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Abstract: Composite materials have increased in use across multiple industries due to their low
weight, thermal stability and design flexibility. As applications grow, the importance of accurate
process-monitoring techniques grows, with various research teams investigating a variety of in
situ cure-monitoring sensors. Photonic integrated circuits (PICs) can be a feasible solution in
tracking curing cycles due to their resistance to harsh conditions and ease of integration into
the production tool. This paper demonstrates the integration and performance evaluation of
an embedded phase-shifted Bragg grating solution, instead of commonly used fiber sensors,
based on 220 nm height silicon-on-insulator platform for in-situ monitoring of the RTM-6 resin
curing process in a composite tool. The embedded optical sensor presents high sensitivity (75
pm/°C) and linearity (R2=0.995) up to 120 °C, enabling precise temperature measurements
throughout the curing cycle. The experimental results show consistency with previously reported
simulations, throughout the calibration, dry run characterization and the curing process, up to
120 °C, allowing for accurate monitoring of the curing process.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Composite materials have been widely used in various engineering fields such as aerospace,
aeronautics, automotive and railways since compared to traditional metal alloys, have allowed
significant weight reduction, high thermal stability and design flexibility [1]. One of the most
cost-competitive manufacturing processes for composites is resin transfer moulding (RTM), in
which dry reinforcement fibres are placed into a mould, then the mould is closed, and resin
is injected. [2]. The in-situ measurement of RTM parameters such as temperature, injection
pressure and flow rate play fundamental role for the occurrence of variations in resin properties,
preform characteristics and error procedures.
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In advanced composite applications, achieving a specified resin cure state is a critical quality
objective because the completion of the polymer conversion process is directly related to the
mechanical performance of the final product [3]. To capture the effects of this variability, the cure
process for each individual part must be monitored. Among the most commonly used methods
of tracking temperature variations, the use of thermocouples, capacitive sensors and fiber Bragg
grating sensors is especially notable [4].

The electrical solutions noted above can be bulky in size, both in terms of wiring and sensors,
making them difficult to embed in composite tools. More importantly, their susceptibility to
electromagnetic interference and limited range makes their use in carbon fibre composite tools
prohibitive [5]. Photonic structures can bridge that gap, with optical fibre configurations already
deployed in sensing applications [6–8], for structural health monitoring [9,10] and especially in
the composite industry [11–14]. However, these sensors are either embedded at a certain depth
in the tool or the produced part, making monitoring at the tool-resin interface difficult.

In recent years, the implementation of optical sensors in integrated photonics platforms has
advanced as a promising method due to their robustness to harsh environments, miniaturization
potential and rapid response. Implementing optical sensors in integrated photonics platforms,
yields certain advantages, namely response speed [15], immunity to electromagnetic interference
[16], miniaturization potential [17,18], and ability to multiplex signals [19], while the photonic
structures can be placed right on the surface of the production tool, allowing better monitoring of
the resin’s curing cycles.

As was previously demonstrated [20,21], photonic integrated circuits (PICs) based on 220 nm
height silicon-on-insulator platform were embedded in a composite tool used to produce high
quality RTM-6 composite parts. Prior work presented in [22] included the optical sensor design,
the lab calibration and the in-tool characterization in a dry run setup. The present study follows
this work, demonstrating a photonic sensor embedded in a composite tool, infused with a resin
curing at 120 °C. Throughout the curing process, the sensor exhibits high sensitivity (75 pm/°C),
high linearity (R2= 0.995), and operating up to the curing cycle of the resin. We illustrate the
experimental curing process by injecting RTM-6 resin into a composite tool comparing the
precise temperature data of the optical sensors under test with that of the electrical sensors
(thermocouples) which enables the real-time temperature monitoring across the curing cycle.

Fig. 1. Schematic of a phase-shifted Bragg grating structure and its reflection spectrum.
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Fig. 2. Reflection spectrum comparison between a regular Bragg grating (a), and a phase
shifted one (b), fabricated on a silicon photonics platform.

2. Materials and methods

2.1. Integrated Bragg grating structure

The optical structure chosen for the implementation of the sensor, is a Bragg grating, created
through the periodic corrugation of a silicon waveguide’s sidewall. Due to this periodicity in the
structure, a part of the radiation spectrum is reflected, with the response being highly dependent
on the temperature, as the rise in temperature causing a red-shift in the reflection spectrum.
As the temperature change is tracked using the central wavelength of the reflection lobe, it is
imperative to reduce the bandwidth of this lobe, for an increase in accuracy. This is achieved
with the use of a phase shift, i.e. an uncorrugated period, right at the center of the structure. This
causes a narrow dip at the reflection lobe, allowing for an accurate tracking of the temperature
variations. Figure 1 presents the operating principle of an integrated Bragg grating, with the
incident and reflected radiation also visible.

The difference in the reflection spectrum between a regular and a phase shifted Bragg grating,
can be seen in Fig. 2. As the dip of the phase shifted structure has a much narrower bandwidth
than the lobe of the regular structure, the accuracy in temperature tracking is increased.

As presented in [20,21], the sensor is fabricated on a 220 nm silicon on insulator platform,
using a multi-project wafer (MPW) service by IMEC, specifically the iSiPP50 G platform [23].
After fabrication, the sensor PICs were coupled with an optical fiber and packed in a protective

(a) (b)

1 mm

Fig. 3. (a) The packaged sensor layout, (b) and the integrated sensors embedded in the
composite tool. The middle part of the figure presents the optical microstructures integrated
on chip.
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metal tube as described in [24,25]. The resulting temperature sensor probe can be seen in
Fig. 3(a). The packaged sensors are embedded in the composite tool utilizing through thickness
reinforcement (TTR) techniques [26], namely surrogate pinning, inserting dummy pins into the
preform, substituting them with the packaged sensors after the end of the curing cycle. Figure 3(b)
depicts the surface of the composite tool with the integrated optical sensor, exhibiting its small
size (1 mm x 1 mm). At the middle part of the figure, the top-view of the silicon waveguide are
visible.

2.2. Bragg grating design

In our previous work, the waveguided modes, and their associated effective index value (neff ) of
the Bragg grating design process were calculated using the finite difference eigenmode (FDE)
computational tool of Lumerical commercial packages. As expected, the highest thermooptic
coefficient of silicon can justify the high sensitivity in temperature change and as such, only TE
structures were used in the testing phase. The electric field intensity distribution of a structure
with a width of 450 nm and a height of 220 nm is shown in Fig. 4. It is also validated that the
propagating TE mode has a high confinement into the silicon core.

Fig. 4. Electrical field intensity distribution inside the Bragg grating waveguide.

Fig. 5. Reflection spectra for phase shifted Bragg gratings of 328 nm, dw= 20 nm, N= 200
for temperatures of 23 °C, 120 °C and 220 °C.
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Following the waveguide modes calculation, a propagation simulation was by applying
Lumerical’s EME (eigenmode expansion) propagation solver. Utilizing the thermooptic modelling
of silicon, with the refractive index varying according to its temperature, the results for the
thermo-optic sensitivity (85 pm/°C [22]) are obtained. Figure 5 depicts the reflection lobes when
temperature changes emerge in the Bragg grating with Λ= 328 nm and dw= 20 nm and 200
periods.

2.3. Experimental testbed

As an extension of previous work, Fig. 6 shows the steps of the experimental process including
injection resin. The packaged sensor presented in the present work was initially characterized
in a lab setup and the model produced from these measurements is then used to translate
the dip in the reflection lobe, to a temperature value, after the resin infusion. This model is
then used for a comparison to the thermocouple values, as well as the model produced by the
optical-thermocouple measurements, in the curing phase.

It must be noted that the tool is self-heating eliminating the need for an oven or autoclave. The
self-heating fabric – TIBGRID 110-ISO TTI-0.93 – is thin enough to be to be layered between
the folds of benzoaxazine-preimpregnated fabric and co-cooked inside the skin. The epoxy resin
used is an Epikote RIMR 035c/Epikure RIMH 037, from Westlake, with a curing temperature of
120°C. Next, the tool is heating with a temperature ramp to prepare the mold for the resin curing
cycle. When the tool preparation is complete, the liquid resin is poured into the mold.

Throughout the process, an optical experimental setup comprised of a regular computer, a fiber
interrogator, and an optical filtering configuration comprised of the polarizer and polarization
controllers can acquire photonic data. For the temperature control of the heating process,
electrical components (thermocouples) are utilized as well as for the calibration of the optical
sensors, in a dry run setup. As the thermal resistivity of the composite tool complicates the

Fig. 6. Stages followed during the curing process.
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accurate control of the heating process, the required thermocouples are placed directly at the
self-heating fabric, as shown in Fig. 7. After the initial calibration run in a dry run setup, the resin
is infused inside the tool, and the temperature as assessed by the optical sensors, is compared to
the thermocouple data.

a) b)

Thermocouples

Heaters

Fig. 7. Placing (a) heaters (b) thermocouples at the carbon-fibre fabric.

Specifically, the photonic structure is tested using commercial laser (2 mW) interrogator [27]
(FAZT I4 G) to cover up to 39.2 nm in the C-band, reading the Bragg structure spectrum. It
is important to emphasize that the interrogator provides a qualitative picture for the power
measurements. This is not a critical limitation, as the wavelength shift is the main matter of
interest.

When a dry run takes place for calibration purposes, the sensors are vacuum tested to ensure
that they are capable of handling the pressure of resin injection over multiple cycles. In this
study, the sensors are evaluated when a liquid resin infusion is included. The challenges of
testing sensors during resin injection stem from the dynamic and demanding nature of the
process, including pressure variations, material compatibility, abrasive conditions, temperature
considerations, real-time monitoring requirements, sealing integrity, and the need for repeatability
over multiple cycles. Addressing these challenges is essential to ensuring that the sensors can
perform their monitoring functions in resin injection applications in an accurate and reliable way.

The data is processed using a second-type Chebyshev filter for high execution speed, allowing
fast monitoring and control. The filter’s passband and stopband frequencies are optimized, with
attenuation set to 100 dB and 0.1 dB ripple.

3. Experimental results

This section presents the outcomes of the Bragg grating sensor from the spectra acquired during
the dry run and curing processes. The initial dry run conditions are defined as test run status in
which the Bragg grating sensor measures accurate temperature at a dynamic range of 35°C up to
100 °C, as shown in Fig. 8. It should be noted that the linear sensitivity of ≈ 0.075 nm/°C of Bragg
sensor measured in lab conditions, is consistent with the results from the optical simulations
reported in [22]. Starting at 35°C, a red-shift of 1.875 nm and 4.125 nm leads to a 25°C and 55°C
difference, respectively. The sensor was calibrated up to 100°C using the reference thermocouple
probe in close proximity to the sensor under test. Figure 9 demonstrates the initial calibration of
the sensor, with the temperature as measured by the thermocouples (blue line) and the temperature
as recorded by the optical sensors (red dots).

A difference from the simulated results must also be noted, namely the bandwidth of the
reflection spectrum, and the reflection dip in particular. This effect can be attributed to deviations
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Fig. 8. Recorded reflection spectra for a Bragg grating sensor, at temperatures: (a), 35, 43,
50 (b) 60, 70 80, (c)` 80, 90 100°C.

of the structures due to fabrication, especially in the shape of the sidewall corrugations, as the
gratings’ edges become smoother [28], due to diffraction effects in the photomask.

It is also worthy of mention that the wavelength of the dip of the reflection lobe is assigned to
the temperature value obtained by the thermocouples. This alignment between the Bragg grating
sensor and thermocouple readings of the in-tool dry characterization during heating time is then
used for the curing process measurements.

The reflection spectra of a second embedded sensor are presented in Fig. 10, in a dry run setup
with a temperature range close to room temperature conditions (30-40°C). The sensor is sensitive
to misalignments between the chip and the optical fiber, and the signal was lost beyond that range.

The resin cure state is achieved in the second part under the application of a specific heating
cycle. Figure 11(a) and (b) reveal the reflection spectra at multiple temperature values after the
resin infusion (90°C up to 120°C). As before, the shifting of wavelength confirms this temperature
difference. Figure 12 provides the temperature as measured by the optical sensors (red dots) and
the thermocouples (blue line). The x-axis represents the time of the curing process, including the
ramp stage (from 70°C to 90°C), the injection (90°C) and the curing phase (after 90°C). The
total difference between the optical and electrical (thermocouple) values is determined at 1-5%
and is demonstrated as the yellow bars. This disparity is due to the location of the sensors, with
the thermocouples being installed near the heaters while the optical sensors are located right at
the edge of the tool, therefore sensing the resin’s condition with higher fidelity.
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Lastly, Fig. 13 compares the linear model of the sensor’ dry calibration (R2=0.995), with the
sensing during injection and curing stage and its fitted model (R2=0.988). The y-axis represents
the Bragg resonance of the sensors, i.e. the wavelength of the dip in the reflection lobe with the
x-axis demonstrating the temperature. The obtained response of the regression model during
resin injection, proves the existence of small but noticeable temperature discrepancies, between
the resin and the thermocouples used for heating control, as the thermal conductivity of epoxy
resins (0.15–0.25 W/mK) [29] is an order of magnitude higher than that of air (0.026 W/mK)
[30]. Finally, there was no apparent shift of the photonic sensors at the same temperature, before
and after the injection, i.e. after the heating-up, vacuum was induced to assist the injection,
something that was not recorded by the photonic sensors. These results are reinforcing the need
for the deployment of miniaturized optical sensors at the edge of the tool, closely monitoring the
curing temperature of the resin.

Fig. 9. The optical sensor calibration up to 100 °C regarding thermocouple data during
in-tool dry characterization.
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 for a dry run 
setup.

Fig. 10. Reflection spectra of a second sensor, embedded in the composite tool, for 30, 34
and 40°C, for a dry run setup.

℃ Fig. 11. Recorded reflection spectra for a Bragg grating sensor, at temperatures: (a), 90, 91,
95 (b) 105, 120°C, after the resin injection.

Fig. 12. Comparison of thermocouple and Bragg grating sensor temperature measurements
during the resin curing process after the 80 °C.
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Fig. 13. Sensor calibration (red line), resin temperature (blue line) as measured by the
optical sensor and its fitted model curves (blue dotted line).
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4. Conclusions

This study demonstrates the successful integration and proof of concept demonstration of a
photonic integrated circuit (PIC) based on a 220 nm height Silicon-on-Insulator platform for
in-situ monitoring of the temperature during the resin curing process in composite tools. The
small size, electromagnetic immunity and fast response of the photonic structures enable the
accurate monitoring of resin curing cycles. The embedded phase-shifted Bragg grating sensors
exhibit high sensitivity (75 pm/°C) and linearity (R2=0.995), operating up to 120 °C, allowing
precise temperature measurements throughout the curing cycle. The optical sensors went
through calibration, dry run characterization, and curing process measurements, with the small
variations in measurement caused by the local temperature profile in the tool-resin interface. The
experimental results validate the effectiveness of the proposed Bragg grating sensor, while also
highlighting its constraints, making it a promising solution for measuring accurate temperature
in advanced composite manufacturing processes such as resin transfer molding (RTM).
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