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Abstract 

In this paper, cure monitoring of a composite laminate is conducted, followed by subsequent structural 
health monitoring (SHM). A distributed optical fibre (DOF) sensor was embedded between glass fibre 
fabric plies during manufacture; part of the DOF length was micro-braided using glass fibres, while the 
remaining length was left 'bare' (as-received condition). In situ and real-time strain measurement during 
the infusion and curing processes of the laminate was completed. Cure monitoring of composite 
materials using different fibre orientations, sensor locations, raw materials, and manufacturing methods 
has been widely studied. However, no consensus was reached due to differences in raw materials, 
temperature profile, manufacturing method, fibre orientation, and sensor location. The manufactured 
composite plate was then subjected to repeated loading during a quasi-static four-point bending test, 
and the strain development along the length of the DOF was recorded. Comparable results were 
obtained from the micro-braided and bare sections of the DOF, showing the suitability of micro-braided 
optical fibres for real-time strain monitoring in composite structures. The micro-braiding DOF 
facilitates handling for automated manufacturing methods and can be used to follow the full life cycle 
of a composite from fabrication till end-of-life.   

Keywords: Cure monitoring; composite materials; distributed optical fibre (DOF); micro-braided 
optical fibres; residual strain; structural health monitoring (SHM)  

 

1. Introduction 

Usage of fibre reinforced polymer (FRP) composites has increased over the last three decades in various 
applications such as aerospace, civil, and automotive industries [1–4]. This increase is due to the 
advantages composite materials have over their metallic counterparts: high strength-to-weight ratio, 
good dimensional stability, corrosion resistance, and durability. Glass fibres are the most popular 
reinforcements for small aircraft, wind turbine blades, boats, vehicle body panels, bumper beams, and 
sporting goods such as frames of bicycles and tennis rackets, due to their high strength and low density 
combined with reasonable costs [5]. However, defects can be introduced into these composite structures 
when manufacturing and can progress to damage during the service life. The growth of such damage 
can adversely affect the global mechanical performance of the finished part. Non-destructive techniques 
(NDT) are commonly adopted to detect, localise, and quantify flaws and damage in composites. These 
include optical and electromagnetic methods [6,7], ultrasonic scanning [8,9], shearography [10,11], 
acoustic emission [12–14], and thermography [15,16]. Many of these methods are time-consuming to 
implement and require highly-qualified operators to acquire and analyse the related data. 
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Structural health monitoring (SHM) involves the permanent integration of sensors into the host structure 
for continuous and periodic inspection [17–21]. SHM methods facilitate several levels of damage 
assessment [22], including the detection and location of damage, classification of damage type, 
quantification of severity, and prognosis on the remaining life of the structure [1,2,23–25]. Since SHM 
can provide in situ on-demand assessment, without significant downtime of components, the relative 
cost can be much lower than conventional NDT. 

It is crucial to monitor the composite materials' manufacturing process to identify flaws such as dry 
regions,  delamination, fibre waviness, foreign bodies, voids, and incomplete matrix cure [26–28]. 
These defects can result in residual stresses or reduced dimensional stability of the manufactured 
composite. Residual stresses and strains are induced during heating and cooling of the fibres and matrix, 
potentially affecting the composite product's mechanical properties. Variation in the two constituents' 
thermal expansion coefficients leads to the matrix compressing the fibres, resulting in residual stresses 
and strains.  The ability to monitor the resin flow during infusion and viscosity during curing serves as 
a potential method for conducting quality control.  

Optical fibre sensors can be used for in situ composite monitoring since embedding them does not 
interfere significantly with the structure's mechanical properties [29–31]. Insensitivity to 
electromagnetic interference is another advantage of using optical fibres, compared with other 
techniques such as dielectric analysis [3,4,32]. Several researchers [25,33–38] studied the residual strain 
induced in composites during curing using different optical fibre sensors. Strain gauges have been 
employed for this purpose [39], but the information they provide is local, and many gauges are required 
to cover a vast sensing region. Global sensing of a structure can be achieved by integrating either 
distributed or quasi-distributed fibre Bragg grating (FBG) optical fibres [40,41].  

A summary of residual strain measurement embedded with different optical fibres in relation to cure 
monitoring and the residual strain recorded in the longitudinal and transverse direction is presented in 
Table 1.  Sanchez et al. [1,2] embedded a distributed optical fibre close to the top (fifth and sixth plies), 
middle (third and fourth plies), and bottom (first and second plies) of a carbon fibre/epoxy (CF/Ep) 
laminate. The highest strain value was recorded at the top with -405, -347, and -291 µε residual strain 

value from top to bottom of the panel. Huang et al. [33] embedded a pre-tensioned optical fibre 
longitudinally between the eighth and ninth plies (centre of plies) of a unidirectional CF/Ep pre-
impregnated fibres (pre-preg) tape. A residual strain of -1500 µε was recorded due to the thermal 

contraction of the composite panel. Kang et al. [42] reported various residual strain values depending 
on the position of the FBG/ Extrinsic Fabry-Perot Interferometric (EFPI) hybrid sensors in the GR/Ep 
pre-preg. The residual strain recorded by the sensors in the longitudinal and transverse directions to the 
reinforcing fibres were -140 and -4000 µε, respectively. The higher residual strain was due to the 
anisotropic behaviour of the unidirectional composite, which causes more thermal and chemical 
shrinkage in the transverse direction than in the reinforcing fibre direction. Ifju et al. [43] reported a  
residual strain value of -5000 µε in the transverse direction and zero in the longitudinal direction of a 
GR/Ep  pre-preg using a thin film of moire interferometry diffraction grating placed between fibres. 
Leng et al. [44] reported a transverse strain of 4400/4360 and -230/-260 µε with and without damage 

respectively, using a EFPI sensor. However, Minakuchi [45] recorded a strain of -4500 µε using a short 

tailed FBG embedded through the thickness and in-plane direction of a CF/Ep pre-preg cured in an 
autoclave.  

In summary, various researchers have studied cure monitoring in GF/Ep, CF/Ep, and Gr/Ep composites 
using different fibre orientations, sensor locations, raw materials, and manufacturing methods. Some 
agreement was found with the negative and positive residual strain values recorded by the sensors 
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oriented longitudinal and transverse to the fibre direction, respectively. However, no consensus was 
found in the residual strain values, which could be due to the difference in raw materials, temperature 
profile, manufacturing method, fibre orientation, or sensor location. 

Because of their brittleness and ease of breakage, the handling of these optical fibres during composite 
manufacture can be challenging [46,47]. Micro-braiding was completed to protect the optical fibres and 
improve their handling and mechanical properties [29].  

In the present study, a single distributed optical fibre was embedded during the manufacture of a glass 
fibre reinforced polymer (GFRP) composite plate. Before embedment, a length of the optical fibre was 
micro-braided using glass fibres to compare in situ strains monitored by the micro-braided and 'bare' 
fibre segments. To the author's knowledge, little or no research has been reported on the use of DOF 
for cure monitoring and SHM of GFRP composites. Micro-braided DOF have not previously been 
inserted in GFRP composites for full life cycle SHM.  The development of strain was monitored during 
curing of the laminate, and later during mechanical loading of the cured plate. 

2. Distributed optical fibre sensors 

Distributed optical fibre (DOF) sensors have the unique capability of allowing a single length of fibre 
to be used as multiple, discrete sensing elements for continuous monitoring, making them suitable for 
strain and temperature measurement in large structures [1,3,48]. DOF generally operate either under the 
principle of optical time domain reflectometry (OTDR) or optical frequency domain reflectometry 
(OFDR). These methods locate external disturbances by optical characteristics of the various 
backscatter techniques, including Rayleigh, Raman, and Brillouin scattering [20,41,49,50]. OFDR was 
selected in this study because of its high spatial resolution of about 10 µm compared to OTDR, which 
has a lower spatial resolution of  0.1 m. OFDR-based systems have a broad dynamic range because of 
the possibility of coherent detection [51,52]. A swept frequency pulse is used to interact with the optical 
fibre. In Rayleigh-based OFDR, the sensing fibre measures Rayleigh backscatter, which results from 
interactions of the transmitted light with imperfections in the silica glass core. The frequency of 
backscattered light is dependent on its location, enabling localised strain sensing. OFDR allows 
monitoring structures with spatial resolution of mm and with strain and temperature resolutions as fine 
as 1 µstrain or 0.1°C [51,54]. 

The refractive index of a DOF is sensitive to environmental parameters such as temperature, strain, 
humidity, and pressure. Changes in strain and temperature are the leading cause of spectral shifts in the 
Rayleigh backscatter profile. Assuming a specific segment j of fibre is being considered, the reflection 
spectrum of the unstrained fibre is Uj(ν). When the fibre undergoes external perturbation such as strain 

or temperature, the segment of the fibre j will experience a change in reflection spectrum Δuj, which is 
denoted by Uj(ν-Δνj). The shift in reflection spectrum Δuj is calculated by cross-correlating Uj(ν) and 

Uj(ν-Δνj). The shift in the spectrum of light scattered in the fibre in response to strain and temperature 
is comparable to fibre Bragg grating and can be defined by Eq. (1): 

 Tk T k
 


 

 
     (1) 

Knowing that 

 Tk     (2) 

And 
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Where 𝑣 is the mean optical frequency, 𝜆 is the wavelength, 𝛼 is the coefficient of thermal expansion 
(CTE), 𝜉 is the thermo-optic coefficient, 𝑛 is the refractive index, 𝜇 is Poisson's ratio and 𝑝11, 𝑝12 are 
component of strain-optic tensor. The values of temperature and strain calibration constants for 
germanium-doped silica core are 𝑘𝑇  (6.45 x 10-6 °C -1) and 𝑘𝜀 (0.78) [55]. 

The change in temperature 𝛥𝑇 in the absence of mechanical strain is calculated by Eq. (4): 

 
T

T
ck


     (4) 

Where c represents the speed of light and 𝜆̅ the central wavelength, by substituting the constants into 
the equation, Eq. 4 becomes: 

 0.801
C

T
GHz

     (5)                                                                                           

 𝛥𝑣 represents the spectral shift in GHz. The value of -0.801 is specific to the system utilised in the 
present work: LUNA's ODiSI-B interrogator with a central wavelength of 1550 nm [55]. 

The change in mechanical strain 𝛥𝜀 in the absence of temperature is given by Eq. (6) 

 
ck


     (6)            

By substituting constants, Eq. 6 becomes: 

 6.67
GHz


      (7) 

A novel process of implementing micro-braided and bare section of a DOF in a composite laminate for 
measuring residual strain during curing is investigated. Strain development from both sections of the 
DOF during cyclic loading under four-point bend was also evaluated. Readings from the micro-braided 
and bare sections were also compared to determine the effect of micro-braiding on the optical fibre. 

3. Materials and methods 

3.1 Manufacture of smart composite laminate 

A composite laminate was manufactured from six layers of 2/2 twill-woven E-glass fibre fabric (ply 
size = 400 x 200 mm, areal density = 876 g/m2, supplied by Sigmatex UK Ltd [56]), and an epoxy-
based resin system, by vacuum-assisted resin infusion moulding (VARIM). The resin system comprised 
an epoxy and hardener (Araldite LY564 and Aradur 2954, both supplied by Huntsman). 

During the lay-up process, a two-metre length, 155 µm diameter, single-mode, polyimide-coated, silica 
glass optical fibre sensor, with low-bend-loss, was embedded between the fourth and fifth fibre plies. 
Part of the DOF length was micro-braided, to facilitate the handling and improve its strength [29], 
before the embedding process, while the remaining length was left bare. For more details on the micro-
braiding process, the reader is referred to [29]. The DOF was carefully inserted and secured beneath 
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fibre floats in the fabric to remove the need for a bonding agent. The bare DOF segments were 
positioned close to the long edge and at the mid-point of the laminate, while the micro-braided optical 
fibre (MBOF) part was positioned close to the other long edge, as shown in Figure 1. Three strain 
gauges were also bonded to the surface of the plate. The three OF sensing regions were positioned 
50 mm apart. The ingress point, which is the termination end of the DOF was protected between fibre 
float while the egress point was protected using a 0.6 mm diameter polytetrafluoroethylene (PTFE) 
capillary tube, to prevent breakage of the DOF.  The PTFE capillary tube was sealed to avoid resin flow 
into the tube. An OFDR system was used to monitor strain in the optical fibre during the resin infusion 
and curing processes. The composite panel was placed in the curing oven with the DOF connected to 
the LUNA system for data acquisition. Total strain from the LUNA Inc. (ODiSI-B model) interrogator 
was recorded; temperature and mechanical strain data values were obtained using Eqs. (5) and (7), 
respectively [55]. 

 

3.2 Mechanical loading experiment 

After manufacture, because of the distance of the DOF to the edges, the composite panel was trimmed 
to 385 mm x 150 mm without touching the egress side. Quasi-static four-point bending was then 
conducted on an Instron 5969 testing machine equipped with a 50 kN load cell Figure 2. The distance 
between the loading noses is one half of the support span in accordance with ASTM standard D6272 
[57]. Aluminium spreader bars were placed between the test machine and specimen to ensure uniform 
load distribution across the panel width. During the test, a crosshead speed of 1 mm/min was 
maintained. Loading was completed in a series of loading/unloading cycles to determine the 
repeatability associated with strain measurement in the bare and micro-braided OF segments. During 
each loading cycle, the surface strain was measured using uniaxial electrical strain gauges positioned 
on the surface of the laminate, in the centre of each DOF sensing region. Table 2 shows the average 
strain measured by the strain gauges. The DOF's acquisition rate is 5 Hz with gage length of 1.25 mm 
using an OFDR-bases interrogator (ODiSI-B system, supplied by LUNA Inc.). 

Visible damage was not observed until the specimen reached strain levels of 10000-11000 µε, during 

repeated loading from cycle 12 onwards. When the specimen was subjected to repeated loading with 
the same maximum strain value, a loss in stiffness was observed from the reduction in the maximum 
stress value at each loading cycle. 

 

4. Results and discussion 

4.1 Strain monitoring during curing  

The curing cycle used during the GFRP composite manufacture is shown in Figure 3, with temperature 
and total strain curves for the different DOF sections displayed. The cure cycle is divided into five 
temporal stages:  

I. Increase from room temperature to 80°C in 1 hour; 
II. Temperature dwell at 80°C for 1 hour; 
III. Temperature increase from 80°C to 160°C in 1 hour;  
IV. Dwell at 160°C for 2 hours;  
V. The composite was allowed to cool to room temperature in the oven. 
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The composite panel experienced several temperature changes, which led to local strain and stress 
development. The thermal strain was measured by the un-bonded part of the DOF, protected with the 
PTFE capillary tube. The strain recorded by bare and micro-braided OF sections is comparable, 
indicating that the MBOF is suitable for strain measurement in the composite structure. To fully 
understand what is happening during curing, the mechanical strain needs to be analysed in isolation 
from the thermal strain. 

 

he mechanical strain induced in the composite resulting from curing is derived from the total strain and 
thermal strain given by Eq. (8): 

 T m t     (8) 

Where 𝜀𝑇 is the total strain, 𝜀𝑚 is the mechanical strain, and 𝜀𝑡 is the thermal strain. 

The mechanical strain and temperature curve during the curing of the composite panel are presented in 
Figure 4. Interpretation of the measurements enables ease of identifying and controlling every step of 
the cure cycle. The following steps below explain what is happening at each stage of the cure cycle: 

I. As the resin's viscosity decreases due to an increase in temperature, the distribution of resin was 
experienced, which caused the compression of the resin on the DOF leading to the compressive 
strain (negative strain) recorded. 

II. Change in strain was observed (positive strain) during the dwell period, which could be due to 
the matrix's thermal expansion caused by changes in the adhesive condition between the resin 
and the optical fibre. At this stage, the resin's viscosity is increased, causing a reduction in the 
flow of resin known as the gel point [25,58]. 

III. A positive strain is observed, possibly due to the increase in temperature on material's thermal 
expansion. This is followed by a reduction in the positive strain, which could be due to resin 
shrinkage associated with polymerisation [25,58]. 

IV. At the post-cure cycle, a near-constant strain level was observed, because most of the 
polymerisation reaction has occurred during the curing cycle. 

V. During the cooling stage, the DOF detects an increase in compressive strain (negative strain) 
due to the thermal shrinkage of the epoxy resin [44]. 

In all DOF regions, compressive strain developed in a short period during cooling, as shown in Figure 
4. The average residual strain observed in the bare DOF close to the panel edge was -254 µε, while the 
change in compressive strain from the beginning to the end of the cooling stage was -932 µε. The 

average strains observed in the mid-line of the panel were higher: -310 µε and -1028 µε, respectively. 
Compressive strain was observed in both sections of the bare DOF, because, during cooling, the panel 
is already cured and strain is induced due to thermal contraction of the matrix [42]. 

 

The green curve in Figure 4 shows the strain profile of the MBOF located at the other edge of the panel. 
The average residual stain observed was -411 µε, while the change in strain due to cooling was -
1063 µε.  The MBOF recorded the highest residual strain as temperature decreases compared to the 
bare DOF's. The 47% difference in the residual strain of the bare DOF edge and the MBOF edge could 
be due to the increase in diameter of the MBOF (~470 µm). The larger diameter introduces resin pockets 
around the MBOF, as detailed in the authors' previous work [29]. Consequently, this results in more 
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significant compressive strains being recorded when the resin undergoes thermal shrinkage during 
cooling.  

The residual strain and the percentage difference between the bare and MBOF sections, which were 
both 24 cm long are shown in Figure 5. The bare edge and the MBOF edge recorded different strain 
values, likely due to the differences in diameter, which are 155 and ~470 µm respectively, and the 
formation of a resin pocket around the MBOF as reported in the previous publication [29].  

  

To further understand the differences in strain recorded by each DOF section, the three sections were 
divided into sub-sections, 9 cm apart. Figure 6 shows the mechanical strain evolution during curing in 
each of the DOF sub-sections. Table 3 shows the average negative strain recorded during cooling for 
all sections and sub-section of the DOF. Sub-section 3 recorded the highest strain value in all cases. 
However, all the sections and sub-section of the DOF strain value falls within the range of uncertainty. 

 

4.2 Strain monitoring during four-point bending 

The durability of the MBOF was estimated by comparing strain measurement with bare DOF when the 
composite panel was subjected to four-point bending. Figure 7 shows the strain development recorded 
by the sections of DOF and surface-mounted strain gauges during the 11th and 14th cycles of loading. 
All sections of the DOF recorded compressive strain because of their position in the composite, which 
lies between the fourth and fifth layer and loaded in compression. However, the DOF recorded lower 
strain compared to the strain gauge located at the top of the panel. Figure 8 shows the development of 
strain during the final loading cycle 26. Similar strain histories were observed between the different 
sections, except for the dropout in the strain values.  

It is observed that has the bending force increased in cycle 26; a spike in strain value of the sections of 
the DOF appeared, which could be due to the strain gradient in the composite caused when the strain 
exceeds 517 µε for a 1.25 mm gage [59]. The strain profile along the sections of the DOF for cycle 11, 
14, and 26 is presented in Figure 9. Due to the loading and unloading associated with each cycle, the 
strain data recorded by the DOF sections returned to the initial starting point. The location of the peak 
remained the same in successive loading cycles. The peak in cycle 11 could be an indication of micro-
crack initiation in the composite panel. Barrias et al. [60] reported a peak in strain in a crack's vicinity, 
which progressed as loading increased in reinforced concrete. The increase in strain peak evolved in all 
sections of the DOF, and this could be due to local interaction with fibres or delamination. Delamination 
was suspected due to the emergence of whitening in the panel as loading progressed (this is possible 
because the panel is a GFRP). The increase in peak strain was consistent for the three sections of the 
DOF. Researchers [61,62] have reported a sudden spike in strain values as a result of improper bonding 
of the sensor to the host surface or local interaction with adjacent fibres.  

 

The photographic and c-scan images of the laminate are shown in Figure 10. The location of the peak 
for the sections of the DOF is marked out on the specimen, which correlates with the location of the 
whitening observed on the laminate due to delamination.  The result shows a good indication that all 
the DOF sections, both bare and MBOF, were sensitive to the initiation and growth of damage in the 
laminate. 
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Concluding remarks 

An experimental investigation into real-time cure monitoring of a composite laminate using an 
embedded DOF sensor has been conducted. When a part of the optical fibre is micro-braided, the 
integrity of the strain measurement was studied and compared against strain measurements obtained 
with the bare (as received) DOF. It was possible to follow the full curing process of the laminate. 
Isolation of mechanical strain allowed us to interpret the strain reading as temperature changes at every 
stage of curing, which was impossible with total strain. During the cooling stage, compressive strain 
was recorded by the DOF due to stress relief of the low viscosity resin. Different residual strain 
measurements by the bare edge and MBOF edge could be due to differences in the diameter of the bare 
and MBOF. It was consequently causing an increase in resin pocket around the MBOF, resulting in 
higher compressive strain. It was also observed that when the sections of the DOF was divided into sub-
sections, sub-section two closer to the middle recorded the lowest residual strain, this was suggested to 
be due to the DOF sections experiencing complete axial strain. The repeated loading cycle of the four-
point bending test showed that both the bare and micro-braided section of the DOF embedded during 
manufacture could perform structural health monitoring of the composite panel. Through the 
experiments performed, we can provide a basis for efficient smart processing of composite with MBOF, 
which shows good strain measurement sensitivity. Future research will be on integrating the MBOF 
during braiding or weaving of preforms for strain measurement. 
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Figure 1:  Schematic representation of the composite plate (with DOFS embedded between the 
fourth and fifth fabric layers, shown in orange). 

Figure 2: Four-point bending experimental set up: (a) before loading, (b) during loading. 

Figure 3: Temperature measured by distributed optical fibre sensor (black) and total strain 
measured by DOF in different sections of the optical fibre: bare optical fibre at the edge 
(blue), bare optical fibre at the middle (red), and micro-braided optical fibre (MBOF) at 
the edge (green). 

Figure 4: Mechanical strain profile for bare optical fibre at the edge of the panel (blue), bare optical 
fibre at the middle of the panel (red), and micro-braided optical fibre (MBOF) at the edge 
of the panel (green). 

Figure 5: Percentage difference in measured residual strain in different DOF sections: bare edge 
(green), bare middle (red), MBOF edge (black). 

Figure 6: Mechanical strain for sub-sections: 1 (red), 2 (blue), and 3 (green) of each DOF section: 
(a) bare edge, (b) bare middle, and (c) micro-braided optical fibre (MBOF) edge. 

Figure 7: Strain development from four-point bend test by surface mounted strain gauge and 
sections of the distributed optical fibre during (a) 11th cycle and (b) 14th cycle (c) enlarged 
image of cycle 11 and (d) enlarged image of cycle 14 showing little spikes. 

Figure 8:  (a) Strain development from 4 point bend test by surface mounted strain gauge and 
distributed optical fibre during the 26th cycle, (b) enlarged image. 

Figure 9: Strain profile of cycle 11 (black) at maximum load of 2766 N, cycle 14 (red) at maximum 
load of 4375 N, and cycle 26 (blue) at maximum load of 3293 N. 

Figure 10: Whitening in the laminate might be due to defect growth (a) photograph (b) ultrasonic c-
scan. 
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Table 1 

Residual strain values reported in the literature due to the curing process of composites. 

 

Ref. Materials Sensor Fibre layup Manufacturing 
method 

Residual 
strain in 
LD (µε) 

Residual 
strain in 
TD (µε) 

[1] CF/Ep DOF Fabric{90}/fabric2{90}/fabric2

{90}fabric 
VARIM -405/-

347/-291 
- 

[33] CF/Ep DOF [07/{0}/08] Autoclave -1500  
[42] GR/Ep (FBG/E

FPI) 
Hybrid 

[012/{0,90}/012]T 

[03/{0}/03/906/{90}/906/06]T 

Fabric8/{0,90}/fabric8]T 

Autoclave -140 
-410/-
470 

-210/-
240 

-4000 

[44] CFRP EFPI [0/{0}/02/904/903/{90}/04]ND 
[0/{0}/02/904/903/{90}/04](WD) 

Heat press -230(ND) 

-260(WD) 
4400(ND) 

4360(WD) 
[46] GF/EP FBG - Autoclave -2200  

[47] GR/EP (FBG/E
FPI) 

Hybrid 

[06/{0}/06/906/{90}/906]T Autoclave -440 
-440 

-520 
 

[48] GR/Ep FBG [90/0/90/0/{90}/0/90/0-
0/90/0/90/0/90/0/90] 

Hot mould - 1290 

[43] GR/EP MIDG UD laminate [016] Autoclave 0 -5000 
[45] CF/EP FBG UD laminate Autoclave -4500 -4500 

[49] GF/EP FBG UD laminate - -120/ -280 
[50] GR/EP FBG UD (FBG embedded mid-ply) 

UD (FBG embedded surface-
ply) 

 
 

Hot press -385/-
453, 

 
-20/-87 

 

- 

[51] CF/EP FBG [05/905/FBG/905/05] Hydraulic press -360 - 

[52] GFRP FBG [(+45/−45/0){0}(0/−45/+45)]s 

[(0/−45/+45)(+45/−45/0){0}(0

/−45/+45)]s 

[(+45/−45/0)(0/−45/+45)(+45/

−45/0){0} (0/−45/+45)]s 

 

VARIM -330 
-470 
-540 

- 

[53] CFRP DOF UD laminate 
[45°/0°/0°/−45°/90°/45°/0°/0°/

−45°/0°]s 

VARIM - -5000 

CF = Carbon fibre, GF = Glass fibre Ep= Epoxy, GR= Graphite, CFRP = Carbon fibre reinforced polymer, UD = 
Unidirectional, FBG =Fibre bragg grating, DOF = Distributed optical fibre, EFPI =Extrinsic fabry-perot 
interferometer, MIDG = Moire interometry diffraction grating, TD = Transverse direction, LD = Longitudinal 
direction, ND = No damage, WD = With damage, {} = Location and relative orientation of the optical fibre sensor. 
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Table 2 
 

Loading cycles of four point bending test 
 

Loading cycle  Mean compressive strain  (SG1 to SG3) (µε) 

1 972 ± 42 
2 1908 ± 80 
3 2846 ± 122 

4 3790 ± 166 
5 4729 ± 212 
6 5638 ± 281 

7-11 7511 ± 381 
12-21 9385 ± 481 
22-26 10404 ± 469  
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Table 3 
 

Average residual strain in the DOF sub-sections. 
 

Section of DOF Residual strain (µε) 
Full section Sub-section 1 Sub-section 2 Sub-section 3 

Bare edge -126 ± 77 -119 ± 77 -116 ± 53 -164 ± 91 
Bare middle -154 ± 90 -109 ± 60 -144 ± 77 -239 ± 110 
MBOF edge -239 ± 124 -237 ± 115 -218 ± 108 -291 ± 129 
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Nomenclature 

 

𝑣  mean optical frequency 

𝜆  mean wavelength 

𝑘𝑇  temperature calibration constant 

𝑘𝜀  strain calibration constant 

𝛥𝑇  change in temperature 

𝛥𝑣  spectral shift 

𝛥𝜆  change in wavelength 

𝜀𝑚  mechanical strain 

𝜀𝑇  total strain 

𝜀𝑡  thermal strain 

𝑝11, 𝑝12 strain-optic tensor 

𝛼  coefficient of thermal expansion (CTE) 

𝜉  thermos-optic coefficient 

𝜇  Poisson’s ratio 

 

 


