s period of core index modulation A and the effective core
index of refraction ng, according to Equation (1) [19].

AB = 21’10/\ (1)

The grating’s period length varies and the reflected wavelength changes when an FBG is subjected
to a local deformation. The typical period of a Bragg grating is about 0.5 um. For silica core fibres
(pe = 0.22), the typical strain sensitivity is nearly 1.2 pm/ue. A crucial issue is related to embedding
optical fiber sensors into laminates; it represents a mandatory step towards the industrialization of the
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SHM. In the case of fibre-optics strain sensors, the engineering strain ¢ could be treated as the ratio
between the total wavelength shift AA and the initial wavelength A, in particular, by Equation (2):

AL AL
_AA AL 2
S wy s 2)
where AL = L — Ly is the length change between final L and initial value Ly. Different gage factors
hwere estimated, that is, 0.79 for a conventional single mode fibre [20]. When an FBG is strained,
it stretches or contracts, causing A and ng to increase or decrease. This, in turn, produces a differential
increase or decrease in Ap directly related to A and ny, as represented in Equation (3).

5Ap = 8(2ngA) = 2A(51p) + 210 (5N )oAg = 5(2ngA) = 2A(6ng) + 2mgdA )

Because Ap is scalar, the multi-dimensional differential operator, 6, could be expressed by a 1D
discrete symbol, A, representing changes or shifts. The same for changes in A, which, under the
assumption of constant strain along the single FBG length (and not necessarily the entire fiber), relates
to the 1D linear mechanical strain in the fiber direction, as per Equation (4).
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Equation (4) can be further simplified into a constitutive relationship between strain and index of
refraction change using photoelasticity laws. This will make the left side of Equation (4) exclusively
a function of measured wavelength and the right side exclusively a function of constant material
properties and strain in the fiber direction. A strain-optic tensor is used to relate the index of refraction
changes to strain analogous to a stiffness tensor relating stress to strain [21]. The strain-optic tensor
components encompassed material properties, that is, photoelastic constants, which correlate index to
strain changes. The set of equations collapses to a single expression (analogous to a 1D stress—strain
relationship), shown in Equation (5), when the strain field is mainly uniaxial along the fiber grating axis.

AAp
(AB)o
where Ap is the unstrained Bragg wavelength and p, is a reduced, first order strain-optic coefficient [22].

While the equations determining Ap are not influenced by additional FBGs written onto the same
fiber, the signal processing of multiple gratings must provide each individual FBG’s contribution to a

= (1-p.)Ae (5)

combined reflection signal. The wavelength shift changes linearly with both strain and temperature.
When the grating part is subjected to external disturbance, the period of the grating will be changed
and the Bragg wavelength is varied accordingly. The variation of the Bragg wavelength can be given
by Equation (6):
AAp
(AB)o

where AT is the temperature change, a is the coefficient of the thermal expansion, and ¢ is the
thermo-optic coefficient. The authors of [23] reviewed FBG strain sensors with a high focus on the
description of physical principles, the interrogation, and the read-out techniques. Their operative
performance are reported and compared with the conventional architectures, promoting advanced

= (a+&)AT + (1 -pe)Ae (6)

applications in technological key sectors. The following subparagraph deals with collecting FBGs
applications in the field of composite materials characterization.

2.1.2. FBGs Application

Small FBG sensors inserted in a composite layup can provide in situ data on polymer curing
(strain, temperature, refractive index). Composite manufacturing processes such as resin transfer
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molding (RTM) and resin film infusion (RFI) could be really improved by implementing these
sensors. Moreover, their application is very attractive in monitoring the composite “health” and
impact detection [24]. Among applications in this field, French aeronautics equipment manufacturer
Ratier-Figeac, in collaboration with the CEA-LIST (the Atomic Energy Commission, Laboratory
for Systems and Technology Integration), developed an advanced measurement system, based on
embedded FBG sensor technology in order to get insights into the following: the process sequence,
map resin flow by detecting air-to-resin transitions during the injection, checking for dry zones or voids
in the structure, and consequently improving the manufacturing quality and reducing development
costs. The use of optical-fiber sensors led to supervising the manufacturing airplane propeller blades,
as shown in Figure 2 [25].

Temperature Strain sensors
sensor

t=18 min t=20min  t=2lmin (=22min t=25min (=28 min =29 min ¢t=30min =31 min

)

PROCESS SEQUENCE

Figure 2. Progression of the resin flow in an airplane propeller blade mold [24,25].

Green and Shafir overviewed the main approaches to overcome this limitation owing to their high
fragility, especially when working with a molding process [26]. It is a practical method comprising the
addition of a loose tube shield around the optical fiber at the edge of the composite materials specimen,
Figure 3. The tube may be realized in polyvinylidene fluoride (PVDF) or polytetrafluoroethylene (PTFE,
well-known as Teflon) [27-42]. The study of [43] investigates the influence of strain state distribution on
the accuracy of embedded FBGs used as strain sensors with structural loading coaxial to the fiber optic
direction. Finite element analysis (FEA) helped for evaluating the fiber optic sensors output, both at
far field and in near field areas of the constraining grips. A direct comparison among testing fiber optic
strains, strain gauges, and FEA outcomes provided good correlation in the far field, with error of less
than 1%. However, in the near field location, some differences found are owing to birefringence arising
from complex strain distributions. Some insights are schematized in Figure 4; sensors’ installation and
the main results are reported. In the work of [44], both analytical and testing investigations on the
strain transfer mechanism of surface-attached FBG sensors on composite structures under thermal
loading have been performed. Sensitivity analysis indicated that the strain path is mainly affected
by the bonded length; on the other side, the strain transfer efficiency is relatively less sensitive to the
bonding thicknesses and to the thermal expansion coefficient of the host material. FBGs could be
applied to monitor structures exposed to repetitive high strain amplitude dynamic loads: common
strain gauges have low fatigue resistance, which causes unreliable strain monitoring in cyclic loading
conditions. Aluminum and polypropylene (PP) plates with different thermal expansion coefficients
were surface-bonded with FBG sensors and then exposed to various temperatures field (30-70 °C).
The proposed error-modification formula can be used to effectively improve the strain measurement
accuracy and instruct the optimum design of FBG-based sensors. The work of [45] illustrates the
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strain monitoring of biaxial glass-fiber reinforced epoxy matrix composites subjected to a constant,
high strain uniaxial cyclic loading. The results pointed out that such damage mechanisms observed in
fatigue causes FBG strains follow the stiffness degradation trend where damage mechanism occurred;
such a strain rate allowed for detecting the specimen onset failure.

Figure 3. Teflon protective loose tube of optical fiber integration of surface-mounted connector [42].
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Figure 4. Composite specimen layup and strain trend. FEA, finite element analysis [43].
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Another paper [46] presents a cross-correlation function-based method applied for a skin-stringer
debonding detection and length estimation. The proposed methodology is applied to investigate the
debonding line extension caused by low/medium (45 J) energy impact on 24-ply carbon fiber-reinforced
plastic (CFRP) stiffened panels. The results showed a good coherence with respect to the NDI
(nondestructive inspection) performed by ultrasonic C-scan flaw detector. Application studies
consisted of two different impact events, two different sensor layouts, and two different load conditions
after impact (unloaded and quasi-static load, respectively). The main details concerning sensor layout
and spatial strain distribution after impact are represented in Figure 5. The aim of the works of [47,48]
is to evaluate the feasibility of an efficient hybrid SHM system on a CFRP panel demonstrator, inserting
an FBG network within the stack of the preform according to the design requirements. The proposed
hybrid monitoring system was successfully applied to different CERP panels, achieving good results
in both low velocity impact tests and guided wave propagation experiments. The signals acquired
through the FBG sensors are compared with those gathered from piezo-electrics (PZTs), demonstrating
a very satisfactory matching. An experimental configuration is sketched in Figure 6.
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Figure 5. Composite panels setup and differential strain distribution [46].

Figure 6. Composite panels setup and differential strain distribution [48].
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Singh et al. presents an FBG sensor that may be surface mounted for simultaneous strain and
temperature measurements. By inserting an FBG sensor into the laminate, local birefringence causes
the bandwidth of the FBG spectrum to change with strain as well as temperature. Thermal-mechanical
testing was performed to validate the sensor performance of FBG-composite assembly; the measurement
errors, within one standard deviation, were found to be +62 pe and +1.94 °C for the strain and
temperature measurements, respectively [49]. A correlation between strain-gauge and FBG response
has been investigated in [50,51] with reference to a composite sample representing a portion of a main
landing gear bay for large aircraft in the contest of the ITEMB (Integrated Full Composite Main landing
gear Bay Concept) Clean Sky 2 program, Figure 7. The experimental-numerical study [52] assesses the
feasibility of the FBG sensor integrated into a composite tube structure. The results demonstrate that
the FBG sensor can be successfully used for in-service SHM of the composite tube, showing that this
category of sensors can be efficiently used, not only in purely plate-like structures. Looking at more
innovative health monitoring tools for the next generation of composite structures, a nanotubes-based
strain sensor has been realized in [53]. FBG measurements were performed to prove the feasibility
of the sensor, Figure &; a high correlation level was achieved between FBG response and nanotubes’
electrical resistance change.

Figure 7. Tensile test on composite sample (UniNa laboratory) [50,51]: (a) Rosette; (b) FBG.

Figure 8. Tensile test on nanotubes-based coupon (UniNa laboratory) [53]. (a) Strain gauge; (b) FBG.

Another current FBG application concerns the debonding detection. Disbonding of the
adhesive-adherent interface or cracks in the bond lead to a redistribution of the strain—stress profile in
the bond layer. Therefore, research is investigating a method that allows continuously assessing the
load distribution in the adhesive bond, thus getting data about the bond quality. The papers of [54,55]
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present the SHM technique of composite repair patches using small-diameter FBG sensors embedded
into the adhesive layers. The debonding length was evaluated quantitatively by the monitoring of
the form of the reflection spectrum. The authors of [56] have developed a novel technique to detect
debonding in honeycomb sandwich structures using small-diameter chirped FBG sensors between the
core and the facesheet during the curing process of the adhesive layer. The work outlines some key
insights with reference to numerical modeling of debonding. Debonding can be detected with high
sensitivity in real time from the recovery in the shape of the reflection spectrum. The development
of a damage detection system using ultrasonic waves is described in [57,58] with reference to the
skin/stringer debonding of an aeronautical CFRP panel. A novel damage index was investigated that
could be acquired on the basis of the difference in the distribution of the wavelet transform coefficient.
In particular, this damage index increased with an extension in the debonded area. Furthermore,
it was experimentally verified in [59] that the pre-attachment and curing (PAC) technique has sufficient
feasibility for the applications of debonding monitoring. Recent advances and applications of FBG
sensors, to the structural health monitoring of composite aircraft structures, have been reviewed in [60].
The performance characteristics and intrinsic limitations of currently available fiber optic-based sensors
were outlined deploying to many possible application cases. The authors highlighted that distributed
sensing may offer several advantages over quasi-distributed sensors, where large rather than local
areas have to be monitored, with high spatial resolution at relatively low frequency. The FBG sensor
readings are mostly affected by both thermal and mechanical effects; therefore, these properties should
be isolated from one another. The authors of [61] present a hybrid approach to thermally isolate FBGs
addressed to cure monitoring of thermoset matrix composites. The results showed good correlation
between the model and the experimental method of fibres encased in the glass capillary tube. A very
recent application encompasses the embedded FBG as temperature sensors to assess the effects of
laminate thickness on the manufacturing quality of composites through cure monitoring performed
using microwave curing equipment [62]. FBG-based measurements allowed authors to analyze the
impact of temperature overshoot on curing quality as well as the effect of thickness variations and size
on the quality of microwave curing, as represented in Figure 9. Fiber optic temperature (FOT) sensors
were inserted into the sample to track temperature gradient at each step of the curing process. A futher
paper [63] presents the results of numerical simulations with reference to a polymer composite material
with an embedded optical fiber, which can be surrounded by a resin pocket, Figure 10. The presented
outcomes allowed for estimating the error of the strain values calculated on the basis of 1D stress state
assumption of the optical fiber. The relationships between the data measured by the sensor and the
strain in the Bragg grating have a unique solution under the condition of uniaxial stress state of the
fiber, which are not fulfilled when the fiber is embedded in the material. The work of [64] focuses on
implementing an SHM approach to detect structural debonding during the in-service operative life of
a composite winglet, Figure 11. The short time fast Fourier transform is applied to acquiring a strain
data set in real time during the cyclic load condition. Deviation of structural dynamic response from
normal condition is observed, owing to bonding failure in the skin-spar. The layout definition for FBGs’
path was selected on the basis of a validated FE model strain distribution. The paper [65] outlines the
application study of smart composites embedding FBG sensors, with focus on two main aspects: sensor
network has been used for checking the composite resin flow line and residual stress state during the
curing process to improve the cure technics. Simultaneously, the embedded FBGs could monitor strain
changes and damages in laminates by processing the amplitude and the shape of FBG wavelength.
A measurement method using two FBGs is proposed in [66], which allows microdeformations and
minimal temperature deviations to be detected with high sensitivity, while the measuring circuit
remains quite simple in design and cheap. The transfer characteristic of the sensor is considered,
and the optimal range of the sensor is determined to ensure a linear characteristic. A method of damage
detection of three-dimensional and six-directional (3Dim 6Dir) braided composites by embedding FBG
sensors is proposed in [67]. By analyzing FBG sensors’ signals, it is found that different damages and
different damage locations at the 3Dim 6Dir braided composites will cause the wavelength of FBG
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sensor signals at different positions to have unusual changes. This shows the feasibility to detect the
damages of 3 Dim braided laminates using FBG sensors.
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Figure 9. FBG and fiber optic temperature sensor (FOT) sensors configuration [62].
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Figure 10. Representation of a polymer composite material with embedded optical fiber [63].
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Figure 11. FBGs stations on composite winglet and reference numerical model [64].

For the real-time condition assessment, control, and safety monitoring of morphing aerospace
structures, the FBG strain sensing technology represents a novel shape-sensing methodology [68,69].
The deformation of a shape memory polymer (SMP) skin at different temperature conditions is analyzed
by FBGs array in order to establish the relationship between the deformation of the skin and pre-strain
applied in the SMP skin. The relation of the strain and the deflection of the trailing-edge is established
for the shape reconstruction [70]. A morphing wing prototype with polyimide thin film skin is
constructed, and forty-eight FBG sensors are glued on the skin surface. The 3D shapes of the polyimide
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skin at different airfoil profiles are reconstructed. The 3D precise visual measurements are conducted
using a digital photogrammetry system, and then the correctness of the shape reconstruction results is
verified. The results prove that the maximum error between the 3D visual and FBG measurements is
less than 5%, and the FBG sensing method is effective for the shape sensing of flexible morphing wing
with polyimide skin [71,72]. In their study, the authors proposed a specially coated FBG, demonstrating
its compatibility with in-flight conditions (fatigue, humidity, pressure cycling) of aerospace-grade
composite materials [73]. The purpose of [74,75] is to present a conceptual design and modeling of an
FBG-based distributed sensor system tailored to measure the span-wise and chord-wise variations of
an adaptive trailing edge, thus allowing the complete deformed shape reconstruction, Figure 12.
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Figure 12. Shape reconstruction of a composite morphing wing segment [75].
2.2. Semiconductor Strain Gauges

The SG works as a bonded sensor; an ohmic resistor R is attached on an insulator I, fixed to
a substrate S to be monitored. When S is strained, the length change is observed as AR gradient;
the accuracy depends mainly on the bonding quality. The resistance of a conductor having length /,
cross-sectional area A, and resistivity p is expressed by Equation (7):

_o

R=5 )

The deformation A/l implies a resistance change according to Equation (8); or, in other terms,
owing to a Poisson contraction in A, a resistivity change follows.

%R = (1 +2v—|—%%)Al ®)

The ratio (AR/R)/(Al/l) represents the gauge factor. The term (1 + 2v), where v is Poisson ratio, is
about 1.6 + 2 for most metals when there is no resistivity change. Nickel-based alloys are usually used
as the strain-sensitive conductor, notably nichrome (nickel-chromium) and constantan (copper-nickel).
For backing insulator, instead, epoxy resins and polyamide films are used [76-79]. The application of
standard SGs in composite structures is very wide [80-89]. Semiconductor-based SGs represent another
category of contact devices for embedded structural monitoring applications. The sensors typically
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have a thin rectangular form, with a thickness of about 10 mm. The fiber-like form and material
similarity to glass fibres make these transducers appealing to composite control. Their proportions are
similar to the standard fiber; the length dimension is greater than the width or thickness. The basic
principles of semiconductor SGs were described in 1964 by Higson [90]. Semiconductor SGs are
much more sensitive than the metallic ones, and commonly used, but specific circuit arrangements
are needed when high accuracy is required. The introduction of two new SG alloys provided the
perspective of increasing the operative range from 400 °C up to about 1000 °C. The piezoresistive
effect in silicon (Si) and germanium (Ge) was first studied by Smith in 1954 [91]. When exposed to an
external force, the crystalline configuration of Ge and Si goes towards a reorganization, allowing more
mobility to electronic charges, and thus resistivity changing. The gauge factor could be expressed as
per Equation (9):

AR Al I Ap

/—=14+2v+—-——=1+2v+nE )

¢ R "1 p Al

where 7 is the piezoresistive coefficient (m?%/N) and E is the elastic modulus (Pa, psi). In Equation (9),
the metal SGs’ behavior is explained by (1 + 2v) contribution, but for semiconductor SGs,
the piezoresistive parcel, nE, prevails [92]. The semiconductor material commonly silicon exhibits
generally high piezoresistivity; the gauge factor can be up to 60 times higher compared with metallic
foil gauges [93]. Moreover, they provide the possibility to be used as distributed wireless networks [94].
The linearity error of semiconductor SGs is in the range 10%—-20%, while standard gauges have
linearity error equal or less of 1%. The following references resume some characteristics of metal and
semiconductor SGs [92,95-97]. The high fatigue life is one of the advantages of semiconductor SGs.
Thanks to their single-crystal configuration, they do not present hysteresis or creep; in such a way,
they are very suitable for long-term installations. High cycle loading of specimens with embedded
and surface mounted semiconductor SGs is analysed in [98]. The base material comprised glass
fiber laminate. Two different matrixes, that is, polyester and epoxy resins, were used. Hygrothermal
loading was applied to weaken the sensor—matrix interface as well as to reproduce operative conditions.
The embedded semiconductor SGs” performance was estimated using fatigue testing according to
ASTM (American Society for Testing and Materials) E1949 standard [99]. One limit associated with
semiconductor SGs is the sensibility to temperature change with a reduction of the signal-to-noise ratio.
A possible mitigation could be given by integrating temperature compensation circuitry, commonly
used in most commercially available sensors [100].

3. Noncontact-Based Techniques

3.1. Infrared Thermography

Infrared thermography (IRT) is well recognized as a technique for the inspection of composite
materials, performed avoiding any surface contact. IR thermography detects surface temperature
gradient as a direct function of thermal energy emitted by controlled bodies (in the infrared band of the
electromagnetic spectrum) [101-105]. IR thermography is based on the physical evidence that, above the
temperature of 0 K, any kind of body represents a thermal radiations source, owing to micromechanical
entropy associated with the internal energy of the material. Constitutive components of thermal energy
are the photons, generally classified as discrete particles with zero mass, no electric charge, indefinitely
long lifetime, and moving in vacuum at the speed of light of ¢ = 3 x 108 m/s. The photon energy Epp is
equal to its frequency f,;, multiplied for the Planck’s constant (h = 6.6 X 1073*J s). A general law for
such an energy level, according Einstein notation, is given by Equation (10):

C
Epn = fypn = h~ (10)

which states an inverse proportionality with respect wavelength A of the considered radiation. To a
higher energy level, will correspond a shorter wavelength. In order to express another general law
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for thermal radiation, it can be helpful to recall the black body concept. Planck’s law in Equation (11)
describes the spectral distribution of the radiation emitted by a black body:

27thc?
Exy=————— (11)
/\5(eW - 1)

where Eprepresents the black body (monochromatic) spectral radiation intensity, T'is its absolute temperature
(K), and ky is Boltzmann’s constant equal to 1.38 x 1072 J/K. In particular, by differentiating Equation (11)
with respect to A, it is possible to evaluate, for a specific temperature value, the A4y threshold equivalent to
the maximum radiation intensity and given by Wien’s displacement law, Equation (12):

d
/\max = % (12)

in which d;, is Wien’s displacement constant, approximately equal to 2898 pm K. By integrating
Planck’s law over the whole bandwidth, the total hemispherical radiation intensity emitted by a black
body can be obtained as per Equation (13):

E, =oT* (13)

which is well-known as Stefan Boltzmann’s law, where ¢ is in fact the Stefan Boltzmann constant
(0 = 5.67 x 107 W/m?K*). Relying upon the black body concept, an important issue regarding IR
measurement is the emissivity €, which is the ability of surface to emit energy. Values of ¢ are between 0
(for a perfect reflector) up to 1 (for the black body). IR techniques are deployed to solve low or uneven
emissivity concerns, which could perturb acquisitions by undesirable reflections. IR thermography is
mostly classified as passive (steady) and active (unsteady) technique [106,107]. The passive approach
is commonly applied when materials present a temperature gradient with respect to the environment
in which they operate [108]. It could be appropriate for the cyclic loading test to monitor heat
variations owing to the resulting hysteretic. On the other side, active IR thermography generates
heat transfer in the inspected component by means of external sources such as optical radiation (e.g.,
halogen heat lamps and laser), electromagnetic actions (induced eddy currents and microwaves), and
mechanical ultrasonic waves [109,110]. In active test conditions, an IR camera tracks and analyzes
temperature gradient responses at the medium surface to provide details about the structure’s integrity.
Additionally, the heat response allows for detecting damages or material defects by the thermal waves
discontinuities [111]. Thanks to its versatility, active IR tools represent a well-recognized experimental
method in terms of reliability and costs, especially if compared with more sophisticated ones such as
ultrasonic phased array and X-ray system. Scientific literature now offers a huge amount of information
about for several application fields and types of materials/damage [112,113]. The work of [114] is one
of the more recent reviews including a deep assessment of active IRT thermography specifically for
the aerospace industry. Table 1 summarizes the main active IR methods according to their physical
principle and thermal sources [114].

The generic reader will be able to deepen every single technique thanks to the bibliographic
references provided. The manuscript will instead flow into an analysis of the applications in the field
of composite materials in order to analyse the progress of the scientific community, thus opening the
discussion towards new objectives. IRT-based non-destructive evaluation could be performed with
different approaches that allow for identifying material defects and reconstructing their position in a
3D reference too. IRT methods have found in fact a large interest for detecting defects within adhesive
bonds. Furthermore, IR technology could represent an advanced method for thermo-elastic stress
analysis (TSA) purposes, monitoring the surface temperature gradient of a mechanical component.
The paragraph is introducing the reader to these two main branches of application.
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Table 1. Summary of active infrared thermography (IRT) methods [114].

Physical Principle

Thermal Source

Active IRT Terminology

Optical radiation

Optical flash, lamp, and electrical heaters

Optical laser

Pulsed Thermography [115] (or Flash
Thermography)

Lock-in Thermography [116] (or
Amplitude Modulated Thermography)

%ptically Sti}rlnulate? Step-Heating Thermography [117] and
ermography (OST) Long Pulse Thermography [118]
Frequency Modulated
Thermography [119]

Laser-Spot Thermography [120] and
Laser-Line Thermography [121]

Acoustic/ultrasonic wave propagation

Acoustic/ultrasonic horn, piezo-ceramic
sensors, air-coupled transducers

Ultrasonic Stimulated Thermography [122] (or Thermosonics, Vibro-Thermography,

and Sonic IR Thermography)

Nonlinear Ultrasonic Stimulated Thermography [123]

Electromagnetic Radiation for
dielectric materials

Induced eddy currents

Eddy Current Stimulated Thermography [124]

Microwaves

Microwave Thermography [125]

Material enabled thermo-resistive
radiation for composite materials

Electrical current applied to carbon fibres

Electrical current applied to embedded
steel wires

Direct Material-Based
Thermography (DMT)

Electrical Resistance Change Method
(ERCM) coupled to thermography [126]

Electrical current applied to embedded
carbon nanotubes

Electrical current applied to embedded
shape memory alloys wires

Metal-Based Thermography [127]

Indirect Material-Based
Thermography (IMT)

Carbon Nanotubes-Based
Thermography [128]

Shape Memory Alloys-Based
Thermography [129]
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3.1.1. Quality Control: Defects Detection

Thermography methods are not so recent. Infrared imaging had always offered a particularly
attractive solution for the inspection of composite material structures [130]. The work of [131]
explained practical examples of the remote thermal inspection as a non-destructive method to
characterize subsurface features and defects. Avdelidis et al. developed a transient processing
technique, useful for the inspection of failure inside different composite configurations representative
of various aircraft panels [132]. The study of [133] discusses the development of a novel holistic
inspection approach for aviation composite materials comprising three thermographic cameras,
which operate at different wavelengths. A large number of different types of defects have been
investigated, covering different manufacturing stages. An in-house methodology involving best
fitting and normalisation techniques has been implemented to process the thermal images, increasing
the results” quality. The works describes the raw thermal image obtained from a CFRP coupon:
the non-uniform heating effect has been significantly improved thanks to the proposed processing
algorithm. The idealized process demonstrates an increased signal-to-noise ratio, allowing for more
indicative mapping results. The study of [134] focuses on the comparison of the results obtained by
means of different camera devices: one is FLIR SC5000, while the other one is from the high-end
ImagelR series, ImagelR 8300. Both of them belong to the medium wavelength infrared (MWIR)
class. Additionally, a long wavelength infrared (LWIR) camera, an ImagelR 8800, was used too.
The comparative study was carried out by inspecting three different calibrated and induced defect
samples using similar excitation sources, so that the tests configuration and lay out are comparable with
each other. A proposed processing to increase signal-to-noise ratio has been assessed. Optical pulsed
thermography (OPT) was selected as one of inspection techniques; flash lamps and their corresponding
generators were used as heat sources, thus exciting the specimens by heat pulses (close to theoretical
Dirac delta signal during three milliseconds). Optical lock-in thermography (OLT) uses halogen lamps,
which emitted radiation and can be modulated in both amplitude and frequency. D’Orazio et al.
address the issue of developing an automatic signal processing system that performs a time-space
denoising in a sequence of thermographic images, thus allowing the identification of undetected
defects in composite laminates [135]. The original thermographic images were segmented both using a
neural network classifier trained with a backpropagation algorithm and using the self organizing map
(SOM) too. Such a method led to a signal-to-noise ratio optimization, recognizing different regions
containing several types defects. In the study of [136], three different CFRP specimens having the
same thickness and defects characteristics, but with a different shape (planar, trapezoid, and curved)
were investigated under laboratory conditions. The qualitative analysis of the three samples indicated
that techniques as thermographic signal reconstruction (TSR), pulsed phase thermography (PPT),
and principal component thermography (PCT) can improve the perceptibility of the recorded pulsed
thermographic signals and additionally enhance the thermal “footprints”, which is critical in the case
of deep and/or small flaws. De Angelis et al. [137] compared nondestructive systems detecting defects
across vulnerable surfaces of a Typhoon air-cooling inlet composite panel. The research of [138] likewise
provided a quantitative analysis of artificial defects in a glass fibre reinforced plastic (GFRP) composite
plate comparing lock-in thermography (LIT) amplitude and phase images with shearograhy and linear
ultrasounds. An inverse analysis based methodology was established to simultaneously identify
the thermal diffusivities and subsurface defect of CFRP laminate through lock-in thermographic
phase profile reconstruction [139]. Experimental and FE simulation of defective areas were used to
assess the thermal diffusivities, recognizing the size and depth of subsurface defect. The outcomes
showed a good agreement between estimation and reference values, with a relative deviation of less
than 5%. IR thermography has represented an efficient tool during the manufacturing of graphene
nanoplatelet (GNP)/polymer composites to measure void content and map void distribution [140].
Considering the size of each pixel (~100 um), this method enables the NDI of flaws having a size
of 200 um approximately (Figure 13). Their impact on thermal conductivity has been assessed at
nanoscale level by 3D FEA. The studies of [141-143] prove that long pulse thermography could forecast
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and characterize defects in basalt composites in reflection and transmission mode. During the test,
both peak contrast derivative method and Parker method were used to determine the defects depth.
The first one predicts the defects” depth with a better resolution, independent of their sizes and error
percentage increases with increasing depth. The Parker method [144] could be used for estimating
the thermal diffusivity if the sample depth is known, for few milliseconds heating time. In the Parker
method, in fact, the error percentage is higher for a lesser depth.
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Figure 13. Thermal analysis on graphene nanoplatelet (GNP)/epoxy specimen. (a) Thermal diffusivity;
(b) Temperature fields and void detection; [140].
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3.1.2. Structural Qualification: Stress-Strain State Detection

The change in temperature is mostly used to perform thermo-elastic stress analysis tests [145-149].

In the assumption of reversible and adiabatic conditions, thus neglecting heat transfer within the body

and to the environment and elastic regime as well, for isotropic materials, the temperature variation
can be written as Equation (14):

AT = —KT,Ac (14)

where T, is the absolute body temperature, Ao is the mean stress amplitude variation, and K is the
material thermo-elastic constant. Practically, Equation (2) relates the temperature local variations to
the volume variations. In particular, under adiabatic conditions, positive dilatation (tension) entails
cooling of the material, and vice versa. In metals, the thermo-elastic limit is generally assumed [149]
as an indication for the yielding point. In orthotropic materials, as CFRP, Equation (14) modifies as
follows [146]:

AT = —E(a1A0'1 + apAoy) (15)

pep

with @1 and a) representing the mean thermal expansion coefficients along the principal material
directions. Generally, within the thermo-elastic stress analysis, the infrared imaging device is mainly
used for mapping temperature variations under cyclic loading. AT depends on several quantities: the
material elastic modulus E, the thermoelastic constant K, and some geometrical parameters. Luong [150]
discussed on the use of IR thermography for spotting the intrinsic dissipation onset or as a damage
indicator. The assumed procedure consisted of acquiring a thermal map after a fixed number of load
cycles. The analysis was carried out towards the thermoplastic phase, where the temperature gradient
is remarkable and then easy to be measured. A much more difficult concern deals with measurement
of thermal variations experienced by the specimen during the elastic phase, that is, thermo-elastic
effects. In this context, a common approach is to perform tensile tests with simple standard notched
specimens. IRT bases its principle on the thermal energy emitted from bodies in the infrared band of
the electromagnetic spectrum [151]. As recently demonstrated by the research group at the University
of Naples “Federico II” [152-163], an IR-based imaging device could be really useful to monitor thermal
effects evolving on the composite materials’ surface when subjected to mechanical loads. Regardless of
whether the type of load may be cyclic bending, quasi-static bending, or impact, the infrared camera is
able to visualize thermal signatures, which may be related to what happened to the specimen under
external load. This is possible because the hot spots that occur on the displayed surface are indicative
of damage sites grown in the sample. Examples of images taken during online monitoring are shown
in Figure 14a (impact events) and in Figure 14b (quasi-static bending). In particular, Figure 14a shows
some thermal images recorded during impact with a modified Charpy pendulum, [159], on GFRP
specimens with unidirectional E-glass fibers (300 g/m?) and low viscosity epoxy resin (MATES® SX10,
Italy). More specifically, the images of Figure 14a are AT images of specimen impacted at E=8.3],
accounting for the temperature rise over the initial ambient temperature. It is worth noting that
an abrupt temperature rise is a symptom of fibres breakage, while light temperature variations are
mostly linked with delamination. The AT images acquired at the lower frame rate by means of SC6000
camera have been additionally post-processed for the evaluation of the warm area extension: the noise
correction reference (NCR) has been applied to improve the image quality (Figure 14a on the right).
Figure 14b shows some thermal images of a specimen undergoing quasi-static bending at 5 mm/minute;
the infrared camera views the specimen from its bottom surface and thickness contemporaneously
and records sequences of images at 30 Hz, [163]. It is possible to see the initiation of the damage
through the formation of the hot spot on the top right image and its successive enlargement and
final collapse as the specimen is bent. Infrared thermography is also effective as a non-destructive
testing technique to either ascertain the integrity of a structure before structural testing or detect the
occurred damage. The research of [50,51], as already seen previously, provides some relevant outcomes
concerning the design of a composite sample for the main landing gear bay of a large commercial
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airplane within Clean Sky 2 ITEMB project. The innovative method used to forecast the shape and the
location of the breakdown showed in the filler of the ITEMB coupons was the acquisition of images
from a thermal camera. The thermal camera measurements were useful to understand the crack
triggering inside the sample. The frame sequence highlights a compression of the filler, and then its
sudden and symmetrical failure, which expands on each side of the coupon, Figure 15. The durability
and efficiency of the patch repair during both maintenance (off-line) and service (on-line) conditions
were duly investigated by Grammatikos et al. with respect to an aluminium wing structure with
CFRP composite patches [164]. The skin-to-core disbonds in a titanium alloy honeycomb structure
were analysed in [165]; the numerical predictions by a detailed finite element matched in a very good
correlation with experimental evidence. Recent studies have demonstrated the applicability for fatigue
test monitoring. In [166], the authors proposed a procedure for tracking the damage of composite
materials obtained by automatic fiber placement. Studies were carried out on three specimens of the
reference fatigue curve used to evaluate the thermoelastic maximum and minimum limits compared
with the extensometer values. The stress/strain redistribution and the consequent stiffness degradation
were assessed by following the thermoelastic temperature signal.

Loading nose

Top surface

Thickness

Bottom surface |

Thermal image

(b)

Figure 14. IR online monitoring of rising fiber fractures (UNINA laboratory) [163]. (a) Rising fiber

fractures when impact occurred; (b) quasi-static bending tests.

The authors of [167] evaluated the static and fatigue performance of FRP specimens (a pre-preg
IM7/8552 carbon fibre-epoxy and a glass-fibre reinforced epoxy laminates) under Mode II delamination,
proposing an innovative approach given by the combined use of a modified transverse crack tension
(MTCT) test coupon and IR thermography. The instable crack growth onset under monotonic loading
as well as the delamination growth under fatigue cycling have been well achieved by thermographic,
thermoelastic, and second harmonic signals. The study of [168] explored the feasibility of pulsed
thermography technique for detecting damage owing to heat exposure, that is the case of aero-engine
structures. Data indicated that the thermal degradation is mainly dependent on the material properties,
environmental condition, and heat source. IR spectra were collected and analyzed in [169] using
multivariate analysis techniques with reference to a short beam strength testing (ASTM D2344-16 [170]).
The aim of the authors is to develop a physical model for predicting the onset and extent of damage as
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a function of interlaminar shear strength change. The study of [171] discusses on assessment of ageing
for thin thermal barrier coatings (TBCs) by applying active IR thermography. As the material ages
and the physical properties, that is, porosity, change over time, it becomes possible to evaluate the
remaining useful life of coating ageing.

Figure 15. IR online monitoring of sample failure [50,51].

3.2. Digital Image Correlation (DIC)

Developed since the 1980s by a research group from the University of South Carolina [172],
DIC is an original non-invasive optical technique for measuring displacements, strain, crack tip, and
propagation by comparing digital photographs of a component or test piece at different loading
steps [173]. Starting from a reference blocks of pixels, namely the region of interest (ROI), representative
of the controlled map, the DIC-based system can quantify surface translation building up 2D and 3D
deformation vector fields and strain contours. The surface strains could be determined with a very
high spatial resolution, as well as with quite poor pixel resolution of the image. It requires no particular
lighting and, in many cases, the clean surface to be controlled already has an acceptable texture for
recording, thus there is the need for any special surface preparation. Moreover, images can be acquired
from many sources including conventional Charge-Coupled Device 