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ABSTRACT 

In this study, a combined cure monitoring system development comprising dielectric spectroscopy 

(DEA), direct current (DC) resistivity, ultrasound, fibre-Bragg gratings (FBG) and temperature sensors 

for the Resin Transfer Moulding (RTM) process is presented. This system is capable of monitoring cure, 

3D flow front, flow rate, pressure and temperature using embedded and tool-mounted sensors. An RTM 

mould with a heating capability has been designed with sensor ports. In order to assess this multi-sensing 

approach, some preliminary investigations were performed using a slow curing epoxy (Prime 20 LV) 

and a slow curing unsaturated polyester (Crystic 701PA) thermoset resin systems. An E-glass fibre 

multiaxial reinforcement system was used. Two-stage cure monitoring experiments (room temperature 

cure followed by a post-cure cycle) were performed. The changes in signals indicated flow front arrivals, 

temperature ramps and state of resins. This paper presents the techniques, multi-sensing approach and 

preliminary results.  

 

 

1 INTRODUCTION 

The behaviour of liquid thermoset resins and, in particular, their interactions with dry fibre 

reinforcement are significant contributing factors to process and product variability in Liquid Composite 

Moulding (LCM) processes, such as resin transfer moulding (RTM) [1]. This stems from the 

requirement for intimate mixing of resin and reinforcement to produce a composite material, at the same 

time as the product itself is formed. The combination of these stages into a single manufacturing process 

generates a broad scope for variability in the quality of the product. Online measurement of resin 

properties during the process is therefore a key enabler for process optimisation, informing the control 

of processing conditions to achieve optimal and predictable resin behaviour.  

A broad range of suitable cure monitoring techniques have been presented and assessed in the 

literature, capable of probing properties such as: electrical (e.g. dielectric, direct current) [2], [3], 

acoustic (e.g. ultrasound) [4], optical (e.g. infrared and Raman spectroscopy) [5], [6], thermal (e.g. 

thermocouples, thermistors) [7], as well as dimensional variations (e.g. fibre Bragg gratings, pressure 

sensors) [8], [9]. However, while there is a growing need to evaluate these technologies in realistic 

manufacturing processes and environments, examples of simultaneous application of such techniques to 

LCM processes are limited [10], [11].  

In this study, a combined monitoring approach, utilising dielectric spectroscopy (DEA), direct 

current (DC) resistance, ultrasound, fibre Bragg gratings (FBG), and temperature sensors, has been 

applied to the RTM manufacture of flat panels. Results are presented for two industrial grade, slow 

curing thermoset resin systems with E-glass multiaxial fibre reinforcement. These are the first in a set 

that will aim to evaluate the performance and practicalities of using the various monitoring systems with 

different resin – reinforcement combinations. 
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2 METHODOLOGY  

The RTM setup employed in this work comprises:  

 aluminium base mould (sample area: 200 mm x 600 mm) with glass upper mould section 

and adjustable cavity height (0 – 30 mm),  

 oil-heating unit capable of temperatures up to 200 °C,  

 injection machine capable of resin injection pressures up to 3 bar (gauge), with heated resin 

pot and hose.  

Resin enters the mould cavity via a single injection port at one end of the base unit, with a single vent 

located at the opposite end, and cured samples are demoulded with the aid of an air ejector in the lower 

half of the mould. The cavity height was set to 3 mm. 

The lower half of the mould also contains 11 sensor ports, which were equipped with six pressure 

sensors, four coaxial electrode sensors, and one interdigitated electrode sensor, as shown in Figure 1. 

 

 
 

Figure 1: Lower tool configuration, numbered as: (1) pressure sensors, (2) coaxial electrode sensors 

for flow front detection, (3) interdigitated electrode sensor, (4) resin inlet, (5) resin outlet. 

 

As well as these durable, tool-mounted sensors, an embedded, disposable interdigitated electrode 

sensor was used to conduct DC resistance measurements between the central plies of the laminate, for 

comparison with surface measurements from the tool-mounted electrode sensors. A multiplexed FBG 

fibre optic, also embedded, was employed for resin flow-front, cure (via strain evolution), and 

temperature measurements. Pulse-echo ultrasound was investigated as a non-intrusive monitoring 

technique, with the transducer mounted externally on the upper mould. 

 

2.1 DC resistance 

Under a static electric field, the electrical resistance of a polymeric material is dominated by the 

mobility of ionic species within. Changes in the state of polymeric resins during LCM processing that 

affect ionic mobility can hence be inferred from in-situ resistance measurements [12].  

Both tool-mounted coaxial and embedded interdigitated electrode sensors supplied by Synthesites, 

with integrated Pt100 temperature sensors, were used to probe changes in the resins resistance during 

the course of the manufacturing process. While the tool-mounted sensor achieved this at the component-

tool interface, the embedded sensor placed halfway up the reinforcement stack enabled measurement in 

the bulk laminate. Three tool-mounted flow sensors were used along the length of the cavity for resin 

arrival detection. Synthesites OptiMold and OptiFlow data acquisition units were used for cure and flow 

monitoring respectively, operated via the OptiView software package. 

 

2.2 Dielectric analysis 

Dielectric analysis (DEA) probes the response of a material to an applied alternating electric field. 

In the case of polymeric resins found in fibre reinforced polymer (FRP) composite materials, frequencies 

across the Hz – MHz range are generally employed [13], [14]. The applied field is attenuated and phase 
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shifted as it interacts with a polymeric sample, due primarily to induced ionic and dipole motions [15], 

hence enabling the complex capacitance or impedance of the sample to be measured. From this data, it 

is possible to determine the complex permittivity of the sample material, i.e. permittivity, ε’, and 

dielectric loss, ε’’, which can be used to characterise the materials viscoelastic behaviour.  

A durable, tool-mounted interdigitated electrode sensor supplied by ADVISE, with integrated T-type 

thermocouple, was used to probe the dielectric response of resin at the component-tool interface. 

Impedance measurements were conducted with a Solartron 1260A frequency response analyser coupled 

to a Solartron 1296A dielectric interface and controlled with the SMaRT software, enabling 

measurements up to 1 TΩ. Frequency sweeps were carried out over the frequency range 0.1 Hz – 100 

kHz, at 4 or 5 points per decade, for the duration of the manufacturing process, with a minimum 

measurement duration of 1 second at each frequency. 

 

2.3 Ultrasound 

The formation of a highly cross-linked polymer network during the curing stage of any thermoset 

FRP manufacture process, is accompanied by an evolution in the viscoelastic behaviour of the resin [16]. 

This evolution can be interrogated via analysis of pressure wave propagation through the material, the 

underlying principle behind ultrasonic monitoring techniques [17]. In this study, reflection, or pulse-

echo, ultrasound was employed to interrogate the interface between the upper tool and the composite 

laminate, characterised by the discontinuity in acoustic impedance across the interface, as determined 

by Equation 1 [18]:  

𝑅 = (
𝑍1 − 𝑍2
𝑍1 + 𝑍2

)
2

 
(1) 

Ultrasonic measurements were conducted using a broadband piezoelectric transducer, centred around 

2.25 MHz, positioned centrally on the top of the mould. The transducer was powered by a JSR pulsed 

signal generator, with data acquisition via a National Instruments PXI-5122 oscilloscope card and 

LabVIEW software. 

2.4 Fibre Bragg gratings 

Fibre Bragg gratings enable interrogation of the physical interaction between the resin and the 

embedded fibre optic, which evolves over the course of the manufacture process. FBGs are produced 

by periodic alteration of the refractive index of the fibre core to create a grating which reflects light in a 

specific narrow wavelength range, centred around the characteristic Bragg wavelength, λB. Strain 

applied to a grating causes either elongation or compression of the grating periodicity, and hence a shift 

in the Bragg wavelength [19].  

Applied to FRP composite manufacture processes, the strain caused by flow of resin along an FBG 

sensor during infusion can be detected and hence used to monitor resin arrival at sensor locations. During 

resin cure, once the viscosity of the resin begins to increase dramatically due to the extensive cross-

linking, an FBG will become strained as the resin shrinks around it, enabling identification of the onset 

of gelation and the subsequent progress of the reaction to be monitored. Since the Bragg wavelength of 

an FBG is affected by temperature as well as strain, it is necessary to account for wavelength shifts as a 

result of temperature changes before strain analysis can be conducted. Here, a grating enclosed in a rigid 

sheath was employed to isolate the thermal response of the sensors from longitudinal strain developed 

in the laminate. 

A multiplexed fibre optic sensor supplied by SmartFibres, equipped with 4 equally spaced FBGs and 

one temperature sensor, (isolated FBG), was embedded between the central plies of the preform. The 

gratings were aligned along the direction of resin flow, and located at the same locations along the mould 

as the DC flow sensors. The temperature sensor, located at the tip of the fibre optic, was positioned in 

the centre of the composite, above the tool-mounted dielectric sensor. Sensor interrogation was achieved 

using a SmartFibres W4 FBG interrogator connected to MicronOptics ENLIGHT software. 
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3 MATERIALS 

For this initial study, industrial grade room temperature, slow curing thermoset resin systems have 

been used, namely Gurit Prime 20LV epoxy with slow amine hardener (1:0.26 by weight), and Scott 

Bader Crystic 701PA unsaturated polyester (UP) with Butanox M50 methyl ethyl ketone peroxide 

(MEKP) catalyst (1:0.01 by volume). For each resin system, the constituent parts were thoroughly mixed 

together for 5 minutes and degassed for a further 5 minutes prior to injection. The cure profile followed 

for each of the resins is given in Table 1. 

 

Resin 

Initial Cure Post-cure 

Temperature  

(°C) 

Duration  

(hr) 

Temperature  

(°C) 

Duration  

(hr) 

Prime 20LV 

(epoxy) 
Ambient 26 65 3 

Crystic 

701PA 

(unsaturated 

polyester) 

Ambient 24 80 3 

 

Table 1: Cure profile applied for each resin system. 

 

Each panel specimen was manufactured with 4 plies of an E-glass multiaxial fibre reinforcement, 

(810 g/m2) to produce a laminate with fibre volume fraction, Vf, of 0.42. Marbocote 227CEE mould 

release agent was applied to the RTM tool prior to each infusion. 

 

4 RESULTS AND DISCUSSION 

Results obtained for both resins are presented in this section. Elapsed time is calculated from the time 

at which the resin components were initially mixed, and temperatures plotted are those recorded by the 

Pt100 temperature sensor integrated into the tool-mounted DC cure sensor. Temperature sensor outputs 

are not discussed in the context of cure monitoring since the thin (i.e. 3 mm) laminates, and long, ambient 

cures profiles minimised any measurable exotherms. The mould fill times were recorded by means of 

the DC flow sensors and a webcam, which were 19 minutes and 8 minutes for the epoxy and UP resins, 

respectively. The injection pressure was ~1.5 bar (gauge).  

 

4.1 DC resistance 

The results obtained with both embedded and tool-mounted cure sensors are shown in Figure 2a for 

epoxy, and Figure 2b for unsaturated polyester. As expected, the arrival of resin at the sensor location 

for all DC sensors was indicated by a sharp reduction in the measured electrical resistance across the 

electrodes, due to the greater conductivity of the resin compared with the air it displaced. 

In the case of the epoxy, a continual increase in log(resistance), LogR, was detected throughout the 

ambient curing stage (up to 26 hours), as the polymerisation reaction progressed. The linear trend 

recorded by both sensors during the early hours is indicative of the region prior to resin gelation, in 

which resistance is expected to correlate directly with resin viscosity [20], whilst viscosity tends to rise 

exponentially.  

The gradual reduction in gradient that is subsequently evident indicates the onset of gelation, as ionic 

mobility became dominated by the polymer network cross-link density rather than changes in viscosity. 

Whereas the embedded sensor showed increasing resistance, and hence continued reaction, up until the 

end of the initial cure stage, the output from the tool-mounted sensor plateaued after 22 hours. This was 

due to the upper measurement limit of the monitoring system, i.e. 1014 Ω, being exceeded, an issue which 

can arise at lower temperatures. The embedded sensor, which had a larger effective sensing area and 

hence greater sensitivity due to its interdigitated design, was not affected in the same way. Given the 

slow speed of reaction at ambient temperature, and associated gradual evolution of physical properties, 

it was not possible from the data to identify a specific region at which gelation was first observed. 
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At around 27 hours the post-cure was initiated, during which the mould temperature was ramped up 

to 65°C. A rapid drop in measured resistance was observed as the resin heated up, before a subsequent 

increase as the rate of reaction, and therefore resin cross-link density, increased. The change of gradient 

at around 29 - 30 hours, evident particularly for the tool-mounted sensor, could indicate vitrification of 

the resin, since reaction rate in the glassy state would be diffusion limited and hence greatly reduced. 

Although interpretation of the monitoring output during the post-cure was complicated due to poor 

temperature control, as evident in the temperature plot in Figure 2a, it would appear that complete 

reaction was not achieved since measured resistance continued to increase until the end, whereas the 

resistance of a non-reactive polymer would be expected to reduce as a result of the gradual temperature 

rise. 

The difference in reaction mechanism is evident from the measurements for the polyester resin shown 

in Figure 2b, with both embedded and tool-mounted sensors showing minimal resistance variation inside 

the first 4 hours. Hence the resin viscosity is expected to have evolved little during this period. 

From around 4 hours, the embedded sensor measured a continual increase in log(resistance), with no 

indication of reaching a plateau before the post-cure was initiated at 24 hours. The tool-mounted sensor, 

however, appeared to show a step change in rate of increase of log(resistance) at 4 hours, to a greater 

rate than was measured by the embedded sensor. As a result, the difference in measured resistance 

between the two sensors increased from that point onwards, a trend which was not observed in the case 

of the epoxy resin. The tool-mounted sensor resistance also approached a plateau just prior to post-cure, 

which was not seen with the embedded sensor. 

It is proposed that the difference between the two sensor outputs during the cure stage may have been 

caused by the migration of contaminant species to the tool-mounted sensor surface, e.g. reaction by-

products, which influenced the measurements of that sensor. Upon demoulding of the laminate, spots of 

an unidentified residue were present on the surface of the tool-mounted sensors, further supporting this 

hypothesis. 

During the post-cure, both sensors exhibited a similar trend, with a reduction in resistance as 

temperature increased followed by a sharp increase due to the significant increase in reaction rate at the 

elevated temperature. The signals then approached a level, signifying slowing of the reaction, possibly 

due to vitrification. 

 

  
a) epoxy b) unsaturated polyester 

 

Figure 2: Log(resistance) vs. time elapsed since resin mixing, as measured via DC and DEA 

monitoring techniques. 

 

4.2  Dielectric analysis 

For DEA, the measurement frequency selected for analysis is critical to ensure correct interpretation 

of the results. In order to determine ionic conductivity, frequencies at which the charge-carrying 

contributions of ionic species dominate the dielectric response need to be selected. This can be achieved 

by identification of the frequency at which a peak, or shoulder, is present in the plot of imaginary 
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impedance against frequency. The dielectric loss at this frequency can then be used to determine ionic 

conductivity, σ, according to Equation 2 [15]: 

𝜎 = 𝜀′′𝜀0𝜔  (2) 

Where ε0 is the vacuum permittivity and ω the angular frequency of the electric field. The inverse 

conductivity, i.e. resistivity, from this output is compared with DC resistance measurements in Figure 

2a (epoxy) and Figure 2b (unsaturated polyester).  

In the case of epoxy, a similar trend was observed via DEA as via DC measurements, with resin 

arrival at the sensor location indicated by a sudden drop in resistivity, followed by a relatively constant 

increase in LogR due to rising resin viscosity. 

However, a much shallower gradient was approached from around 15 hours onwards, which was not 

observed in DC measurements. Viewed in isolation, this transition might be interpreted as a change in 

the physical state of the polymer, e.g. vitrification, causing a significant change in reaction rate. In fact, 

closer analysis revealed that it resulted from the selected measurement frequency reaching the lower 

bound of the frequency sweep range used, i.e. 0.1 Hz, whilst the optimum measurement frequency for 

the material, in order to ensure isolation of the contribution from charge-carrying species, continued to 

transition to lower frequencies. Consequently, imaginary impedance measurements became fixed at this 

pre-determined boundary frequency, with contributions from dipole motion increasingly challenging the 

dominance of ionic mobility. An understanding of this transient frequency dependency is therefore 

crucial to avoid misinterpretation of monitoring output. It should also be noted that, although a wider 

frequency sweep range could be employed to avoid this issue, the measurement durations required for 

lower frequency measurements become increasingly large, therefore impacting the temporal resolution 

of the monitoring technique. 

As the post-cure stage was initiated, the observed trend again matched that of the DC measurements. 

Closer analysis of the monitoring output at around 29 hours supported the proposition that the stepped 

change in gradient resulted from vitrification of the resin. This was by way of a shoulder present in the 

real impedance, Z’, plot against time, and a knee in the imaginary impedance, Z’’, plot against time, 

(see Figure 3) at higher frequencies, which has previously been proposed as indicating vitrification in 

Reference [21]. The ability to detect this event is dependent on the sampling interval, which may be 

limited by the measurement frequency range and spacing employed. 

 

 
 

Figure 3: Log(real impedance), logZ’, and log(imaginary impedance), logZ’’, measured at 100 kHz 

vs. time elapsed since resin mixing (epoxy).  

 

In the case of unsaturated polyester, again the initial trend matched that observed via DC 

measurements, dropping upon resin arrival at the sensor location and remaining relatively constant until 

around 4 hours, when it started to increase gradual. However, from 6 – 10 hours the measurements 

spiked unexpectedly, which closer inspection revealed was due to the loss of a peak, or optimal, 

frequency in the imaginary impedance – frequency spectrum. Consequently, the measurement frequency 
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dropped to the lower bound, i.e. 0.1 Hz, causing a step change in resistivity. It is possible that this 

response was caused by the migration of contaminant species to the sensor electrodes, as was previously 

suggested in the case of the DC tool-mounted sensor. 

Whilst the resistivity returned to a realistic level from 10 hours, the subsequent trend was different 

from that observed in either of the DC resistance outputs, and hence it is not clear whether the 

measurements continued to be detrimentally affected. 

 

4.3  Ultrasound 

Only results obtained for the epoxy resin system are presented in this section. The monitoring output, 

shown in Figure 4, is the peak-to-peak amplitude of the reflected signal from the tool-laminate interface. 

As expected, resin arrival at the sensor location was detected via a sudden decrease in signal intensity, 

as the resin displaced air at the interface, reducing the acoustic impedance mismatch and hence reducing 

the magnitude of the reflected signal.  

A peak was observed around 3.5 hours, before the signal amplitude began a steady decline, indicating 

a reduction in the impedance mismatch between tool and laminate. From around 10 hours onwards, the 

rate of signal decline increased (see Figure 4b), suggesting a notable change in physical properties of 

the resin. This may have been an indication of the onset of gelation, with significant network formation 

increasing the elastic behaviour, and consequently the acoustic impedance, of the resin. The reflected 

amplitude continued to decrease up until the post-cure stage was initiated at around 27 hrs, suggesting 

continued reaction until that point. 

During the temperature ramp, the signal amplitude increased significantly. This was most likely due 

to a greater effect of temperature on the impedance of the gelled resin than that of the solid glass mould, 

an effect which would be exacerbated by thermal lag in the thick mould. At around 29 – 30 hours, a 

maxima was evident, which coincided with the proposed point of resin vitrification as suggested by 

electrical measurements. 

 

  
a) Full cure cycle b) Ambient cure cycle (up to 27 hours) 

 

Figure 4: Peak-to-peak amplitude of the reflected ultrasound signal from the tool-laminate (epoxy) 

interface vs. time elapsed since resin mixing. 

 

4.4  Fibre Bragg gratings 

In the data presented in Figure 5a (epoxy) and Figure 5b (unsaturated polyester), Bragg wavelength 

shifts have been calculated relative to values at t = 55 and t = 58 minutes respectively, determined to be 

points at which the signals had stabilised after resin injection was stopped and the flow-induced 

compression of the gratings had relaxed.  

During cure under isothermal conditions, it is expected that minimal wavelength shift should be 

observed prior to gelation since shrinkage in the liquid resin is unable to transfer strain to the solid fibre. 

As the resin gels around the FBG, mechanical interaction between the two should increase, enabling 
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compressive strain evolution, i.e. negative ∆λ, in the fibre as the resin continues to shrink. This behaviour 

was evident in the case of the unsaturated polyester (Figure 5b): negligible wavelength variation was 

observed between the end of injection and 4 hours, from which point fluctuations began to occur across 

all four and an overarching trend towards negative wavelength shift (i.e. compressive strain) by the end 

of the ambient cure stage (~ 24 hours) was exhibited. Step changes that occurred between 4 – 10 hours 

suggest relief of compressive strain in the gratings via slippage at the resin-FBG interface.  

However, in the case of the epoxy (Figure 5a), no such trend was evident, each FBG exhibiting a 

different strain evolution, with no clear indication of the onset of gelation. It is likely that this was due 

the presence of the multiaxial reinforcement counteracting the resin shrinkage, which is expected to be 

less severe than for the unsaturated polyester. 

 

  
a) epoxy b) unsaturated polyester 

 

Figure 5: Bragg wavelength shifts vs. time elapsed since resin mixing. 

 

Upon initiation of the post-cure stage, the thermal expansion of the fibre optic and laminate caused 

elongation of the gratings and a significant positive wavelength shift for all gratings. For the epoxy, 

since no isothermal post-cure temperature was achieved, sensitivity to further resin shrinkage, indicative 

of continued reaction, was reduced by continuous thermal expansion. For the unsaturated polyester, 

again wavelength shifts were seen to closely track temperature fluctuations due to the effects of thermal 

expansion and contraction. Correction for thermal expansion should enable wavelength shifts due to 

resin cure to be determined, however, this is not trivial since the thermal expansion coefficient of the 

resin evolves during the cure. 

 

5  CONCLUSIONS AND FUTURE WORK 

DC resistance, DEA, ultrasound and FBGs are common in-situ cure monitoring techniques for LCM 

manufacturing processes. Although they have found applications, none of these have fully been adopted 

by industry, for reasons such as monitoring capability, material compatibility (e.g. with carbon fibres), 

mould integration, design issues and cost. There are comparative studies in the literature, but none of 

them has combined and simultaneously used these to the best knowledge of the authors. 

This work has focused on the development of a multi-sensing thermoset resin cure monitoring system 

for the RTM process, which consisted of DC, DEA, ultrasound, FBG and temperature (thermocouples 

and isolated FBG) measurement systems. In the experiments, embedded (disposable) DC sensors were 

used for cure monitoring within the laminate, and pressure sensors, flow sensors and a camera were used 

to monitor the wetting stage. An RTM mould with a heating capability up to 200°C has been designed 

with ports to accommodate the embedded and tool-mounted sensors.  

The aim has been to build a system, which is capable of monitoring thermoset resin cure 

simultaneously in an RTM mould in order to compare the reliability, robustness, repeatability and 

outputs of these most common techniques. On completion of this system, preliminary investigations 

have been performed using slow curing thermoset resin systems.  
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DC resistance measurements followed the progress of the polymerization throughout the ambient 

cure stage, with the exception of the tool-mounted sensor in the case of the epoxy resin system. In that 

instance, the resistance towards the end of the initial cure exceeded the upper measurement limit of the 

system (1014 Ω). This highlighted the importance of sensor design, and associated sensitivity, for low 

temperature applications. 

DEA measurements were also affected by the low (i.e. ambient) cure temperatures, in that the optimal 

measurement frequency, required in order to isolate the contributions of charge-carrying species to 

imaginary impedance, transitioned beyond the lower bound of the frequency sweep range used (0.1 Hz). 

This resulted in a potentially misleading monitoring output. A wider frequency range could mitigate this 

problem, but may also reduce the temporal resolution of the monitoring system, due to the inherent 

longer measurement durations required at lower frequencies. 

In the case of the unsaturated polyester resin system, both coaxial (DC) and interdigitated (DEA) 

electrode tool-mounted sensors appeared to be affected during the process. Following laminate 

demoulding, evidence of liquid contaminant migration to the sensor surfaces was found. The identity of 

contaminant species was not determined but was thought to be unreacted monomer or reaction by-

products since the same was not seen for the epoxy resin. 

Pulse-echo ultrasound tracked evolution of the laminate acoustic impedance and the tool-interface 

during the process. A change in gradient of the reflected ultrasound intensity was proposed as the 

possible onset of gelation, whilst a maxima evident during post-cure coincided with the proposed point 

of vitrification from electrical measurements.  

No clear trend in strain development was observed from FBG monitoring for the epoxy resin system, 

probably as a result of the minimal resin shrinkage expected for epoxy resin, coupled with the presence 

of reinforcement along the axis of the gratings, able to react resin shrinkage. On the other hand, 

monitoring of the unsaturated polyester resin identified a point at which signals from the 4 sensors began 

to diverge, indicating increased mechanical interaction of the gratings with their local environments, 

likely to be caused by the onset of gelation. An overall compression during the ambient cure stage was 

also evident for all 4 sensors, attributed to the greater resin shrinkage expected for unsaturated polyester 

resin compared with epoxy resins. 

The work presented here represents the initial stages of a practical evaluation of material state 

monitoring systems applied to RTM fibre-reinforced polymer manufacture. The results obtained for 

resins of different polymer chemistry, namely amine cured epoxy and catalyzed unsaturated polyester, 

have been discussed, with E-glass fibre reinforcement. Cure kinetics and viscosity models are needed to 

understand these outputs and these will be studied for these two resins and future resin systems. The 

next stages of work will consider higher curing temperature epoxy resins, both untoughened and 

toughened, as well as a bismaleimide (BMI) resin, and changing from E-glass to carbon fibre 

reinforcement. 
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