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A B S T R A C T   

Structural Health Monitoring (SHM) is a promising approach to overcome the unpredictable failure behaviour of 
composite materials and further foster their use in aerospace industry with increased confidence. SHM may 
require a complex system, including sensors, wiring and cabling, data acquisition devices and software, data 
storage equipment, power equipment and algorithms for signal processing, involving a multidisciplinary team for 
its adequate development considering the operational environment and requirements of a certain application. 
This review paper focuses on the most promising type of sensors, laboratory made and commercially available, 
for SHM of aerospace composites. Sensing principles, characteristics, embedding procedures, sensor/ host ma
terials interactions and acquired sensor data/ material behaviour are discussed. The use of sensors for in-situ 
process monitoring, specifically for curing and mould filling monitoring in liquid composite moulding pro
cesses are discussed. General considerations for the development of SHM systems for the aerospace environment 
are also briefly mentioned.   

1. Introduction 

The use of FRP (fibre reinforced polymer) composites has been 
increasing in the last few decades to replace metal structures in aero
space applications, where commercial aircrafts, the Airbus A350-XWB 
and Boing 787, have reached more than 50% in weight of composite 
materials. The replacement of metals by FRPs intends to decrease weight 
of structural parts, to ultimately reduce fuel consumption and CO2 
emissions, and consequently, decrease costs. Aerospace composites 
present great strength and modulus provided by the reinforcing fibres. 
Generally, carbon fibres (CF) are used, but glass, aramid and boron fi
bres may also be used. Furthermore, the matrix provides corrosion and 
weathering resistance. Thermoset epoxy resin is often used but other 
examples for aerospace composites are polyester, phenolic and poly
imide resins [1]. Thermoplastic polymers, specially the polyketone 
polymer family, such as polyetheretherketone (PEEK) and Poly
aryletherketone (PAEK), are being considered as they may introduce 
manufacturing benefits, eliminating the need for autoclave and short
ening the manufacturing cycles from hours to minutes [2]. 

Although composite materials hold promising achievements, their 
failure mechanisms are yet difficult to predict, as they may fail 

differently depending on whether they are under tension or compres
sion, as opposed to metals, which tend to fail due to fatigue cracking [1]. 
Despite composite materials being less prone to fatigue damage than 
metals, it might still occur as they may face harsh environmental con
ditions during their lifetime. The fatigue behaviour does not only 
depend on matrix and fibre materials, but also on the layup sequence, 
which may vary from part to part, making it very difficult to get reliable 
data that could be generically applied to any part [1,3]. Another 
drawback of aerospace composites is their propensity to barely visible 
impact damage (BVID), that may result from impacts from bird strikes, 
hail, gravel and maintenance tools. These occurrences may ultimately 
lead to front face damage, and of more concern, matrix cracks, de
laminations and/or fibre breakage that can go undetected by the human 
eye [4]. The eventuality of unpredicted failure on a composite aircraft 
structure often requires an over engineered design to comply with the 
rigorous and exigent safety rules of aerospace industry, particularly for 
civil aircraft, counteracting the initial purpose of using composites for 
weight reduction [5]. 

Structural health monitoring (SHM) of aerospace composites, 
through surface mounted or embedded sensors, is of great importance to 
prevent the issues mentioned above [1]. Embedding sensing systems in 

* Corresponding author. 
E-mail address: helenarocha@dep.uminho.pt (H. Rocha).  

Contents lists available at ScienceDirect 

Engineering Structures 

journal homepage: www.elsevier.com/locate/engstruct 

https://doi.org/10.1016/j.engstruct.2021.112231 
Received 4 July 2020; Received in revised form 31 January 2021; Accepted 8 March 2021   

mailto:helenarocha@dep.uminho.pt
www.sciencedirect.com/science/journal/01410296
https://www.elsevier.com/locate/engstruct
https://doi.org/10.1016/j.engstruct.2021.112231
https://doi.org/10.1016/j.engstruct.2021.112231
https://doi.org/10.1016/j.engstruct.2021.112231
http://crossmark.crossref.org/dialog/?doi=10.1016/j.engstruct.2021.112231&domain=pdf


Engineering Structures 237 (2021) 112231

2

the composite structure, capable of detecting critical parameters, such as 
strain or temperature changes, improves the ability to monitor 
in–service structural health and, possibly, the manufacturing process as 
well, in contrast to surface mounted sensors. This provides a clear 
alternative to existing non-destructive evaluation (NDE) methods, 
which are typically used at the end of major process steps and their 
application is limited by the size of the structure. The embedment of 
sensors provides extra protection against surrounding operational 
environment, resulting in increased lifetime of the sensors [6]. SHM 
sensor technology is a cost-effective approach and increases the lifetime 
of the composite structure, as it can provide continuous data to repair 
and maintain the part in a timely manner, reducing unnecessary main
tenance operations of aircraft structures [1]. 

Moreover, adhesive bonding is currently still not a fully accepted 
solution for mechanical fasteners replacement. The extensive safety re
quirements for civil aircrafts requires to test every single adhesively 
bonded joint produced to prove that it wouldn’t detach and lead to 
structural failure in case the critical design load is applied, turning it a 
very expensive procedure [7]. While adhesive bonding may offer 
improved fatigue resistance, lighter weight, possibility to bond different 
parts and improved damping properties, at a reduced manufacturing 
cost, it may suffer degradation over time under harsh environments or 
by incorrect bonding, which might form a weak point during load 
transferring, that may eventually lead to detachment [8]. Recent 
research [9–11] investigating the application of SHM systems on adhe
sive bonds for debonding and defect detection may accelerate its use on 
aerospace primary structures. 

Naturally, SHM technologies are still under development, and with 
great challenges to overcome. To accurately detect damage, the 
embedded sensor and the host composite structure must present good 
mechanical bonding, so that the sensor is subject to the same strain 
variation as the host structure, and the sensor must be close to the 
damaged area. 

The present paper reviews the main types of sensors used in SHM of 
aerospace composite structures, namely fibre optic, piezoelectric and 
piezo-resistive sensors, and their characteristics, working principles, 
embedding procedures, and interactions with host materials. Both lab
oratory made and commercially available sensors are reviewed. Sensing 
approaches for process monitoring, with focus on curing monitoring and 
mould filling monitoring for liquid composite moulding (LCM) pro
cesses, are also reviewed. Some considerations regarding the develop
ment of SHM systems for composites for aerospace applications are 
briefly highlighted. 

2. Aerospace environment 

The impact of high velocity space debris and micrometeroids on a 
spacecraft might jeopardize the structural integrity and performance of 
the system, as damage may arise from consecutive impact events [12]. 
As mentioned before, heavy hail on aircraft structures may as well lead 
to several damage modes, such as transverse cracks and delamination 
[4]. In-flight conditions may cause shape deformation of wings of un
manned aerial vehicles (UAV) or commercial aircrafts [13]. 

The implementation of SHM systems is essential to ensure that the 
interrogated structures can perform properly and survive the harsh 
aerospace environment they are exposed to throughout their working 
lifetime. Generally, aerospace applications require light weight, small 
and low-power consuming monitoring systems that are immune to 
electromagnetic interference [13]. The diverse nature of mechanical 
solicitation taking place at the different stages of a flight in aircraft 
structures, requires data acquisition systems with a wide scan rate range, 
from hundreds to thousands of hertz. Such requirement arises from the 
fact that operational strains, to detect nonconformities on the predicted 
fatigue life, involve measurements in the order of thousands of µε and 
can be achieved at low scan rate, whereas the detection of impact 
damage or delamination needs a high scan rate system [13]. Whilst SHM 

techniques are novel and helpful, their in-service reliability is not fully 
developed yet. Moreover, typical air and spacecraft manufacturing 
processes do not currently consider embedding smart sensors in their 
design. The uptake of SHM becomes challenging when the product is 
already manufactured. Yet, surface mounted sensors could be a viable 
solution in some cases. 

3. Sensors for structural health monitoring 

A sensor for SHM should fulfil a few basic specifications: (1) it should 
only monitor the real damage condition of the host structure and be 
independent to changes in the environment; (2) it should transmit the 
acquired signals reliably; (3) it should produce as little impairment as 
possible on the host structure; (4) it should survive the surrounding 
work environment for at least as long as the service life of the host 
structure; and (5) it should be easy to handle, attach, integrate and 
operate. Furthermore, sensors for SHM of aerospace structures require 
additional features, such as small dimensions, light weight, long service 
life with ageing resistance, low power consumption, good signal-to- 
noise ratio, compact wiring or wireless construction, and preferably 
have low cost [14]. 

3.1. Fibre optic sensors 

The occurrence of damage may result in a change of strength and 
stiffness, which can be revealed by fibre optic strain sensors by a change 
in their optical properties, such as intensity, wavelength, phase or state 
of polarization, following a linear relation with the mechanical axial 
strain [15–18]. Fibre optic sensors (FOS) can be either embedded or 
bonded to the structure. FOS present several advantages, they are im
mune to electromagnetic interference, small, light, durable, and have 
high bandwidth, which allows multiplexing sensors in the same optical 
fibre (OF) [13,19]. Despite FOS can be made of simple cheap telecom 
optical fibres, the optoelectronic interrogation systems used for mea
surement and processing of the optical signals are still very costly [13]. 
The sensitivity of OF to moisture and chemicals require them to be 
coated by a polymeric film for protection, making the outer-diameter of 
the fibres very large, greater than at least ten times that of the diameter 
of the reinforcing fibres in the composite material [20]. 

Optical fibres are composed of a silica core of higher refractive index 
to restrain the light within itself, surrounded by a silica cladding of 
lower refractive index, and externally protected by a coating of poly
meric materials, as previously mentioned. A schematic representation of 
the cross-sectional area of an OF is presented in Fig. 1. Depending on the 
diameter of the internal core, the OF are classified as single-mode, with a 
core diameter of about 10 µm and capability to carry only one mode of 
the light wave, and multimode fibres, with core diameters varying from 
50 to 100 µm, allowing to carry more than one mode of the light wave. 
While multimode OF sensing range can be greater, they have lower 
accuracy and require higher light intensity, as opposed to single-mode 
OF, which can reach a distance of about 40–50 mm away from the 
sensor, with higher sensitivity, required for strain measurements [21]. 
Chambers et al. [22] reported an fibre Bragg grating (FBG) sensor 

Fig. 1. Schematic of cross-sectional area of an optical fibre.  
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capable of detecting residual strain from a low velocity impact event 
with an energy of 0.33 J, 10 mm away from the damaged area. 

Fibre optic sensors can be classified according to their spatially- 
resolved measurement type as: interferometric sensors having single- 
point detection; grating-based sensors having quasi-distributed capa
bilities, able to make discrete measurements at sensor locations; and 
distributed sensors that can make measurements at any location along 
the fibre length. Interferometric sensors work based on an intrinsic or 
extrinsic cavity located along the fibre [23], which reflects a different 
optical phase between two interference light waves when physical 
changes occur in the host structure [15]. Common interferometric sen
sors are Fabry-Perot sensors, characterized by its high strain resolution, 
as high as 0.15 µε, with strain measurement ranging up to ±5000 µε, at 
operating temperatures from − 40 to +250 ◦C, and being very compact 
with no weight penalty to the structure. However, they cannot be easily 
multiplexed. Another well-known example are low coherent interfero
metric sensors (SOFO sensors), yet they are not suitable for SHM of 
aircraft structures as they work best for measurement of deformations at 
a low speed, 0.1–1 Hz [15], whereas aircraft structures require 
measuring systems capable of reading deformations ranging from hun
dreds to thousands of hertz, to monitor both operational deformations 
and impact damage [13]. Distributed sensors are designated as optical 
time-domain reflectometry (OTDR), Raman optical time-domain 
reflectometry (ROTDR), and Brillouin optical time-domain 

reflectometry (BOTDR) as they are based on Rayleigh, Raman and 
Brillouin scattering principles, respectively. External loads cause 
changes in the magnitude of the reflected signal in the core/cladding 
interface, which can be directly related to a mechanical strain [15]. 
ROTDR based sensors can measure temperature with a resolution of 
0.2 ◦C with a distance range of about 8 km, while BOTDR can measure 
both temperature and strain with a spatial resolution from 1 to 4 m and 
distance range of 30 km, which can be extended up to 200 km. A few 
grating-based sensors have been reported in the literature, but FBG 
sensors present the most matured technology [15]. FBG sensors have 
proved to be able to monitor low impact damage, either under static or 
dynamic deformation [22]. FBG sensors have the advantage over other 
types of FOS of being intrinsic sensing elements, as the obtained signal is 
encoded directly in the wavelength form, easing wavelength division 
multiplexing [19]. With multi-point measurements provided by grating- 
based sensors and distributed sensors, a large area of the structure can be 
monitored with reduced wiring, keeping it a light weight structure, as 
opposed to traditional strain gauges or piezoelectric sensors [13,19]. 
Table 1 highlights and compares the main characteristics of the afore
mentioned sensor classifications. 

Due to the widespread use and research on FBG sensors, this section 
is focused on this technology for SHM. An FBG sensor consists in a 
narrowband reflector [24], obtained through a grating with a refractive 
index different of that of the core material, by writing it into the fibre 

Table 1 
Characteristics summary of different fibre optic sensor types.  

Type of sensor Advantages Disadvantages Observations Applications 

Interferometric 
Fabry-Perot 
sensor 

High strain resolution Hardly multiplexed, cross 
temperature-strain sensitivity, 
fragile 

Numerous cavity solutions 
possible for cross 
temperature sensitivity issue 

Strain, temperature, vibration, cure 
monitoring 

Grating-based 
sensors (e.g. FBG) 

Discrete measurements of strain and 
temperature over large areas and at selected 
needed locations, well know technology 

Cross temperature-strain 
sensitivity, limited damage 
severity and location 
assessment 

Typical strain sensitivity of 
1.2 pm/µε and temperature 
sensitivity of 10 pm/◦C 

Temperature and strain measurements, 
low velocity impact damage detection, 
damage localization, cure monitoring 

Distributed sensors Measurements at any location along the fibre 
length, potential to monitor an entire 
aircraft, suitable for monitoring of large area 
composites 

Expensive interrogation 
systems, spatial resolution in 
the cm to m range 

Careful sensing technology 
selection for each specific 
application is needed 

Strain, temperature, vibration, 
delamination  

Fig. 2. Schematic representation of an OF with two FBG sensors, with illustrative graphs of the input light spectrum, transmitted spectrum with notch corresponding 
to the Bragg wavelength seen in the peak of the reflected spectrum. Illustration of the Bragg wavelength shift, as the grating period is increased or decreased, when 
OF is under tension or compression, respectively. 
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core surface, exposing the side of the fibre to ultraviolet light, working as 
wavelength specific mirror. These sensors are multiplexed by inscribing 
grating of such nature with periodically different refractive indexes and, 
consequently, different Bragg wavelengths. The FBG sensor length can 
be as small as 1 mm [25]. FBG can be directly inscribed into the fibre 
without affecting the fibre diameter, they are suitable for an extensive 
range of applications requiring small diameter probes, such as strain 
mapping of advanced composite materials. The operating principle of 
FBG sensors is depicted in Fig. 2. 

FBG sensors are based on the Bragg’s law, where the Bragg wave
length, λB, which is the reflected wavelength by a set of periodic grat
ings, is dependent on the effective refractive index of the grating, ηeff, 
and on the grating period, Λ, according to equation (1) [13]. 

λB = 2ηeff Λ (1) 

When a local deformation is induced, it leads to a variation on the 
grating period, resulting in a change on the reflected Bragg wavelength, 
allowing to detect the local strain, resorting to equation (2) [13]. 

ΔλB/λB = (1 − ρe)ε (2)  

being ε the longitudinal strain and ρe the photo-elastic coefficient of the 
fibre core material. For silica core fibres ρe is 0.22 and for a typical 
grating with a central wavelength of 1550 nm, the strain sensitivity is 
about 1.2 pm/µm [13]. 

The capability of FBG sensors to detect BVID has been demonstrated. 
A residual strain as low as 3 µε has been detected by an FBG after an 
impact of 0.33 J, which did not produce any delamination or matrix 
cracking. Moreover, the residual strain increased to 25 and 605 µε for 
impacts with energies of 1.67 and 2.99 J, respectively, which lead to 
matrix cracking and delaminations. Fibre breakage was also detected by 
microscopic analysis and ultrasonic C–Scan in the samples exposed to 
2.99 J impact energy [22]. It should be added that the impact energy 
that produces detectable damage depends on the properties and struc
ture of the composite laminate, and on the distance between the FBG and 
the impact location and, thus the same impact energy can induce very 
distinct damage severity on composites having different lay-up config
uration. In some cases, damage location has also been assessed by the 
time of arrival (TOA) method. Hafizi et al. [16] reported the use of a 
two-channel system, an optical fibre with two NIR-FBG sensors, for 
impact location on a 4 mm thick glass fibre (GF)/ epoxy composite 
laminate. The TOA method, considering a one-dimensional structure 
with two sensors, equation (3), was used to calculate the linear impact 
location. 

l2 = 1/2 × (Δt × Cg+L) (3)  

where l2 is the distance between sensor 2 and impact location, Δt is the 
time difference between the arrival of the signal peaks of each sensor, Cg 
is the group velocity of the waves travelled on the sample, determined 
from the dispersion curves of the sample, and L is the distance between 
the sensors. Additional investigations of the signals utilising continuous 
wavelet transform, allowed to conclude that this system was able to 
locate linear impact sources with a relative error under 10%. Entire 
structures can be instrumented with multiple FBG sensors. Güemes et al. 
[26] have instrumented a lattice structure, envisioned for space appli
cations, having a height of 1100 mm and diameter of 800 mm, and 
produced by automatic tape-laying process, with 36 FBG sensors. Strain 
values were acquired while the structure was fatigue loaded under 
compression. Although an initial failure broke a few bars, at –330 kN, 
the structure preserved its load-carrying capacity. The results revealed 
that minor production defects that produced an irregular strain distri
bution that led to a nonlinear behaviour under fatigue loading. 

Although SHM of composite materials can bring a great advantage 
towards damage monitoring and safety, an adequate installation of this 
technology is imperative. A few concerns associated to the FBG tech
nology are discussed below. 

A detrimental embedding of FOS in the composite may lead to 
degradation of the mechanical properties and higher risk of failure of the 
composite material. Theoretically, the strength and modulus degrada
tion of the composite material depend on the angle between the optical 
fibre and adjacent reinforcement plies, overall laminate thickness, 
diameter of the optical fibre and material of protective coating of the 
optical fibre [3]. The degradation of the mechanical properties is note
worthy for higher angles between the optical fibre and adjacent plies. 
The presence of “eye” patterns or voids in the resin, which are defects 
that may serve as trigger points of premature failure by delamination, 
may be produced when the optical fibre is embedded perpendicularly to 
the reinforcement fibres, as it can be seen in Fig. 3. Yet it will only be 
relevant for structures with high density of fibre optical sensors. On the 
contrary, there will be a uniform consolidation around the optical fibre if 
they are placed parallel to the reinforcement fibres, resulting on minimal 
defects and lower impairment of the composite mechanical properties, 
as the OF itself can also carry load [3]. 

The fact that the outer-diameter of an OF is about 10 to 15 times 
larger than the traditional carbon or glass fibre reinforcements raises 
some concern [3]. This issue has been surpassed by utilizing small- 
diameter optical fibres and a few studies have been reported in the 
literature with laboratory developed small-diameter optical fibres 
(SDOF) [28,29]. Commercial SDOF solutions, such as the T60 Small 
Diameter Fiber FBG from Technica [30], are still very scarce. Fig. 4 
compares typical large diameter optical fibre (LDOF) with a SDOF, 
which are laid parallel to the reinforcing fibres of the carbon fibre 
reinforced polymer (CFRP) composite. It is possible to observe that the 
LDOF leads to poor consolidation of the reinforcing CF and formation of 
matrix rich regions [29]. 

The success of the embedding process of FBG sensors in composite 
structures is limited, as the signal may be weakened and the OF may 
break easily. Ramly et al [31]. embedded FBG sensors into sandwich 
composite structures, where the shifts of wavelength before and after 
embedment were generally lower than 1 nm, yet the signal showed a 
power drop within the OF after embedment. Optical connectors well 
suited for both the manufacturing process in industrial facilities and 
operational test conditions are required to ease the integration of optical 
fibres, specially at the ingress-egress point. Giraldo et al. [32] have re
ported the development of a trimmable optical connector which was 
integrated in a specimen simulating a root joint of a lower wing. The 
optical connector includes a connecting component that is embedded in 
the composite material, where the OF is hold and centred, and a pro
tective element to seal and prevent the entry of resin into the connecting 
component. When the structure is cured and before trimming, the pro
tective element can be removed and a second connecting component can 
be installed for the optical fibre to be interrogated. Another simple so
lution could be surface mounting the FOS. Although they would be 
directly exposed to the operational environment, encapsulating 

Fig. 3. Micrograph of the cross-section of an 8-ply unidirectional composite 
laminate embedded with FOS [27]. 
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protective materials could be used. Goossens et al. [33] have proposed 
the embedment of Ormocer® coated FBG sensors in a 1.0 mm diameter 
GFRP cylindrical profile, along the full length of the OF, for mechanical 
strength, with a 0.2 mm thick high-density polyethylene (HDPE) outer 
sheath, to inhibit humidity and oil ingress. The encapsulated FOS were 
pre-strained and adhesively bonded to thermoplastic CFRP specimens 
using a bi-component epoxy adhesive specially designed for optical fi
bres, and subsequently exposed to an annealing procedure to eliminate 
residual strains between the FOS and the protective GFRP coating. The 
instrumented specimens were then subjected to thermal cycling, pres
sure cycling, humidity exposure, hydraulic fluid exposure and fatigue 
testing, to mimic in-flight operational conditions. After testing, the 
specimens showed a positive shift of Bragg wavelength, which shows 
that a pre-strain is still applied on the encapsulated FOS and that the 
epoxy adhesive bond has not been damaged, although this could also be 
the result of increased temperature when the measurements were taken. 

The Bragg wavelength shift is also affected by temperature, and it is 
still difficult to compensate for it without impairment of the fibre res
olution [34]. A few approaches have been developed to compensate for 
the sensor sensitivity regarding temperature. The easiest approach 

comprises an additional strain free reference FBG sensor, where the 
temperature is measured, only useful if all FBG sensors are exposed to 
the same temperature. The method may be applied to both surface 
mounted and embedded sensors. If a strain free area is not accessible, a 
reference FBG sensor can be encapsulated in a capillary [13]. Glass 
capillaries have been demonstrated to be better suitable for temperature 
sensitivity isolation than stainless steel capillaries. The FBG sensor in a 
glass capillary has barely shown any sensitivity to heating rate changes 
and had the lowest thermal lag, when compared to FBG sensors in 
stainless steel capillaries [35]. FBG sensors of different grating struc
tures, such as tilted FBG sensors [36], chirped FBG sensors [37,38], and 
birefringent FBG sensors [39], having various and independent peaks, 
have also been investigated to decouple strain and temperature influ
ence on the wavelength shift. The latter approach may be valuable for 
applications requiring precise strain and temperature measurements at 
different points of the structure, with minimal OF length, whereas the 
use of strain free reference FBG sensor or encapsulated FBG sensor may 
not measure accurate temperature values if the temperature is not uni
form in the whole structure. The temperature sensitivity of FBG sensors 
is about 10 pm/◦C. 

The high sensitivity of FBG sensors to minor strains and temperature 
variations has fostered their wide use and acceptance for damage 
detection and cure monitoring, as also discussed in Section 4.1. How
ever, in the authors’ perspective, the embedding procedure and sensor 
placement should be carefully considered with special attention paid to 
the ingress and egress points of the OF in the host structure. This can be 
particularly problematic when using vacuum bagging techniques, such 
as the vacuum assisted resin infusion process. Solving the strain- 
temperature cross sensitivity issue is essential for accurate strain mea
surements. Although the use of a capillary encapsulated FBG sensor is 
the most straight forward and cost-effective approach, care must be 
taken when closing both ends of the capillary, to impede resin flowing in 
to the loose OF extremity inside the capillary. The very localized sensing 
nature of FBG sensors is advantageous for evaluation of localized dam
age but hinders the assessment of the overall structural condition. 

3.2. Piezoelectric sensors 

A piezoelectric material produces an electric charge when it is 
stressed, known as the direct piezoelectric effect, conferring sensing 
capability to these materials, by measuring changes in force, displace
ment, or velocity. Reciprocally, a piezoelectric material also presents a 
deformation when subject to an electric field, known as the converse 
piezoelectric effect, allowing the piezoelectric material to serve as an 
actuator and acoustic source generator [40]. This is a characteristic of 
dielectric materials with asymmetric crystalline structures, which occurs 
in some ceramics, polymers, and crystals, such as quartz, lithium sul
phate, tourmaline and Rochelle salt. Ferroelectric ceramics, such as lead 

Fig. 4. Cross-sectional images of CFRP laminates embedded with (a) standard LDOF and (b) SDOF with FBG sensors [29].  

Fig. 5. SHM of GF/epoxy composite by PZT sensor: (a) PZT sensor; (b) blank 
GF/epoxy composite (left) and with embedded PZT (right). Adapted from [42]. 
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zirconate titanate (PZT), and some polymers, such as polyvinylidene 
fluoride (PVDF), polyamides, polyimide and polyvinylidene chloride 
(PVDC), can be poled to obtain piezoelectric properties, by reorientation 
of the crystal structure or crystallites, respectively. The poling process 
consists in applying a high electric field at an elevated temperature, and 
then the material is allowed to cool down with the electric field still 
applied in order to keep the orientation state. The piezoelectric prop
erties are lost when the material is subject to a high mechanical stress or 
electric field capable of reorient the structure and make it symmetric, or 
when it is heated above its Curie temperature [40,41]. 

Piezoelectric sensors offer high mechanical strength and operation 
for a wide frequency range, able to fulfil demanding applications, at low 
price and with small sizes. Piezoelectric sensors can be either surface 
mounted or embedded for superior longevity and higher sensitivity to 
damage, without prejudice of the mechanical properties of the host 
structure. Masmoudi et al. [42] compared the performance of surface 
mounted and embedded piezoelectric sensors on unidirectional and 
cross-ply E-glass fibres/epoxy composites produced by hand lay-up and 
examined the effect of the sensors on the mechanical properties of the 
host structure due to fatigue loading by acoustic emission. Acoustic 
emission is a highly sensitive technique for real time damage monitoring 
that analyses the transient ultrasonic waves generated as damage de
velops in the loaded structure, which are detected by the PZT sensors. 
The characteristics of the acoustic emission signals (energy, amplitude, 
rise time, counts and duration) are analysed to identify damage mech
anisms. Fig. 5 (a) shows the piezoelectric sensor with a diameter of 5 mm 
and thickness of 0.5 mm and Fig. 5 (b) shows the neat E-glass fibre/ 
epoxy composite and composite with embedded sensor in the neutral 
plane during manufacturing. Three stages of acoustic activity were 
distinguished in the composites for specimens with and without 
embedded sensor during fatigue tests. The first stage is characterized by 
an intense acoustic activity, attributed to the initiation of micro-cracks 
and its proliferation, with signal amplitudes between 43 and 95 dB. In 
the second stage there is a reduction in the acoustic activity, where the 
spread of micro-cracks, and likely fibre–matrix debonding, occur and 
corresponding to about 85% of the composite lifetime. The signals had 
amplitudes between 60 and 98 dB. The last stage is characterized by a 
brief and intense acoustic activity, having high energy signals with 
amplitudes exceeding 88 dB. In this stage there is a fast spread of micro- 
cracks, becoming more localised and leading to fibre breakage and, in 
the case of the cross-ply composites, also to delamination. The speci
mens reach complete failure at this point. The advantage of using 
embedded sensors is evident when comparing the number of acoustic 
events sensed by the surface mounted and embedded sensors. the 
specimen with surface mounted and embedded sensor measured, 
respectively, 35 × 103 and 30 × 104 acoustic events in total in the 
unidirectional specimens and 33 × 103 and 59 × 103 acoustic events in 
total in the cross-ply specimens. It was also observed that the unidi
rectional laminate with embedded piezoelectric sensor lasted for a 
slightly higher number of cycles than the laminate without embedded 
sensor, before breaking, while the cross-ply laminates reached rupture at 
the same number of cycles. Damage initiation locations and cracks in the 
laminates with embedded piezoelectric sensors were far from the sen
sors, showing that the sensors themselves did not promote damage 
initiation. Nevertheless, this study does not represent a real and large 
structural part, where, generally, a large number of sensors is used. A 
PZT sensor network covering large areas of a structural part requires 
lengthy and heavy cabling that may be harmful to its performance. 
Three approaches can be implemented to reduce the length of lead wires 
of PZT sensors network. The PZT sensors in the same row or column can 
be connected either in series, parallel or heterogeneous way, with a 
mixture of in series and parallel connection, to form a single continuous 
sensor. These strategies allowed to reduce the cabling length as opposed 
to if every single sensor of the network would have its own lead wire 
connected to a single channel of the monitoring system. These strategies 
were employed in a lightweight and low power consumption impact 

region monitor (IRM) system based on a PZT sensors network and 
guided waves and was validated on a composite wing box of an UAV, 
where the sensors were placed on the inner surface of the composite skin 
[43]. 

Piezoelectric wafer active sensors (PWAS) have also been exploited 
on SHM of aerospace composites with multipoint measurements, as they 
are inexpensive, of small size and require simple instrumentation. PWAS 
consist of an array of PZT disks or squares and can be both surface 
mounted on or embedded into the composite structure [44]. However, 
PWAS may present weak driving force/displacement, brittleness, and 
their use at high temperatures or under high strains/voltages may result 
in a non-linear response and hysteresis [14]. 

Commonly, two detection approaches are used with PWAS, electro
mechanical impedance (EMI) (standing Lamb waves), adequate for near- 
field damage detection, and propagating Lamb waves for far-field 
damage detection [44]. The EMI technique makes use of PZT trans
ducers that under an electric field actuate and produce a harmonic force 
on the host structure, to stimulate a structural response, the electro
mechanical impedance (or admittance) “signature” [45]. Usually, the 
real part of impedance or admittance can be used for damage detection, 
while imaginary part of impedance or admittance can be used for 
detection of transducer debonding [46]. The electromechanical admit
tance signature is dependent on the length, width, thickness, and 
orientation of the PZT transducer, but also on the stiffness, mass, and 
damping of the host structure, allowing to sense structural damage, 
when changes on the impedance of PZT, ZE(ω), are detected. The EMI 
can be measured by impedance analysers or LCR (Inductance L, 
Capacitance C, and Resistance R) meters [45]. This technique utilizes 
high-frequency structural excitations, typically higher than 30 kHz, with 
a sinusoidal source VX, with angular frequency ω, to produce a current I. 
The electrical impedance of the PZT is presented in equation (4) [47]. 

ZE(ω) =
VX

I
=

1
jωa

(

εT
33 −

Z(ω)
Z(ω) + Za(ω)

d2
3x ŷE

xx

)− 1

(4)  

where Za(ω) and Z(ω) are the mechanical impedances of the transducer 
and monitored structure, respectively, εT

33 the dielectric constant, ̂yE
xx the 

Young’s modulus, d2
3x the electric field constant, a the geometric con

stant and j the imaginary unit. 
Some overall-statistics damage metrics were developed to evaluate 

the damage extent, through the differences on the admittance or 
impedance signature between the pristine and damaged state. Damage 
indexes, such as the root mean square deviation (RMSD) and cross 
correlation distance (CCD), are scalar numbers that give a metric of the 
damage in the structure. RMSD and CCD can be calculated following 
equations (5) and (6), respectively [48]. 

RMSD =
∑n

i=1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(R(i)D − R(i)R)

2

R(i)2
R

√

(5)  

CCD = 1 −
∑n

i=1

[
R(i)R − RR

][
R(i)D − RD

]

σRσD
(6)  

where R(i)R and R(i)D, at the ith sample, are the resistances of the PZT 
transducer in reference and damaged state, respectively, RR and RD are 
the averaged values for reference and damaged state, respectively, and 
σR and σD are the standard deviations for the reference and damaged 
state, respectively. Although being simple and frequently used, the 
RMSD index is dependent on outside effects other than actual damage, 
such as temperature changes, as it shifts the impedance spectrum up and 
down [49]. 

Wandowski et al. [48] used electromechanical impedance technique 
to study delamination detection and localization in CFRP prepregs. The 
influence of temperature on the statistics damage metrics was evaluated 
as well. Delaminations of different sizes were induced through a chisel 
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that was hit in between layers of the sample. The samples were 100 ×
100 × 3.5 mm in size and were evaluated in the frequency range be
tween 1 and 50 kHz at four conditions, no damage at 22 ◦C, no damage 
at 24 ◦C, and two conditions with different size of delamination at 22 ◦C. 
The effect of temperature was observed as a vertical shift on the resis
tance characteristic and a small horizontal shift on the frequency. The 
RMSD index was calculated, where the sample without damage at 22 ◦C 
served as reference condition. The small increase in temperature of 2 ◦C 
produced a high value of RMSD, of about 700, showing high sensitivity 
of RMSD to temperature. Although the RMSD value for the sample with 
the smallest delamination, circa 1300, is higher than the RMSD value for 
the sample exposed for the small temperature change, it would be 
difficult to discern damage from a temperature variation in a real situ
ation with a smaller delamination. The CCD value of the sample exposed 
to the temperature variation is much smaller than that of samples with 
delamination, being around 0.004, 0.04 e 0.06, for the sample without 
damage at 24 ◦C, and for samples with progressively larger de
laminations, having as reference the sample without damage at 22 ◦C. 
The high RMSD value for the small temperature variation is due to its 
sensitivity to horizontal and vertical shifts of the spectrum, while the 
CCD index is only sensitive to horizontal shifts. With another set of 
samples, of dimensions 600 × 200 × 3.5 mm, the effect of temperature 
was further evaluated in the frequency band between 1 and 20 kHz, as 
damping effect was observed for higher frequencies, resulting in wide 
resonant peaks with low amplitude. It was observed that the resonant 
peaks are shifted in frequency for different temperatures, and those 
shifts are dependent on the frequency. For that, the authors propose an 
algorithm for temperature compensation based on cross correlation, 
where the CCD index is applied to narrow bands of frequency but 
covering the total analysed frequency band. Thomas and Khatibi [50] 
evaluated the integrity of surface mounted and embedded PWAS on 
carbon fibre/epoxy composites under repeated impact loading, resorting 
to electromechanical impedance and capacitance measurements. Both 
methods revealed the superior integrity of embedded PWAS. EMI anal
ysis, generally, showed a higher RMSD for samples with surface 
mounted PWAS than samples with embedded PWAS. For instance, the 
RMSD of specimen with surface mounted PWAS was 6.51 after the 3rd 
impact with 7 J impact energy, while the RMSD of the specimen with 
embedded PWAS was 0.46 after the 9th impact with the same impact 
energy. The capacitance measurements of samples with embedded 
PWAS revealed that the sensors can survive various impact events of 
different energies, keeping the capacitance values between 1 and 1.05, 
except for impact energies of 10 J, where the sensor showed a capaci
tance of about 0.7 after the 9th impact event, revealing some extent of 
damage. Regarding surface mounted PWAS, an impact energy of 5 J 
produced a capacitance increase after the 3rd impact event, from 1 to 
about 1.05, associated with partial debonding, with subsequent decrease 
in the following events, reaching a capacitance of about 0.6 in the 9th 
event. The specimen with surface mounted PWAS subjected to an impact 

energy of 7 J had similar response and the specimen subject to an impact 
energy of 10 J reduced the capacitance to about 0.5 just after the 1st 
impact. 

PWAS transducers can both receive and transmit Lamb waves 
through the composite structure, serving as both sensor and actuator, 
respectively, through in-plane strain coupling [14]. Lamb waves require 
simple instrumentation: a signal generator, a digitizing oscilloscope, and 
a PC [14,44]. As guided waves can propagate through long distances, 
few meters, it is possible to detect damage over a large area of a struc
ture, using just a few transducers [51], allowing to detect structural 
anomalies, such as cracks, corrosions and delaminations in thin-wall 
structures [7], and to monitor even holes, notches and degradation of 
lap joints [51]. However, some disadvantages exist. Signal interpreta
tion is very challenging as Lamb waves are dispersive and present 
simultaneously symmetric and anti-symmetric wave modes that overlap 
each other. Some approaches to discern a ‘‘clean’’ single propagation 
mode are reported in the literature, by appropriately locating PZT, 
promoting interactions between different Lamb wave modes, resulting 
in their minimization or even elimination, and consequently, on the 
enhancement of a single propagation mode [51]. 

Piezoelectric powder and piezoceramic fibres incorporated into 
epoxy resin to form poled film sheets, known as piezocomposite trans
ducers, have been developed to overcome the brittleness of traditional 
PZT sensor/arrays, but also enhancing sensor flexibility for surface 
conformability in curved structures. An example of a piezocomposite 
transducer is the macro fibre composite (MFC), developed by NASA back 
in 1992, for applications like structural control, vibration suppression 
and guided wave activation. The transducer is composed of unidirec
tional piezoceramic fibres, covered on both upper and lower surfaces by 
inter-digitated electrodes and protecting epoxy film [52]. While the 
activating motion of a traditional PZT sensor is across its thickness, the 
activating motion of a MFC is along its piezoceramic fibres, leading to a 
driving force that can be three times higher on MFC than on PZT [14]. 

Other flexible sensors are available on the market, such as the 
SMART Layer™ produced by Acellent Technologies, Inc. PWAS are 
connected by a printed conductive pattern on a thin flexible dielectric 
film for electrical insulation, that can be either embedded or surface 
attached on the composite. It is suitable for both metallic and composite 
structures and comes with an epoxy adhesive film on one side of the 
layer for convenient surface bonding. The SMART Layer™ embedment 
is done during manufacturing where the sensing system is placed as an 
extra ply. The SMART Layer™ can be co-cured with several composite 
materials, as it can sustain temperatures as high as 200 ◦C [53]. The use 
of the SMART Layer was even demonstrated to be adequate for impact 
damage detection and location on filament wound composite structures 
that could be employed on solid rocket motor cases and liquid fuel 
bottles [54]. Eight strips were embedded into a filament wound com
posite bottle with an aluminium liner, each strip having five PZT sensors 
of 6.35 mm diameter and 0.25 mm thickness. Four strips were embedded 

Fig. 6. (a) SMART Layer strips embedded on bottle during filament winding process; (b) finished bottle. Adapted from [54].  
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one layer above the liner and four strips one hoop layer below the sur
face of the bottle. The distance between two neighbouring PZT sensors 
was 140 mm on the cylindrical section and 114 mm on the dome section 
of the bottle, and 153 mm in hoop direction, producing a square grid of 
sensors spread over the bottle. Some of the stripes can be seen in Fig. 6, 
as well as the finished bottle. The diagnostic system forwards an electric 
signal to the PZT actuators, which consequently produce a stress wave 
that propagates through the structure, per converse piezoelectric effect. 
This mechanical excitation is detected by the PZT sensors, by piezo
electric effect. The health condition of the structure over time is assessed 
by using the diagnostic software that collects the sensor signals over 
time and compares them with a baseline signals set, following the Lamb 
wave approach. The difference between baseline and after impact 
damage signals produces a scatter signal, which can be used to locate 
and determine the extent of the produced damage. The scatter signals for 
all defined actuator-sensor paths can be processed to render an image 
that shows the location and size of the damage. An impact damage with 
an area of about 12 mm × 20 mm was successfully located by the 
diagnostic software. 

Wang et al. [55] reported the development of a stretchable sensor 
network based on guided Lamb waves. The authors claim that the 
stretchability of the system allows scaling it up so that it can be applied 
on aircraft smart skins. The sensors were produced by flexible printed 
circuit process and consist of 11 PZT elements and 11 micro radio fre
quency (RF) connectors on a polyimide substrate with copper metalized 
serpentine-based fractal interconnects, produced by laser cutting, that 
are connected to the PZT elements and RF connectors, through reflow 
welding. The serpentine-based fractal interconnects can pass on the 
signals or bear the tensile deformation. The network has an effective 
area of 122 mm × 122 mm and thickness of 0.12 mm (Fig. 7 (a)), which 
can stretch up to an area of 630 mm × 630 mm (Fig. 7 (b)). The stretched 
sensor network was bonded to the surface of a carbon fibre composite 
laminate with stiffeners, of 1000 mm × 1000 mm × 3.4 mm, using epoxy 
adhesive. The sensor network system demonstrated to be suitable for the 
application of both active and passive guided wave sensing methodol
ogies for impact monitoring. The time-of-flight of the signals was used to 
construct damage imaging that revealed to accurately locate impact 
damage positions. However, impact damage sensitivity cannot be eval
uated as the impact energy was not mentioned in the paper. 

Another alternative to traditional PZT are piezopolymers, such as 
PVDF or PVDC, offering lightweight, conformability and high voltage- 
generating piezo coefficient. However, PVDC is mainly found in 
sensing applications for the food packaging industry. Oppositely to PZT, 
PVDF has low stiffness and therefore low strain-generating piezo coef
ficient [7]. PVDF sensors can assume varied shapes. Jung and Chang 
[56] developed PVDF grid fabric sensors, where some carbon fibre tows 

were removed from dry carbon fibre fabrics and replaced by PVDF film 
stripes in a grid fashion. The grid is formed by two PVDF stripes lami
nated with conductive copper tape, of smaller width, in between, to 
prevent electrical contact between the carbon fibres and the copper 
electrode. The fabric sensors were embedded into carbon fibre/epoxy 
prepregs as a regular layer. Following frequency analysis of Lamb waves, 
different failure modes produced by low velocity drop-weight impact 
tests were discerned: matrix micro-cracks with frequencies between 50 
and 170 kHz, with 170–220 kHz, fibre–matrix debonding with 220–300 
kHz and fibre breakage with 300–500 kHz. The extent of accumulated 
damage from consecutive impact events was estimated resorting to a 
failure index. Lambinet and Khodaei [57] reported the successful 
detection of artificial damage on adhesively bonded patch repair on 
carbon fibre composite laminates through the use of ring shaped PVDF 
sensors. The presence of distinct damages was detected using EMI and 
Lamb wave analysis, although damage location was not identified. 

This review shows how versatile PZT sensors are. PZT sensors can be 
used on their own or in arrays, or even assembled in flexible films, 
following multiple constructions, or stretchable grids. The direct 
piezoelectric effect and the converse piezoelectric effect allow that PZT 
transducers can be used in both passive and active sensing methodolo
gies. While an active sensing approach can assess the structural condi
tion of a part at any time, a passive sensing approach only provides 
information about damage as it occurs. The level of damage detection is 
highly dependent on the used sensing technique. Acoustic emission is a 
highly sensitive technique, but it requires the structure to be loaded to 
create an acoustic emission event. It can only detect damage that re
leases energy, such as translaminar cracks, fibre breakage, delamina
tion, fibre–matrix debonding and matrix cracks, whereas a stable crack, 
not spreading, is not detectable. Electromechanical impedance is also 
very sensitive to damage, but can be affected by environmental factors, 
such as temperature. This technique can only assess the current state of a 
structure by comparison with a baseline condition and can only give 
indication of damage extent resorting to statistic metrics. Lamb waves 
can monitor large areas of a structure and are able to detect internal 
damages, such as cracks, delaminations, matrix cracks, fibre breakage 
and porosity, in thin structures, as well as impact damage. While it can 
perform well on flat laminates, its applicability on real structures of 
more complex shapes is still limited. Damage location is also possible. 
All these techniques require skilled technicians to accurately evaluate 
data and associate it to the exact type of damage. 

3.2.1. Piezo-resistive sensors 
Piezo-resistive materials respond with a change of electrical resis

tance when subject to a mechanical stress/strain [58]. Traditional 
commercially available piezo-resistive sensors are based on metallic 

Fig. 7. (a) guided wave based sensor network with an effective area of 122 mm × 122 mm; (b) full expansion of the guided wave based sensor network to an area of 
630 mm × 630 mm. Adapted from [55]. 
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films that present poor flexibility and stretchability, or semiconductor 
materials that, even though they present great piezo-resistive sensitivity, 
they present reduced mechanical properties [59]. The use of carbon 
based materials, such as carbon fibres [60] and nanocarbon materials 
such as carbon nanotubes (CNT) [61], graphene [62–65] and graphite 
[66], might be a promising approach for sensing applications in SHM of 
aerospace composites. Furthermore, these nanocarbon materials may 
also introduce a reinforcing effect by improving the mechanical prop
erties of the composite structure. While CF can be self-sensing, the 
nanocarbon materials can be incorporated in the FRP composites 
following different approaches, namely, nanocarbon reinforced matrix 
or nanocarbon in between prepreg layers, nanocarbon coated fabric, 
nanocarbon containing polymer film and nanocarbon coated fibre sen
sors, to take advantage of their piezo-resistive properties for sensing 
applications. 

Carbon fibre reinforced composites can make use of a self-sensing 
approach, by utilizing the CF themselves as sensors to monitor dam
age by measuring induced changes in the intrinsic electrical conduc
tivity of the fibres. This approach avoids introducing sensors in the 

CFRP, preventing the impairment of the mechanical properties of the 
host composite. Nevertheless, this approach is generally limited to 
damages involving fibre breakage, which usually happen as the part 
approaches the end of its service life, instead of detecting early damages 
that might happen in the resin, such as matrix cracks or debonding, that 
would allow for early preventive measures. A few recent studies 
[60,67–69] have demonstrated the applicability of electrical resistance 
tomography (ERT) for detection and localization of simple damages, 
such as drilled holes, drill rivets, superficial cuts, embedded razor 
blades, and local indentation, on CFRP composites. Several electrodes 
are installed on the CFRP boundary and current is injected through a 
pair of electrodes, while the resultant voltage is measured in the 
remainder boundary electrode pairs, allowing to construct a tomo
graphic image of the conductive medium [70]. ERT is still at a low 
technology readiness level (TRL), as the electrical anisotropy of CFRP 
composites imposes a challenge for the reconstruction of tomographic 
images and due to its low spatial resolution [67]. 

To ease detection of early matrix related damage on CFRP, or on 
insulating glass fibre reinforced polymer (GFRP) composite, matrix 

Fig. 8. (a) percentage of electrical resistance change on the locations with the highest variations during a cycling fatigue test; GFRP panel after failure; thermograms 
of the GFRP composite at different cycles: (c) 100, (d) 1000, (e) 10 000 and (f) right after fracture [75]. 
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reinforcement or surface functionalization of reinforcing fibres with 
electrically conductive nanocarbon materials are valid solutions. CNT 
offer great properties that makes them a primary choice for reinforce
ment of matrix resins. The advantages of CNT are now well know, they 
do not only have great mechanical strength and high electric conduc
tivity, but they also have high aspect ratio allowing to obtain a very low 
percolation threshold, at as low wt% as 0.1, without altering signifi
cantly the properties of the matrix resin [71]. When a crack spreads in 
the composite, the electric conductive percolating network of CNT will 
be disrupted, making the damage detectable by an increase in the 
electrical resistivity [72]. The resistance of the CNT network is depen
dent on the CNT intrinsic resistance and on the intertube resistance, 
which arises from the contact resistance between connected CNT, and 
from the electrical conduction in between CNT separated by sub nano
scale gaps, known as the tunnelling effect. Therefore, as CNT structure 
does not change with deformation, making the CNT intrinsic resistance 
insignificant, the resistance changes of nanocomposites due to defor
mation is attributed to the contact resistance in between connected CNT 
and to the changes in the tunnelling current. The tunnelling effect taking 
place at a sub nanoscale makes any small deformation likely detected 
[61]. A study reported by Zhang et al. [73] showed enhanced stability of 
the sensing signals by introducing CNT in between layers of CF prepregs, 
as the sensing mechanism was due to tunnelling current in the perco
lated network of CNT in the resin-rich areas, instead of physical contact 
among the conductive CFs of the prepreg material. Moriche et al. [63] 
evaluated graphene nanoplatelets (GNP) reinforced epoxy nano
composites and multiscale GNP reinforced epoxy/GF composites, pro
duced by hand lay-up. Initial GNP/epoxy nanocomposites allowed to 
find the percolation threshold at about 8 wt%, much higher than 
threshold values reported for CNT. Yet, the GFRP composites were 
produced with 12 wt% GNP on the epoxy matrix. Flexural test revealed 
that while the 12 wt% GNP/epoxy nanocomposite had improved prop
erties when compared to the neat resin, the multiscale GNP - GFRP 
composite had inferior mechanical strength and strain at break than the 
GFRP composite. This is explained by the poor interface between the 
glass fibres and the GNP reinforced epoxy. GNP agglomerates lessen the 
interlaminar shear strength of the multiscale composite, easing delam
ination during flexural testing. 

Some studies have shown the prospect of damage detection through 
nanocarbon material matrix reinforcement. Baltopoulos et al. [74] re
ported the use of ERT to create different regions of voltage distribution, 
in different parts of GFRP, by injecting current at different points of the 
CNT network, dispersed in matrix resin. A defect in the GFRP will pro
duce a disturbance in the electrical path of the CNT network, which will 
be seen by the current source as a change on the total apparent resis
tance, and by the voltage meter as a change in the local current flow. The 

authors assume a CNT 3D fashion homogeneous network in the polymer 
matrix that allows monitoring several damage modes, drilled hole, notch 
and indentation, in the composite laminate. The low electric conduc
tivity of the glass fibres and epoxy matrix allow to use very low current 
(10− 5 A) capable of producing measurable voltage changes to detect 
damages, in contrast to previous studies on CFRP that required a higher 
current (0.1 A). A recent technique was proposed by Naghashpour et 
Hoa [75], with MWCNT reinforced epoxy for damage location assess
ment. GFRP composite laminates with 0.30 wt% MWCNT reinforced 
epoxy were produced by hand layup and autoclave curing. The lami
nates were about 813 × 356 × 1.9 mm and had a 24-point grid, sepa
rated by 76.2 mm, made of an electrically conductive paste of silver and 
epoxy, which was surface mounted on the GFRP panel. Electrodes were 
obtained by connecting electrical wires to the grid points. The behaviour 
of the panels was analysed in fatigue tests by monitoring their strain and 
electrical resistances and measuring their temperature distribution by 
infrared thermography. A broken GFRP panel, after a tension–tension 
cycling test, with an electrically conductive grid on its surface can be 
seen on Fig. 8 (b). Fig. 8 (a) shows the percentage of electrical resistance 
change on the locations with the highest variations, A, B and C as 
indicated on Fig. 8 (b). At first, location C presents the maximum elec
trical resistance change, being then overtaken by location B, until when, 
at about 4000 cycles, the percentage of electrical resistance change in 
location A started to increase, being where the final failure of the 
composite eventually occurred. Fig. 8 (c) to (f) shows the thermograms 
of the GFRP panel at different cycles, 100, 1000, 10 000 and right after 
fracture, respectively. The authors claimed that this study allows to 
experimentally monitor the random initial matrix cracking happening in 
the composite panels. 

Sometimes the incorporation of CNT in the matrix resin might be 
difficult to homogenize and may lead to highly viscous resins, even at 
concentrations as low as 1.5 wt%, making the production of such com
posites by, for example, resin infusion, a challenging process. The use of 
CNT containing polymer film sensors may be a feasible alternative, 
although it may raise concerns regarding sensor fragility, weak van der 
Waals CNT/polymer bonding, and poor adhesion of the sensor to the 
host structure. Nag-Chowdhury et al. [20] reported the production of 
multi-walled carbon nanotube (MWCNT)/epoxy film sensors, produced 
by spray layer-by-layer (LbL) deposition technique, and their embedding 
into GFRP laminates during resin infusion. The authors stated that the 
sensitivity of the CNT based sensors could easily be adjusted by the 
content of CNT and number of deposited layers in the LbL process. 
During cyclic tensile tests, the electrical resistance of the embedded 
sensors followed the induced strain curve, for low values of strain in the 
elastic region, and came to zero after unloading of the first cycle. As soon 
as the plastic region was achieved, the sensors presented a residual 

Fig. 9. (a) SEM micrograph of CNT grown on glass fibre for strain sensing and (b) carbon/epoxy composite panel with embedded sensors [78].  
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resistance after unloading of the second cycle, which can be explained 
by crack re-opening and new damage accumulation, allowing the sen
sors to monitor the residual strain accumulation. After five cycles, 
accumulated damage resulted in the rupture of the composite and 
sensor, with the disruption of the conductive percolated CNT network. 
Takeda and Narita [76] produced CFRP substrates and bonded them 
with a MWCNT based epoxy adhesive layer, where different MWCNT 
concentrations, between 0.32 and 1.3 wt%, were tested, to be used in 
aerospace structures. The specimens were subject to mode I loading for 
crack monitoring with a double cantilever beam, while the electrical 
resistance of the joint was being recorded with a digital ultrahigh 
resistance/micro current meter. Naturally, the increase on MWCNT 
content results in increased electrical conductivity, but the fracture 
toughness of the adhesive joint decreased for MWCNT at 0.65 wt%. The 
crack extension could be measured by the resistance change. Jan et al. 
[64] reported a graphene nanosheets/ thermoplastic polyurethane 
(TPU) composite film to be surface mounted on GF/epoxy composites 
produced by vacuum assisted resin infusion. The composite film had 12 
wt% of graphene nanosheets, as this volume fraction showed an 
increased conductivity. A composite film strip of 3 cm × 0.25 cm was 
glued to the middle of the surface of each 300 cm × 25 cm composite 
specimen. The relative resistance measured by the graphene composite 
film was able to follow the amplitude of the imposed strain loading 
during cyclic tensile testing, though showing mechanical hysteresis as 
the relative resistance curve was drifting towards lower values, and 
some signal noise was also observed. 

Another simple alternative approach to CNT reinforced resins is the 
use of CNT fibre [77] or CNT coated glass fibre sensors [78,79]. Alex
opoulos et al. [77] embedded CNT fibres into GFRP produced by resin 
infusion without prejudice of the mechanical properties of the final 
laminate. The specimens were exposed to cyclic tensile tests and the 
applied loading and electrical resistance change on the CNT fibre were 
observed to be correlated in a parabolic way. Residual electrical resis
tance was observed for high values of applied loading, due to accumu
lated damage. Sebastian et al. [78] reported CVD grown CNT on top of 
glass fibres, to be used as sensors for SHM of CF/epoxy composites 
(Fig. 9). The fuzzy fibre sensors were electrically isolated in between two 
layers of plain weave E2 glass fibres and embedded in the midplane of 
the conductive composites. The reported system presented comparable 
sensitivity to conventional strain gages, with the advantages of being 
easily embedded into the composite and being able to sense a large area 
and at locations not easily read by strain gages. Another study conducted 
by Luo et al. [79] reported the embedment of single-walled carbon 
nanotube (SWCNT) spray coated glass fibre sensors into GFRP, for both 
process monitoring and in-service SHM. The SWCNT coated fibres were 
able to perform in-situ cure monitoring during the vacuum bagging 
production of the GFRP laminates, by revealing electrical resistance 
changes in accordance with the curing temperature program. At the 
strain-softening transition, the piezo-resistivity behaviour of fibre sensor 
systems switches from negative to positive, corresponding to micro- 
cracks opening and propagation in the epoxy matrix and fibre de
laminations, depicted by an increase in the electrical resistance of the 
sensors due to the disruption of the conductive CNT network. The sensor 
was able to detect composite failure, which happened at a large strain of 
5.1%, allowing to perform SHM with early detection of micro-cracks, 
preventing catastrophic failures. 

Similar outcomes can be attained using graphene and graphite. Many 
works report the production of sensors consisting of graphene/ graphite 
coated fibres, mainly but not only limited to glass fibres, as reported in 
the following works [62,66,76,80]. Luo and Liu [66] have reported the 
production of a graphite nanoplatelet spray coated single filament glass 
fibre sensor, obtained by an aqueous dispersion of graphite nano
platelets and a surfactant agent, following a drying, washing, and 
ambient drying process. The graphite nanoplatelet sensor was 
embedded in GFRP laminates produced by vacuum bagging of 0◦/90◦

E–glass prepreg. Piezo-resistivity was measured during cyclic tensile 

testing on a dynamic mechanical analyser (DMA), allowing to calculate 
the gauge factor of the sensor, which revealed to be 17, although it 
became only 2.42 when embedded in the GFRP laminate. Piezo- 
resistivity measurements during fatigue tensile testing on the DMA 
were also used to verify the longevity of the sensor for SHM of com
posites. A tensile testing was taken to failure to demonstrate the ability 
of the sensor to detect damage. During the initial elastic deformation, 
the sensor increases its resistivity linearly, and when the composite 
enters plastic deformation, the resistivity continues to decrease but at a 
lower rate. As the composite reaches failure, resistivity increases dras
tically. Additionally, the sensor was able to monitor the 2-stage curing 
process during production of the laminates, which is discussed in Section 
4.1. The authors claim that the developed sensor can be easily embedded 
on composites of more complex shapes at any required location and 
orientation in a non-invasive way, thanks to its continuous form. 
Nevertheless, further research work is required in order to make the 
sensors suitable for conductive composite materials, such as CFRP. It 
should be pointed that the reported work has used very small sample 
sizes. Balaji and Sasikumar [62] have reported the use and embedment 
of a reduced graphene oxide coated glass fibre sensor for real-time strain 
monitoring, as well as residual strength and damage accumulation 
estimation based on statistical analysis, on GFRP composites during 
uniaxial tensile testing. The sensor showed a linear piezoresistance with 
strain and applied force in low strains up to 3.7% (elastic region), 
explained by the tunnelling effect and an effective conduction path. For 
higher strains, the sensor showed nonlinear response, with step in
crements, explained by the breakdown of the conductive path as micro- 
cracks spread in the composite. The divergence of piezoresistance from 
the elastic behaviour was used to statistically estimate damage accu
mulation and residual strength of the GFRP composite. Upon failure of 
the specimen, either by fibre pull-out or matrix failure, the reduced 
graphene oxide-based sensor showed a sharp increase of piezoresist
ance, but further work is needed to associate the failure mechanism with 
the piezoresistance change. Montazerian et al. [65] reported the pro
duction of a graphene-coated spandex fibre sensor with a protective 
stretchable silicone sheath for monitoring the hot press manufacturing 
of GF/ polypropylene (PP) prepreg composites. The sensors were 
embedded in the midplane of 2 and 4-ply laminates and their suitability 
for SHM was assessed by three-point bending testing with imposed 

Table 2 
Comparison of the different sensing approaches using nanocarbon materials and 
self-sensing carbon fibre composites.  

Sensing 
Technique 

Advantages Disadvantages Damage 
detection 

Self-sensing 
composite 

No need for 
sensors 

Limited to close to 
failure damage 
detection, limited to 
conductive fibre 
composites, mainly 
limited to flat or 
almost flat samples 

fibre breakage, 
damage location 
using electrical 
resistance 
tomography at low 
TRL 

Nanocarbon 
material 
matrix 
reinforcement 

Percolation at 
low volume 
percentages for 
CNT 

Difficult composite 
processing 

Detection of early 
matrix dominated 
failure modes, 
damage location 
assessment 
possible 

Fibre/fabric 
coating 

Easy processing Cannot assess 
damage location and 
size, limited to 
insulating fibre 
reinforced 
composites 

Detection of early 
matrix dominated 
failure modes 

Film sensor Applicable to 
both insulating 
and conductive 
fibre composites 

Poor adhesion 
bonding of sensor to 
host structure, fragile 

Elastic strain, 
residual strain, 
and rupture by 
relative resistance 
change  
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increasing strain amplitude. The sensors could follow the variation in 
the elastic strain amplitude, measure a change in the residual resistance 
in the fourth and fifth cycles, due to progressive failure with imposed 
loading, and identify failure fracture with the disruption of the 
conductive fibre sensor. 

Table 2 summarizes the main advantages, disadvantages and damage 
detection accomplishments with the above described methods using 
carbon based sensing approaches. Scaling up laboratory specimen to real 
large-scale structures and understanding and attributing sensing signals 
to specific failure modes of composites is still very challenging. Some 
research work, though still at a low TRL, have shown promising results 
towards damage location, through CNT reinforced matrix. The low 
percolation thresholds attained with CNT, compared to graphene and 
graphite, make this the most favourable nanocarbon reinforcing mate
rial for piezoresistive sensing, easing composite processing, and mini
mizing nanocarbon material agglomeration. 

4. In-situ process monitoring 

Cure and process monitoring may provide the knowledge to keep up 
with the increasing demand for advanced FRP composites in aerospace 
industry, with ever desired improved performance and reliability. Often, 
sensors used for structural health monitoring of aerospace composites 
can be taken advantage of, to firstly use them for monitoring of the 
processing procedure of polymer composites, which can also be bene
ficial for quality assurance. 

4.1. Cure monitoring 

During production of thick structural FRP for load bearing applica
tions, uniform curing throughout the thickness of the part should be 
attained to produce high quality parts and reduce scraping volumes and 
consequently decrease costs. By monitoring the cure reaction, the elec
tric power can be adjusted, which helps optimizing processing time, 
reducing costs, and avoiding thermal degradation once the curing 
exothermal reaction may be auto–accelerated. Very distinct sensing 
approaches for cure monitoring of composites are discussed in the 
following paragraphs. 

Strain measurements by FBG sensors can also be used for cure 
monitoring. The strain can be associated with thermal expansion at the 
time that the resin is heated, followed by a negative strain due to 
polymerization shrinkage as the resin starts to cure, and finally, higher 
negative strain may be developed as further shrinkage happens upon 
cooling. An optical fibre which is placed in a transverse direction to the 
reinforcing fibres will measure high compressive strains, since the ma
trix pays a large contribution to the properties of the transverse direc
tion, while the strain is lower in the same direction of the reinforcing 
fibres. A study published by Boateng [35] followed the strain develop
ment during the curing procedure of prepreg laminates, involving a 
heating stage, isothermal curing period at 100 ◦C for 100 min, and 
cooling stage, using bare and encapsulated FBG sensors (Fig. 10). The 
data acquired by the encapsulated FBG sensors was taken to find the 
mechanical strain imposed in the FBG sensors during the cure reaction. 
At the end of the isothermal period, the strain values were about 220 and 
60 με, as measured by an FBG sensor embedded in a perpendicular di
rection and by an FBG sensor embedded parallelly to the reinforcing 
fibres, respectively, while at the end of the cooling stage, the same 
sensors measure strain values of about − 760 and close to zero με, 
respectively. As the temperature increases in the heating stage, a strain 
increase is recorded in both sensors due to thermal expansion suffered 
by the resin, though this effect is more pronounced on the FBG 
embedded perpendicularly to the reinforcing fibres. Initiation of 
chemical shrinkage due to polymerization is observed at around 25 min 
in the FBG sensor embedded parallelly to the reinforcing fibres, while it 
is unclear whether it starts at 30 or 42 min in the FBG sensor embedded 
perpendicularly to the reinforcing fibres. 

Chilles et al. [6] proposed the embedment of inductively coupled 
piezoelectric sensors on glass fibre reinforced epoxy prepreg for cure 
monitoring and further damage detection. The sensor system consisted 
of a piezoelectric transducer electronically connected to an inductance 

Fig. 10. Strain monitoring during cure reaction of a prepreg laminate [35].  

Fig. 11. Composite structure being manually inspected with an inspecting device, schematically represented on the right side, by the inductive coupling between the 
transducer coil in the piezoelectric transducer and transmitting and receiving coils in the inspecting device [6]. 
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coil, and an inspection device containing a transmitting and a receiving 
coil, which are connected to the input and output of an ultrasonic 
instrumentation, allowing wireless communication (Fig. 11). A bulk 
wave generating system was used to monitor 10.4 mm thick composite 
plates and a guided elastic wave generating system was used to monitor 
thinner composite plates, with a thickness of 3.31 mm. The initial curing 
phase of the thick sample could not be characterized due to the low 
viscosity of the resin at this stage, while the embedded sensor using the 
guided wave system detected the edge reflections prior to initiation of 
the curing reaction, as the guided waves propagated along the fibres. 
The temperature increase led to the reduction of the resin viscosity, 
increasing the attenuation of the guided ultrasonic waves until they 
were no longer detectable. As curing progressed, the edge reflections 
became again detectable. Both systems proved to be suitable for the last 
phase of cure monitoring. Dielectric analyses were employed for com
parison. The measurement of the imaginary impedance maximum was 
only possible when the dielectric sensor became wet by the resin. With 
the increase of temperature and decrease of resin viscosity, the imagi
nary impedance maximum decreased. The imaginary impedance 
maximum increased with the progression of the curing reaction. A steep 
increase due to the sudden decrease of ionic mobility during cure 
revealed resin gelation. The end of cure is identified by a constant value 

of the imaginary impedance maximum. Commercial dielectric analysers, 
such as the DEA 288 Ionic from Netzsch, enables cure monitoring in both 
laboratory and industrial scales, making use of implantable or reusable 
dielectric sensors. The reusable sensors can be even indefinitely moun
ted on a press or mould surface. The sample is placed in contact with the 
dielectric sensor. The sinusoidal voltage is applied forcing the positively 
charged particles in the sample to move towards the negative pole and 
vice versa, and dipole molecules are aligned, producing a sinusoidal 
current with a phase shift. As curing progresses, the sample viscosity 
increases and, consequently, the mobility of the charge carriers de
creases, expressed by a decrease of amplitude and increase of phase shift 
in the current signal [81]. Though, the use of dielectric sensors and 
analysers is limited to cure monitoring and cannot be used for damage 
monitoring. 

Luo and Liu [66] have reported the production of a piezo-resistive 
sensor consisting of graphite nanoplatelet coated single filament glass 
fibre sensor, already described in Section 3.3, and its use for cure 
monitoring. The sensor was embedded in GFRP prepreg laminates and 
was able to monitor the 2-stage cure of the vacuum bagging process. The 
sensor showed a steep increase of the resistivity, from 199.7 kΩ to 572.1 
kΩ, as the temperature was increased from ambient temperature to 
143 ◦C, due to the physical and chemical changes of the matrix. As the 

Fig. 12. Vacuum infusion process monitoring of a stiffened glass fibre reinforced epoxy composite: (a) top view photograph of the experimental setup with sensor 
locations representation; (b) schematic representation of the flexible sensors integration in the stiffened polymer composites (c) photograph of the produced 
composite with embedded flexible sensors; dielectric constant measurements at the (d) preparation and resin infusion stage and during the (e) cure reaction stage. 
Adapted from [83]. 
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temperature increased, the viscosity of the resin decreased which makes 
it easier for the resin to fill in the gaps in between the graphite nano
platelet particles at the fibre sensor surface and their contact to be 
further distant or disrupted and, consequently, induce an increase of the 
sensor resistance. The temperature ramp is followed by an isothermal 
stage, where cross-linking bonds further occur leading to the increase of 
resin viscosity and shrinking. During this stage, the resistance of the 
sensor decreased initially, from 572.1 kΩ to 466.1 kΩ, and was kept 
constant for the remainder isothermal period, with a value of 403.6 kΩ, 
which was explained by the interparticle graphite nanoplatelet contacts 
being closer together again. 

The analysed sensing approaches were able to identify the comple
tion of the cure reaction, generally by a plateau of the measured 
parameter, leading to enhanced properties of the composite. Although 
the reviewed sensing approaches are able to identify all the curing stages 
of composites, optical fibre sensors, namely FBG sensors, can evaluate 
the residual strain resulting from the matrix shrinkage due to curing 
happening in the isothermal and the cooling down period. This is a 
valuable information that can be useful to find the best curing cycle for 
certain aerospace parts where precise processing control is necessary to 
comply with demanding dimensional accuracy requirements. 

4.2. Mould filling in liquid composite moulding processes 

Distinct sensing approaches, including the ones discussed in the 
previous section, have been shown to be suitable for mould filling and 
flow front monitoring on the production of polymer composites through 
LCM techniques. Ali et al. [82] developed a sensing technique based on 
the piezo-resistive properties of a reduced graphene oxide thin coating 
applied on glass fabrics for flow front monitoring in the resin infusion 

process. The proposed sensing technique was able to monitor the resin 
infusion process of an epoxy resin. As the infusion began there was a 
sudden decrease of relative resistance, and as the resin flow progressed 
the resistance started to increase, due to the spring-back effect of the 
preform caused by the resin pressure gradient, which makes up for the 
dielectric properties of the resin flowing in. When the preform is fully 
impregnated and the injection line is closed, the resistance decreases 
until the pressure equilibrates. When the pressure settles, the curing 
starts and the resistance starts to increase, due to the insulating layers of 
cured resin around the fibres. This sensing technique may provide 
valuable information for LCM manufacturing methods, especially for 
techniques involving two closed rigid mould tools, such as RTM. The 
graphene coating provided insights about the compaction condition of 
the reinforcements, flow front progression and cure reaction as well, due 
to changes in the electrical resistance of the fabric. Yang et al. [83] 
produced flexible sensors by photolithography on polyimide-copper film 
substrate and with integrated temperature sensors, able to make 
simultaneous measurements of both capacitance and temperature. The 
sensors were employed for the resin infusion process of stiffened glass 
fibre reinforced epoxy composites (Fig. 12 (a), (b) and (c)). The sensors 
were able to monitor the vacuum seal, shown by an increase of dielectric 
constant ε’ from 1 to 2, as the vacuum imposed a tighter contact between 
the sensors and glass fibres (blue shade in Fig. 12 (d)) and, one hour 
later, the resin flow front, identified by the sudden increase of ε’ from 2 
to around 6 or 8 as the resin flowed in and the air in between fibres was 
replaced by liquid resin (purple shade in Fig. 12 (d)). In the following 
curing time ε’ was kept approximately constant, apart from sensors 6 
and 8 where the ε’ variation indicated a vacuum leak. Additionally, the 
system was able to monitor the curing rate by the rate of change of the 
dielectric constant ε’, the progression of the internal temperature, and 

Fig. 13. numerical and experimental dada of a resin infusion process for the production of a glass fibre/polyester resin composite: (a) pressure profiles; (b) numerical 
and experimental normalized capacitance; and resin volume fraction and position plots at the initial detection by dielectric sensors (c) S1, (d) S2, and (e) S3 at 
different positions of the preform [85]. 
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resin vitrification (Fig. 12 (e)). While the authors claim that the sensors 
are capable of detecting delamination during SHM, it is unclear whether 
the sensors themselves are responsible for promoting this type of dam
age in the first place. 

Alternatively, the sensors can be applied on the moulding surface 
tool and reused for several cycles. Carlone and Palazzo [84] reported the 
use of shielded dielectric sensors on the bottom die in contact with the 
preform to monitor the flow front progression in LCM process, where 
glass fibre weave was used as reinforcement and synthetic oil as resin 
replacement to prevent variations on the dielectric properties due to 
cure. The proposed sensing approach was combined with numerical 
simulations and were able to monitor both unsaturated flow front (flow 
developed in between tows, regarded as extra-tow flow, leading to the 
preform impregnation) and saturated flow front (flow developed inside 
each tow, regarded as the intra-tow flow, leading to the preform satu
ration). For reduced void content the fluid/resin should be able to fill 
and saturate the preform, whereas there is usually a short period of time 
between the unsaturated and saturated flow front. The sensors were able 
to detect the arrival of the fluid in the sensing area by a sharp increase of 
capacitance, and measure the arrival time, and to detect the time of full 
saturation in that same area, when the capacitance was no longer 
varying. Carlone et al. [85] have used the concept of capacitance vari
ation as a sensing approach. Each dielectric sensor consisted of two flat 
electrodes placed on the bottom and top mould surfaces parallelly, to 
form a capacitor, where the central insulating material is the reinforcing 
glass fibres, polyester resin, and air in between the moulding surfaces. 
The extra-tow flow front progression was numerically modelled by bulk 
permeability simulations and was experimentally shown by the pro
gressively increased time of arrival on the three sensors installed on the 
mould surfaces. The saturation rate was also computed, which allowed 
to find a good agreement between the experimental and numerical (sum 
of intra-tow flow and extra-tow flow) normalized capacitance data. The 
experimental and numerical data of an experiment is presented in 
Fig. 13. 

Only a limited number of research works address the mould filing 
monitoring in electrically conductive carbon fibre–based composites. 
Qing et al. [86] exploited the concept of the SMART Layer™, addressed 
in Section 3.2, and employed a PZT sensor network on a flexible poly
imide substrate with a printed circuit to connect the PZT sensors. The 
resin flow path could be followed by measuring the first arriving Lamb 
waves signals in between different pairs of PZT transducers. As the 
sensing path becomes wet by the resin, higher energy attenuation of the 
Lamb waves is measured, until the signal stabilizes at a low amplitude 
value when the preform is fully filled. It was also possible to follow the 
curing reaction. A study carried out by Wang et al. [87] monitored resin 
infusion processing of composite laminates made of unidirectional car
bon fibre fabric arranged in 0 and 90◦ directions and epoxy. Fresnel’s 
optical fibre sensors monitored the refractive index of the resin during 
impregnation and curing to evaluate flow front progression and cure 
reaction. Type-K micro-thermocouples were used for temperature 
reading. A combination of these two sensors in the midplane of the 
laminate allowed to distinguish five stages of the process. In stage 1, the 
infusion stage, it is observable the resin arrival by a sudden decrease on 
the OF signal as the reflected light is decreased by the presence of the 
resin around the sensor, and through a temperature minimum. In stage 2 
there is a temperature increase. The curing stage corresponds to stage 3, 
with a 2 h isothermal at 180 ◦C. At the beginning of this stage there was a 
temperature peak, accompanied by an increase in the reflected light 
intensity, due to an increase on the resin density, as it changed from 
liquid to solid in the exothermal curing reaction. The resin was 
considered cured when there were no further changes on reflected light 
intensity. Upon cooling, stage 4, the resin shrinks, and its density in
creases, resulting in higher reflected light intensity. In stage 5, corre
sponding to the end of the resin infusion process, there is a stabilization 
of the temperature and reflected light intensity. A dielectric sensor [88] 
consisting of two twisted copper wires, each coated with an insulating 

material, to impede contact between copper and reinforcing carbon fi
bres, is able to monitor the flow front progression and cure reaction in 
the RTM process. A voltage is applied to produce an electric field be
tween the wires, which goes through the gaps between the wires. The 
authors were able to calculate the flow front position, i.e., the instan
taneous length of wetted sensor, by the linear admittance measured by 
the sensor. However, this concept can only be applied after the experi
mental calculation of admittance of the sensor in the dry and wetted 
condition, provided that the same reinforcement layup configuration 
and pressure profile in the impregnation stage is used. This can be a 
limiting issue in the production of a small number of high end large 
composite parts, where large material scraping, and increased costs 
could result. 

5. Structural health monitoring systems for aerospace 
composites 

A complete structural health monitoring system comprises not only 
sensors, but also a data acquisition system, data storage hardware and 
algorithms for signal processing, thus, involving interdisciplinary engi
neering fields. Having lightweight, compact, and low power consump
tion solutions are of foremost importance when designing SHM systems 
for aerospace applications. Although out of the scope of this review, a 
few considerations that should be regarded when conceptualizing 
structural health monitoring systems for aerospace composites are 
briefly presented in this section. 

The choice between active and passive sensing systems should be 
considered when designing lightweight SHM systems. With an active 
sensing system, the monitored host structure is excited by actuators and 
the structural response is read by the sensors. The location and number 
of transducers must be adjusted to improve damage detection accuracy, 
keeping the associated weight and expenses low. However, an active 
SHM system bring the disadvantage of requiring an extra component, a 
signal generating hardware for excitation of the host structure, 
increasing power consumption and complexity of the system. On the 
contrary, for passive sensing systems, only sensors are needed to 
continuously monitor the host structure condition. But, while contin
uous monitoring ensures that damage is detected instantaneously, en
ergy expenditure is maintained even when impacts are not frequent 
[89]. 

Wireless sensing systems can reduce the amount of cabling, wiring 
and electronics, an important advantage for the aerospace industry, 
which is constantly seeking weight reduction. Furthermore, the use of 
wireless sensing systems, following the IoT (internet of things) principle, 
in locations of difficult access in an aircraft may prevent difficult in
stallations and maintenances, decreasing cost [89]. Power requirement 
is in the sub-mW range, enabling the use of batteries in such IoT systems 
[90]. Moreover, power requirements can be reduced using dynamic 
power management strategies, where the wireless sensing systems are 
configured to turn power on or off as needed, helps to reduce power 
consumption [91]. However, the accuracy of wireless data communi
cation between the wireless sensor nodes acquiring data and the 
computing systems is compromised, due to lack of synchronization. The 
main research works to overcome synchronization discrepancies focuses 
on computing algorithms and on the use of GPS transceivers [92]. 

Energy harvesting systems bring promise to further develop wireless 
sensing systems, decreasing the overall weight of the system, and 
improving its autonomy. Energy harvesting systems make use of self- 
powered devices that take advantage of the numerous energy sources 
available in aircraft structures, needed to replace batteries of heavier 
weight. Examples of such energy sources are temperature differences, 
temperature changes, vibrations, strain, ambient light, pressure changes 
and electrostatic charges, being thermal and vibrational energy sources 
the ones that can produce harvesting systems with higher reliability and 
performance. The vibrational energy can be exploited by micro- 
generators driven by electromagnetic or piezoelectric conversion, and 
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the thermal energy by Seebeck effect. Yet it is still very challenging to 
produce devices capable of gathering sufficient energy to supply the 
wireless system [93]. 

6. Conclusions 

The development and implementation of SHM systems requires the 
engagement of a multidisciplinary team to evaluate each specific case. 
The best sensing approach can only be chosen once analysed the spec
ificity of the structure, including shape, size, constituent materials, 
loading condition and production technology, the operational environ
ment, expected damage location and type and maintenance. Sensor 
location at strategic sites of the structure should be optimized to better 
detect damage. Even though it is possible to predict the locations prone 
to fatigue and corrosion cracking due to high mechanical loads and 
environmental conditions, unpredictable and random impact events 
may challenge the design of the sensor network. Not all types of sensors 
are suitable for carbon fibre composites. While FOS and piezoelectric 
sensors can be embedded in both GFRP and CFRP, a piezo-resistive 
approach may work best in GFRP, except if the carbon fibres them
selves are used as sensors. While surface mounted sensors are more 
convenient to attach, maintain and replace, their accuracy might be 
affected by ambient noise as the sensors are directly exposed to the 
environment. Oppositely, embedded sensors have higher sensitivity, 
signal-to-noise-ratio, stability, durability, and repeatability, as they are 
protected from the environment. However, embedded sensors may face 
high pressures and temperatures during composite manufacturing, 
leading to short-circuits in the sensor system. It should also be consid
ered that embedding a large number of sensors and wires may prejudice 
the mechanical properties of the host structure. 

An effective structural health monitoring system must be able to 
detect early matrix related damage such as matrix cracks and debond
ing, allowing to take early preventive measures upon need. The analysed 
literature shows that fibre optic sensors, in particular FBG sensors, are 
able to detect subtle damages produced by low velocity impact events. 
The sensing techniques commonly used with piezoelectric sensors, 
electromechanical impedance, Lamb waves and acoustic emission, are 
all sensitive to damage, where damage identification and location is 
attainable through Lamb waves and acoustic emission. Within the wide 
range of piezo-resistive sensors, nanocarbon matrix reinforcement and 
fibre coated based sensors, and film sensors can detect early matrix 
dominated damage. While fibre optic sensor and piezoelectric sensors 

have been long researched, nanocarbon based piezo-resistive sensors are 
encouraging sensing approaches that may bring the advantage of me
chanical reinforcing effect, as opposed to remainder types of sensors that 
may hinder the mechanical properties in the structure. Attending the 
aerospace environment, with unexpected impact events, for the reported 
sensing technologies to be fully adopted and widely accepted for 
structural health monitoring, more testing is needed on real scale 
composite structures. 

Many sensors can be taken advantage of from the beginning of the 
production process and embedding procedure for cure monitoring pur
poses. Understanding sensor/host material interaction is fundamental to 
select a suitable location of the embedded sensors for cure monitoring. 
For instance, embedding FOS in the transverse direction of the rein
forcing fibres can be advantageous for resin cure monitoring as the resin 
gives a high contribution to the transverse direction and produces higher 
compressive strain, as opposed to the longitudinal direction where the 
composite properties are mainly affected by the reinforcing fibres. 
However, the embedment of FOS in the longitudinal direction along the 
reinforcing fibres produces the least impairment of the mechanical 
properties of the host composite structure. 

This paper is a review of the most relevant commercially available 
and laboratory made sensors for process and structural health moni
toring of aerospace composites. Their sensing principles, characteristics, 
embedding procedures and interactions with host material were exam
ined. An overall comparison and summary of the sensor types reviewed 
in the present paper is presented in Table 3. 
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Table 3 
Characteristics comparison of different types of sensors for structural health monitoring for aerospace applications.  

Type of 
sensor 

Advantages Disadvantages Sensing Technique Damage detection 

Fibre Optic Immune to electromagnetic interference, 
small size, light weight, cheap, durable, 
allow sensor multiplexing, sensing of large 
area structures, applicable to all type of 
composite materials, commercial solutions 
available solutions that can be tailored for 
each application 

Expensive optoelectronic interrogation 
systems, temperature sensitive, fragility of 
the sensors makes embedding procedure 
challenging, strain is partially absorbed by 
the protective layer 

Measurements of 
intensity, wavelength, 
phase change or state of 
polarization 

Strain, low velocity impact damage, cure 
monitoring 

Piezoelectric high mechanical strength, operational for a 
wide frequency range, cheap, small sizes, 
work in both active and passive sensing 
methods, many commercial solutions 
available 

Lengthy cables, difficult signal 
interpretation 

EMI, acoustic waves, or 
Lamb waves 

EMI: damage extent with statistic damage 
metrics; Lamb waves: detection of cracks, 
corrosion, delamination, holes, notches, 
degradation of lap joints, sensitive to 
small damages, can inspect large areas, 
can locate damage; Acoustic emission: 
passive sensing method, detection of 
matrix cracking, fibre–matrix debonding, 
delamination, fibre breakage, location of 
damage possible by triangulation 

Piezo- 
resistive 

Minimal structural intrusion of the sensor, 
mechanical reinforcing effect using 
nanocarbon materials, high damage 
sensitivity 

Mainly limited to insulating composite 
materials 

Electrical Resistance 
change, acoustic 
emission 

Limited location of damage, early 
damage detection possible  
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