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Abstract
Fibre Bragg gratings (FBGs) fabricated in linearly birefringent fibres were
embedded in glass fibre/epoxy composites and in the corresponding
unreinforced resin to monitor the effective transverse strain development
during the cure process. The optical fibres containing the FBG sensors were
aligned either normal or parallel to the reinforcement fibres in unidirectional
glass fibre/epoxy prepregs. The chemical cure kinetics of the epoxy resin
system used were studied using differential scanning calorimetry, in order to
investigate the correlation between the strain monitoring results and the
evolution of the curing reaction. A non-parametric cure kinetics model was
developed and validated for this purpose. The effective transverse strain
measured by the FBGs demonstrated high sensitivity to the degree of cure as
a result of the densification of the resin caused by the curing reaction. The
effective compressive transverse strain developed during the reaction, and
thus the corresponding sensitivity to chemical changes, was higher in the
case of the sensing fibre aligned normal to the reinforcement fibres than in
the case of the sensor fibre parallel to the reinforcement fibres. Small but
measurable sensitivity to cure induced changes was observed in the case of
the unreinforced resin.

1. Introduction

Fibre Bragg grating (FBG) sensors are a powerful
measurement tool that can perform internal and surface
monitoring of strain and temperature, useful in manufacturing
processes, impact and damage detection, and structural health
monitoring.

The advantages of FBG sensors include their chemical
inertness, light weight, and small size (typically 80–125 µm
in diameter), which minimizes degradation to the structure
caused by the inclusion of the sensor. The measurand
is wavelength encoded which permits sensor wavelength-

multiplexing, necessary if measurements are required in more
than one location.

An important area of application of FBG sensors is in
embedded structures where they can be used for structural
health monitoring through the lifetime of the structure: from
cure monitoring during the production process of composite
materials [1] through to in-service health monitoring [2] of
the finished product. Composite materials undergo regimes
of expansion and shrinkage during the cure process caused
by a combination of temperature and chemical/material state
changes. The state of residual strain in the final composite part
as well as the development of internal stress during the curing
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process has a significant effect on the quality of the finished
product. In this context, monitoring techniques capable of
following internal stress and strain in real time using fibre
optic sensors become very useful quality control tools in
advanced composite manufacturing. Research in the field has
been focused mainly on the measurement of a wavelength
shift which has been attributed to longitudinal strain, and
temperature using FBG sensors fabricated in single mode (SM)
fibre [3–5]. The effects of temperature are often compensated
using, for example, a reference grating. In this approach the
contribution to wavelength shift due to transverse strain cannot
be experimentally measured or separated from longitudinal
strain contributions.

FBG sensors fabricated in highly linearly birefringent
(HiBi) fibre have been proposed as a solution for multi-axial
strain sensing [6]. In this case, a single FBG written in HiBi
fibre produces effectively two sensors at the same location but
with their transverse strain sensitivities oriented predominantly
orthogonally along the two polarization axes of the fibre. Such
sensors are ideal for transverse strain measurement. Previous
efforts have been limited primarily to theoretical [7, 8] and
finite element [9, 10] studies. An experimental demonstration
to show how two orthogonally oriented sensors from an FBG
written in HiBi fibre respond to transverse load in curing
composites has been reported [11, 12]. This work provided
evidence of transverse strain development during the cure
process from changes in the FBG spectra. There have been a
few reports of characterization of the transverse strain response
of HiBi FBG sensors through application of known loads [13–
16] but these studies do not predict the behaviour when
the sensor is deployed in embedded configurations. More
research is required in order to determine the actual transverse
strains produced by such loading, particularly in real embedded
configurations.

This paper presents the first attempt to monitor
experimentally the curing process of glass fibre composites
and neat resins with FBG sensors written in HiBi (bow tie)
fibre using an FBG demodulation system published recently by
us [15] and outlined in section 3. These FBGs have been used
to monitor the effective strain transverse to the longitudinal
axis of the HiBi fibre by neglecting the presence of possible
shear strain. It is expected that shear strain will be small
during the initial curing, and gelation stages but may be more
significant during and post-vitrification. For the work reported
here, the main objective was to investigate the feasibility of the
use of HiBi FBG sensors to follow and reveal the chemical
resin shrinkage during the cure cycle, and to relate these
measurements to the evolution of the curing material state as
predicted by validated cure kinetics models.

2. Sensor principle

An FBG is a periodic modulation of the refractive index within
the core of an optical fibre and acts to couple a forward
propagating fibre core mode to a backward propagating core
mode at a particular wavelength given by

λB = 2neff� (1)

where λB, neff , and � are the reflected Bragg wavelength,
effective refractive index, and the grating period respectively.

A change in the effective refractive index and/or the grating
period will cause a shift in the reflected Bragg wavelength.
This is the measuring principle upon which physical quantities
such as strain, temperature, force, and pressure can be
measured by the FBG.

The fabrication of an FBG in HiBi fibre results in
two Bragg peaks with centre wavelengths whose separation
is typically 0.5 nm in the two polarization axes of the
fibre. Each Bragg peak satisfies the form of equation (1).
Equations (2) and (3) [8] govern the wavelength response of
the HiBi FBG sensor to strain and temperature when shear
strain and cross-sensitivity in sensor response are neglected.
The equations therefore indicate a linear response. This
assumption is justifiable over practical strain and temperature
ranges [17, 18]. Experiments on the calibration of HiBi FBG
sensitivity to transverse strain have shown very high linear
correlation [9, 16]. This shows that the FBG response to
transverse strain is linear, which suggests that the effect of
cross-sensitivity between the transverse directions may be
neglected with minimum penalty.

λs = λB,s{1 + εa − 1
2 n2

0[p11εs + p12(εa + εf)]

+ (α0,s + ξ0,s)T } (2)

λf = λB,f {1 + εa − 1
2 n2

0[p11εf + p12(εa + εs)]

+ (α0, f + ξ0, f )T } (3)

where λi and λB,i (i = s, f) are the new wavelengths and
the original wavelengths respectively in the slow (s) and fast
(f) axes of the fibre. The constants p11 and p12 are the
Pockels strain-optic coefficients, α0,i (i = s, f) are the thermal
expansion coefficients, ξ0,i (i = s, f) are the thermo-optic
coefficients in the transverse directions, n0 is the average
refractive index along the two orthogonal eigenaxes of the
fibre, T is the temperature of the fibre, and εi (i = a, s, f) are
the normal strain components in the axial and slow and fast
axis directions respectively. These relations can be simplified
to represent wavelength shifts, �λs and �λf , in the slow and
fast axes respectively. Both equations have an axial strain term.
The strain contribution due to temperature can be compensated
for in both equations, given the temperature history of the
sensor measured by other means, e.g. a thermocouple. The
two equations will therefore be considered to have three
unknowns. The equations are subtracted to give an effective
strain that is still transverse to the longitudinal axis of the fibre
(equation (4)). This is still useful for resin cure monitoring
experiments that are focused mainly on following the reaction
in order to show the various stages of the cure process. The
axial strain term, which is common to both equations, is lost
through subtraction. The effective transverse strain is therefore
given by

εf − εs = 2

n2
0(p12 − p11)

[
�λf

λB,f
− �λs

λB,s

]
. (4)

3. Sensor interrogation system

A schematic diagram of the experimental system for FBG
interrogation is shown in figure 1 [15]. The output from
a broad bandwidth super-luminescent diode (SLD) with a
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Figure 1. Schematic diagram of the interrogation system. SLD,
super luminescent diode; PM FFP-TF, scanning HiBi fibre coupled
Fabry–Perot tunable filter; PS, fibre polarization splitter; DAQ, data
acquisition.

HiBi fibre pigtail is coupled into the FBG sensors through
a 2 × 2 HiBi fibre coupler. The reflected signals pass
through a HiBi coupled scanning fibre Fabry–Perot filter (PM
FFP-TF, Micron Optics), and are subsequently split into the
two orthogonal linear polarization components using a fibre
polarization splitter (PS). The spectra of the two orthogonally
polarized reflected signals from the FBG sensors written in
HiBi fibre are recorded separately using two detectors, and
processed in a computer via a data acquisition (DAQ) card and
software analysis built on LabViewTM.

The SLD has a 3 dB bandwidth of 50 nm centred at
1560 nm and the measured power at the output of the fibre
pigtail is 0.6 mW. The DAQ card provides an analogue signal
that drives the scanning FFP filter. The FFP filter has a finesse
of 895 and free spectral range of 5330 GHz (∼42.7 nm).
All components in the interrogation system are connected
using Panda fibre (Fujikura) and HiBi FC/PC connectors. The
connection between the SLD pigtail fibre and the input arm of
the fibre coupler is aligned so that the output powers from the
slow and fast axes are approximately equal in each output arm
of the coupler. The overall extinction ratio of the interrogation
system is measured to be 15 ± 0.5 dB. The PM FFP-TF,
HiBi fibre coupler and PS are attached to an aluminium block
that is thermally stabilized at a temperature of 25 ± 0.5 ◦C.
All measurements of the wavelength are made relative to a
thermally stabilized FBG at a temperature of 25 ± 0.5 ◦C.
This system offers independent and simultaneous real-time
detection of the two orthogonally polarized signals reflected
from FBG sensors in HiBi fibre, thus allowing automated
operation. There is no limitation on the measurable strain
imposed by the resolution of the orthogonally polarized Bragg
peaks.

4. Experimental details

The epoxy resin used in this study was a commercial
multifunctional epoxy system cured with a dicyandiamide
hardener; this is representative of the class of high performance
epoxies utilized in current aircraft composite structures. The
chemical cure kinetics information was gathered using a heat
flux differential scanning calorimeter (DSC) [19]. Dynamic
cure experiments were carried out at 0.5, 1, 2, 4, 6, 8, 10, 15,

and 20 ◦C min−1 and isothermal experiments between 70 and
130 ◦C in 5 ◦C intervals. The samples were encapsulated in
aluminium pans. An empty pan was placed on the reference
side of the instrument. After equilibrating the DSC cell at 60 ◦C
the thermal program was imposed, by following the required
heating rate in the case of dynamic experiments or by jumping
to the cure temperature using a heating rate of 20 ◦C min−1 in
the case of isothermal experiments. The mass of the samples
was kept between 4 and 6 mg, in order to ensure negligible
thermal gradients, and all experiments were duplicated.

FBG sensors were fabricated, in our laboratories, in HiBi
fibre (Fibercore HB1500) at centre wavelengths in the 1550 nm
region. The HiBi fibre was pressurized to 150 bars in hydrogen
for a period of two weeks before the FBG inscription. Each
FBG that was fabricated resulted in two Bragg peaks separated
by 0.35 nm in the two polarization axes of the fibre. The
FBGs were annealed at 200 ◦C for about 4 h to ensure that
the wavelength was stabilized against thermal related decay in
refractive index modulation.

FBG cure monitoring experiments of unidirectional glass
fibre/epoxy composites and of neat resins were performed
using the configuration illustrated in figure 2. The glass fibre
prepreg was cut into layers measuring 25 mm × 15 mm to fit
into a heated copper cylinder with a rectangular opening of
similar dimensions. The cylinder was surrounded by heating
elements controlled by a Eurotherm temperature controller.
Smaller specimens were preferred in order to have a more
accurate temperature control of the cure profile by minimizing
thermal lag between the heating tool and the HiBi FBG
embedded in the middle of the specimen. The cylindrical
geometry of the heating tool provided a more uniform heat
distribution on the specimen. The proximity of the specimen
boundaries of such relatively small specimen sizes to the
embedded FBG is therefore considered to have insignificant
influence on the measurements. The temperature of the
heating element was measured using a thermocouple placed
in an opening on the wall of the hollow cylinder. A second
thermocouple was placed in the rectangular opening in contact
with the curing material in order to record the actual thermal
profile followed by the resin. The HiBi fibre containing the
FBG sensors was embedded in the uncured composite coupon.
In all experiments, the slow axis of each of the HiBi FBG
sensors was aligned in the plane of the material (figure 2). The
axes of the HiBi fibre were identified through observation of
the diffraction pattern from the fibre when illuminated from
the side with a helium neon laser source [20]. The translation
stages in figure 2 were used for fixing the HiBi optical fibre
containing the FBGs and could be used to pre-strain the FBG
so that any possible compressive axial loads during the initial
stages of the cure process could also be detected.

One experiment was carried out with a HiBi FBG sensor
embedded in a glass fibre composite and aligned normal to the
reinforcement fibres. The FBG sensor was embedded into an
eight-layer composite coupon, four layers below the top layer,
such that the optical fibre was normal to the reinforcement
fibres. Prior to cure, pressure was applied to the specimen in the
out-of-plane direction, but the specimen was left unconstrained
in the axial direction.

The next experiment was carried out with a HiBi FBG
sensor embedded in a glass fibre composite and aligned parallel
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Figure 2. Schematic diagram showing the experimental configuration of the cure monitoring experiments and the alignment of the
polarization axes of the HiBi fibre in the material.

to the reinforcement fibres. The HiBi fibre was sandwiched
between layers 6 and 7 of the eight-layer composite (figure 2).
The specimen was left unconstrained from the top as well as
in the axial direction.

A third experiment was performed with a HiBi FBG sensor
embedded in neat resin. The purpose of this experiment was to
assess the effect of the presence or absence of the reinforcement
fibres in the resin on the FBG sensor response. The specimen
was sandwiched between two copper plates spaced by Teflon
that acted as a releasing agent to allow free movement of the
sample from the copper plates during the cure. Pressure was
applied initially to the specimen in the transverse direction but
the axial direction was left unconstrained. The FBG sensor
was aligned such that the slow axis lay in the plane of the
specimen.

In all cases the cure was performed at a temperature of
about 100 ◦C. The temperature was increased linearly up to
the cure temperature within 5–10 min and then maintained at
a constant value until completion of the cure. As the geometry
of the experimental set-up imposed a thermal lag between the
control temperature and the actual temperature in the curing
material, which was not absolutely reproducible over different
experiments, slight variations in the actual thermal profiles
were observed. The use of an appropriate cure kinetics model,
discussed in the following section, removes any limitations
imposed by this fact on the comparative interpretation of the
results: the comparison is carried out on the basis of material
state as characterized by the degree of cure.

5. Cure kinetics results and modelling method

The raw DSC signals were transformed to cure kinetics
information by assuming that the reaction rate was connected to
the heat release rate with a proportionality relation and by using
an appropriate algorithm for the integration of the heat flow
curve. The integration algorithm used for the dynamic heating
runs was proposed by Bandara [21] and constitutes an iterative
determination of a baseline that fits the initial and final slopes of
the DSC signal and changes gradually from one to the other at
intermediate points. The integration of isothermal DSC traces
was performed using a horizontal baseline tangential to the end
plateau of the reaction signal. The need for this type of baseline
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Figure 3. Reaction rate versus time in low temperature isothermal
DSC cure experiments.

0

0.05

0.1

0.15

0.2

0.25

0 10 20 30 40 50 60 70 80
Cure time (min)

R
ea

ct
io

n
 r

at
e(

1/
m

in
)

130 °C
125 °C
120 °C
115 °C
110 °C
105 °C

Figure 4. Reaction rate versus time in high temperature isothermal
DSC cure experiments.

was dictated by the experimental conditions that disallowed
any adjustment of the baseline, as changes in the specific heat
capacity of the resin resulting from the cure should not play
any role under isothermal conditions.

The total heats of reaction estimated by the integration of
the heat flow curves are given in table 1. The total heat of
reaction is 533 ± 13 J g−1 and does not depend on the heating
rate of the experiment. Knowledge of the total heat of the
reaction allows the translation of the DSC data into reaction
rate or conversion curves. Figure 3 depicts reaction rate versus
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Table 1. Total heat of reaction at different heating rates.

Rate (◦C min−1) 0.5 1 2 4 6 8 10 15 20 Average Deviation

Heat (J g−1) 530 510 523 525 547 530 540 546 546 533 13
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Figure 5. Reaction rate versus time in low heating rate dynamic
DSC cure experiments.
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Figure 6. Reaction rate versus time in high heating rate dynamic
DSC cure experiments.

time curves for low temperature isothermal cures and figure 4
the corresponding data for high temperature isothermal cures.
The curves are characteristic of the autocatalytic cure kinetics
of the system, with a maximum in reaction rate appearing at
intermediate stages of the cure [19]. The reaction duration
ranges from 1100 min at 70 ◦C to 30 min at 130 ◦C. The results
of dynamic runs are given in figures 5 and 6. The reaction under
dynamic conditions is dominated by a single peak.

A cure kinetics model of the form of equation (5) is
required in order to compute the evolution of the state of the
material, as expressed by the degree of cure

dα

dt
= f (α, T ). (5)

Here α denotes the degree of cure, t the cure time and T the
temperature. The aim of cure kinetics modelling is to identify
the unknown functional expression. This can be achieved
either explicitly by fitting a parametric model to experimental
data or by combining experimental data and an interpolation
routine into a computer code that accepts a degree of cure–
temperature point as an input and returns a value for the

0

0.2

0.4

0.6

0.8

1

0 50 100 150 200 250 300 350 400
Cure Time (min)

D
eg

re
e 

o
f 

C
u

re

Experimental Results

Non Parametric Model

85oC90oC

100oC
110oC

120oC
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Figure 8. Comparison of cure kinetics model and experimental
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reaction rate. The two approaches yield equivalent results
when they are based on the same set of experimental data;
however, one might be preferred over the other depending
on the trade-off between the cost of obtaining a dense set
of experimental data and the cost of finding and fitting an
appropriate functional expression [22]. The procedure adopted
here is that of non-parametric modelling. Details of the model
algorithm are given elsewhere [22].

In order to evaluate the performance of the model,
which was subsequently used for interpretation of the FBG
strain monitoring results, experimental curves obtained by
integration of the reaction rate versus time curves are compared
with the model results in figures 7 and 8. It can be observed
that the non-parametric model follows the results of the
experiments very closely. Deviation of the model results from
the DSC results is observed only in the latest stages of the
cure under isothermal conditions. This can be explained by
the operation of the non-parametric model as an interpolation
routine that forces a zero reaction rate when the point in the
degree of cure–temperature plane at which the reaction rate is
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Figure 9. Out-of-plane and in-plane FBG wavelength shifts, temperature, and degree of cure versus time for the experiment with the HiBi
fibre normal to the reinforcement fibres. , FBG wavelength shift measured out of plane; , FBG wavelength shift measured in plane;

, degree of cure; •, temperature.
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Figure 10. Effective transverse strain, temperature, and degree of cure versus time for the experiment with the HiBi fibre normal to the
reinforcement fibres. , effective transverse strain; , degree of cure; •, temperature.

calculated is not enclosed by experimental points. In the case of
high degrees of cure in isothermal conditions the experimental
curve at a lower temperature does not include the conversion
point, and consequently the reaction rate value becomes zero.

6. Cure monitoring results

Figure 9 shows the evolution of the degree of cure as a
function of time together with the temperature profile and
the wavelength shift of the FBG sensor monitored in both
polarization axes of the HiBi fibre. The wavelength shift
has been compensated for temperature effects i.e. thermal
expansion and thermo-optic effects, combining data from the
thermocouple with data obtained from our previously reported
characterization of the properties of HiBi FBG sensors [16].
The wavelength shift shows that the wavelength of the FBG in
each axis becomes shorter during the initial stages of the cure
but the difference between the two is approximately constant,
implying no transverse load during this period. The decrease
in the wavelength shift may be associated with the release of
pressure that was applied initially to the specimen bearing the
FBG sensor and to a thermal lag possibly occurring between
the thermocouple and the FBG sensor embedded at slightly
different spatial locations. When this pressure was applied to
the specimen, a Bragg wavelength shift was observed from the
FBG sensor. This shift can be reversed when the pressure
is relieved through an increase in temperature due to the
softening of the material surrounding the FBG sensor. After

approximately 5 min the separation between the wavelength
shifts increases, implying an increase in the transverse load.
The separation between the two decreases after approximately
20 min, signifying a decrease in transverse load. The constant
wavelength separation after 50 min means that there is no
change to transverse load and this is indicative of a near
complete reaction whereby the final state of the material is
being defined.

Figure 10 illustrates the degree of cure and temperature
alongside the effective transverse strain that was calculated
using equation (4). Region A of the figure shows an increase of
effective transverse strain (∼210 µε) during which the reaction
is still insignificant. This increase in effective transverse strain
is therefore largely associated with the thermal expansion of
the specimen during heating up and a minor contribution from
the release of the pressure applied initially to the specimen.
In region B the effective transverse strain decreases by about
160 µε which can be associated with the curing reaction since
it occurs during the fast reaction time regime. The effective
transverse strain is approximately constant at 60 µε in region
C of the figure, thus implying a near complete cure reaction.
The thermocouple temperature profile was found to be noisy,
particularly in the fast reaction time regime, and this was
found to be the case in all subsequent experiments described
here. The temperature data were therefore smoothed using an
adjacent averaging technique before being used in the strain
analysis. The noise on the effective transverse strain data was
found in all experiments. It may arise from a strain transfer
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Figure 12. Effective transverse strain, temperature, and degree of cure versus time for the experiment with the HiBi fibre embedded in
unreinforced resin. , effective transverse strain; , degree of cure; •, temperature.

coefficient between the fibre and the specimen that is poor,
particularly when the specimen is in a liquid state. Also,
noise may result from the subtraction of two uncorrelated data
sets containing fractional wavelength shifts from orthogonal
transverse directions.

The effective transverse strain indicated by measurements
from the HiBi fibre containing the FBG sensor arranged
parallel to the reinforcing fibres is illustrated in figure 11. The
behaviour may be considered to be similar to that observed
in the case of the HiBi FBG sensor arranged normal to the
reinforcing fibres, but with the curve extending past the initial,
quiescent strain to negative strain. The effective transverse
strain measured in region A of the figure may be attributed
to the thermal expansion of the specimen during heating up.
The measured values decreased by about 80 µε in region B
in which the bulk of the cure reaction takes place and this
effect is therefore associated with chemical shrinkage. Region
C of the figure shows a near constant effective transverse
strain (∼−40 µε), signifying a cure reaction that is nearing
completion.

Figure 12 depicts the effective transverse strain
measurement for a sensor in unreinforced resin. The behaviour
is qualitatively identical to the previous case (figure 11). The
increase in effective transverse strain in region A of the figure
is largely attributed to thermal expansion of the specimen
during heating up and a minor contribution from the release
of the pressure initially applied to the specimen as discussed
before. When the reaction occurs, in region B, the FBG
sensor measures a decrease in effective transverse strain of

about 70 µε. Region C of the figure shows an effective
transverse strain that is approximately constant at 15 µε, thus
signifying a near complete cure reaction. The decrease in
effective transverse strain measured in region B, as expected, is
in agreement with that of the FBG sensor aligned parallel to the
reinforcing fibres in the composite (figure 11), for both cases
involve a resin rich environment surrounding the FBG sensor.

The relation between effective transverse strain and
the progress of the reaction can be ascertained from the
correlogram given in figure 13 for the three cases studied here.
For clarity, only the points corresponding to the interval of
fast reaction were included. It can be observed that in all
cases effective transverse strain is a decreasing function of
the degree of cure. A linear regression was performed in
order to evaluate the quality of the correlation. Although
the noise in the FBG signals causes some scattering of the
points, the correlation is high. Consequently, the effective
transverse strain as calculated using equation (4) successfully
follows the chemical shrinkage. The results reported here
can be further enhanced by the use of a non-linear relation
between the degree of cure and chemical shrinkage. Recent
reports in the literature have shown that different resin systems
have different behaviour as far as the shrinkage–degree of cure
relation is concerned [23, 24]; the use of a model appropriate
for this resin system would improve the correlation.

The average sensitivity of the effective transverse strain
to the degree of cure as obtained by calculation of the
slope of the regression lines for the three cases is given in
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Figure 13. Correlation between progress of cure and effective
transverse strain for three experimental cases. �, HiBi fibre normal
to reinforcement fibres, R2 = 0.9546; ◦, HiBi fibre parallel to
reinforcement fibres, R2 = 0.9239; ��, HiBi fibre embedded in
unreinforced resin, R2 = 0.8141.

Table 2. Sensitivity of effective transverse strain measured by the
HiBi FBG sensor to degree of cure.

Case FBG sensor FBG sensor
normal to parallel to
reinforcement reinforcement Isotropic
fibres fibres material

Sensitivity (µε) −280 −120 −100

table 2. The sensitivity coefficients indicate that the response
is significantly stronger in the case of the FBG sensor oriented
normal to the reinforcing fibres. When the FBG sensor is
placed parallel to the reinforcing fibres, the sensitivity is
observed to be slightly higher than in the case of isotropic
material. These results may be interpreted by consideration of
the loading situation around the HiBi fibre during shrinkage.
As the geometry of the curing material is planar it is expected
that shrinkage will occur as compression in the thickness
direction. In the vicinity of the HiBi fibre the material will
tend to rearrange itself around the HiBi fibre, at least while the
material has not reached a near solid state. The rearrangement
will be significantly easier in the case of unreinforced resin,
thus resulting in low sensitivity of the sensor response. In
addition, reinforcement fibres parallel to the sensor axis find
it easier to move during compression than normal fibres, with
the result of significantly higher sensitivity in the latter case.

7. Discussion

A full characterization of the state of internal stress for a
curing composite requires a complete three-dimensional (3D)
strain measurement to be performed. Such an experimental
approach would enable the state of residual strain to be
fully determined. Simultaneous use of several individual
FBG sensors oriented in different directions in the material
could be seen as a potential experimental tool to this end.
However, such a methodology suffers from the fact that the
3D measurement would not be performed at one location. In
addition, potential erroneous measurements may result from
fibre to fibre interaction, particularly for fibres placed in close
proximity, as previous research has indicated the existence of
stress concentrations within four fibre diameters in the vicinity
of an embedded fibre [25]. This approach is therefore limited
in its applicability.

Localized 3D strain measurements can in principle be
performed from measurements in the shift of four different
FBG wavelengths if the principal strain directions are known.
In this case the four wavelength shifts are induced by the
three normal strains and temperature. This can be achieved
by gratings in HiBi fibre with sufficiently different strain
coefficients and one way is to use two different wavelengths
for collocated FBGs. However, if principal strains are not
known or if complex strain fields exist in the locality of the
fibre this method will not measure 3D strain and additional
measurements will have to be made in order to extract shear
strain components in addition to the normal components.

8. Conclusions

Effective transverse strains have been measured using FBG
sensors written in HiBi fibres in a curing resin and in glass
fibre/epoxy composites. The results of strain monitoring
experiments were interpreted using a non-parametric model
that was applied to the reaction kinetics of the cure process.
The effective transverse strain measured was a difference
between two normal components but the two components
are not separable. The results indicate that the measured
effective transverse strain was able to follow both the thermal
and the ‘chemical’ dimensional changes of the epoxy resin
by comparing with the cure kinetics model predictions. The
measured effective transverse strain showed a very strong
correlation with the progress of the reaction, indicating that
the technique was able to follow and reveal the chemical resin
shrinkage during the cure cycle, as supported by validated cure
kinetics models. This preliminary work serves to demonstrate
the potential of the technique and provide a platform for further
instrument development before it can be utilized for the critical
task of chemical shrinkage monitoring during the cure where
complete 3D quantitative measurements may be required.

The responsivity of transverse strain to chemical shrinkage
depends on the loading situation in the vicinity of the HiBi
fibre and consequently is a function of the orientation of the
reinforcing fibres in contact with the HiBi fibre containing
the FBG sensor. The interpretation of the results has been
simplified by assuming that the principal strain axes are
known and remain fixed. However, it may be more complex
considering the complex loading situation likely to exist in the
vicinity of the fibre.
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