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ABSTRACT 

Fill-front and cure progress monitoring is critical for vacuum-assisted resin transfer molding 
(VARTM) manufacturing processes. The experimental multi-channel system presented in this 
paper includes sensors, signal conditioning, data acquisition software, and signal post-processing  
components. The sensors are mechanically flexible and optically transparent fringing electric 
field electrode systems. The emphasis of the reported stage of research is on auto-calibration 
methods. Specifically, measurement accuracy of the system is increased by using complex 
sensor geometries. Effects of dielectric permittivity and temperature variations in the resin  
during filling and curing are also mitigated with an auto-calibration algorithm. The algorithm 
uses non-linear portions of the sensor to determine accurately how far the resin has progressed 
during filling. These sensor segments act as checkpoints and are detected by calculating first  
and second derivatives of the signal over time and smoothing of these curves to eliminate noise 
effects. Furthermore, the inclusion of additional sensors to estimate dielectric permittivity before 
entering the mold may provide further improvements in the monitoring algorithm. Once the resin  
has completely filled the mold, dielectric spectroscopy is performed to monitor cure progression 
using the same sensors. The transparent sensors are chosen to enable visual monitoring of the 
fill-front during the VARTM process. 
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1. INTRODUCTION 
 
Currently, the lack of a comprehensive and integrated sensor-based adaptive control system for 
filling and curing results in costly and time-consuming trial-and-error procedures to manufacture 
defect-free parts with consistent material properties. An adaptive control system can minimize 
production engineering iterations by accounting for variations in process parameters such as 
changes in permeability of the preform/fiber mat, resin kinetics, temperature-dependent 
viscosity, and the relative position of inlets as a few examples. A comprehensive and integrated 
adaptive process control strategy will substantially reduce the manufacturing cost and time for 
lightweight and high-strength polymer composite parts used in industry. Dielectric spectroscopy 
is one of the most powerful instrumentation tools for the manufacturing of polymer composite 
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parts; however, its use has not been fully explored due to relatively young age of high-tech 
applications in this field and insufficient speed of embedded electronics of earlier generations. 
 
Resin transfer molding is an inexpensive technique used to form high strength composite parts 
for many industries. However, the success of the resin transfer molding (RTM) and vacuum-
assisted RTM (VARTM) processes often depend on the following factors: how well the preform 
is placed in the mold, the uniformity of curing, and ensuring the resin fills all parts of the mold 
without voids. It is also important to avoid race-tracking (1) and dry spots (2,3) that form when 
the part is not completely wetted out. In order to solve these problems, better control of the 
filling of the mold is needed. This is typically achieved in RTM by modulating input and output 
ports in the mold. A control algorithm relies on sensor feedback to determine the progress of the 
fill-front as well as curing progress. Since feed-forward control relies heavily on sensor data, the 
sensor signal must be robust and reliable. Control algorithms for the filling in RTM, based on 
non-linear methods (4) and adaptive control (5), have been developed previously. However, the 
actual control of the fill-front location has seen limited success (6-8). Parameter estimation for a 
RTM feed-forward control algorithm is have been investigated (9,10), but remains an area of 
active research.  
   
A number of technologies have attempted to sense the parameters of the RTM process. Each of 
these technologies has its own advantages and benefits. DC conduction technologies (11-14), 
such as SMARTweave, are used to monitor resin flow and curing by monitoring the 
conductance, between nodes in a grid of wires. By alternating which electrodes are sensed, each 
node is read out one at a time. This technique requires direct contact with the resin and becomes 
embedded in the part upon curing. Additionally, three-dimensional sensing requires multiple 
layers to be distributed throughout the resin. Lineal flow sensors (15) also require direct contact 
with the resin (16).  However, lineal sensors do not monitor resin curing. The alignment parallel 
to the resin flow path is typically required to reduce erroneous interpretations of the resin fill-
front.  Frequency Dependent Electromagnetic Sensing (FDEMS) is a commercially available 
system that can perform both resin fill-front and cure monitoring, but these sensors also become 
embedded in the part during manufacturing as well (17,18). Other techniques used for 
monitoring RTM include fiber optic sensing (19), ultrasound (20), and fluorescence (21).  
 
FEF sensors (22-24) are very suitable for VARTM because they can be used to monitor filling, 
and then curing, with the same sensor and are the type of sensors employed in this paper. FEF 
sensors are very sensitive to small variations and capable of also sensing large changes in 
dielectric permittivity. FEF sensors have been used for monitoring VARTM processes with 
carbon-fiber and fiberglass preforms. FEF sensors can be designed for a variety of penetration 
depths into the material and only require single-sided access to the material. FEF sensors do not 
require direct contact with the sample, therefore they do not become embedded in the part after 
use. FEF sensors perform AC dielectrometry in a spatially limited region defined by the 
electrode geometry. AC dielectrometry has been previously shown to be able to detect the fill-
front position (25,26) in RTM. 
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2. EXPERIMENTAL SETUP AND PROCEDURE 

2.1 Experimental Setup 
The experimental setup, shown schematically in Fig. 1, consists of three FEF sensors, a signal 
amplifier/conditioning box, a function generator, an infrared thermal sensor, and a computer 
used for data acquisition running Labview 7.1. The function generator produces the excitation 
signal on the driving electrode of the FEF sensor and is referred to as the driving voltage or input 
voltage for the remainder of this paper. The sensing electrode of the FEF sensor receives a 
voltage that is attenuated and phase shifted and is referred to as the sensing voltage or the output 
voltage for the remainder of this paper. The gain and phase are the complex quotient of the 
output voltage over the input voltage. The gain and phase are calculated by the LabView 
software using a windowing function and the Fast Fourier Transform which filter noise 
effectively, but are most accurate when the sampling rate is much greater than the input signal. 
The National Instruments PCI 6035E data acquisition card operates at 200 ksps on four 
multiplexed channels making an effective sampling rate of 50 ksps.  
 
The signal amplification box has three LMC6001 operational amplifiers per channel. All 
operational amplifiers are used as voltage followers with the input signals connecting into the 
non-inverting input. The input signal from the FEF sensor is connected to an LMC6001A op-
amp, which has higher input impedance, but is more expensive than the other two op-amps. The 
LMC6001 requires only 25 fA to operate, which is needed to take high-impedance 
measurements. The other two op-amps are the LMC6001C and were chosen because the high-
input impedance requirement was not needed in the second stage. One of these two is used to 
produce the same voltage as the input signal on the shield to the FEF sensor signal. The other 
LMC6001C is used to buffer the signal being sent to the analog to digital converter on the NI 
6035E DAQ card in the computer. A relay is also housed in the amplification box to discharge 
the sensor input signal should it build up a significant stray charge. The Sony-Tektronix AFG310 
function generator communicates with the computer via the GPIB protocol. The function 
generator is triggered by the NI DAQ card when data acquisition begins. The function generator 
produced a sinusoidal excitation waveform with 6 VAC amplitude. 
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Fig. 1. System overview of VARTM experimental setup with three FEF sensors, a signal 
amplifier (Amp.), and a function generator (F.G.). The connections between each element are 
shown schematically.  
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The test part, shown in Fig. 2, contained fiberglass perform and quarter inch (0.64 cm) diameter 
inlet and outlet tubing. Distribution media was adhered to the inlet tube inside the vacuum bag 
and reached to within 2.5 cm of the end of the fiberglass perform. The sensors were adhered to 
the vacuum bag directly using clear tape. Three FEF sensors were used to monitor the fill 
progression through the test part. Two sensors were placed along the sides and one along the 
middle of the part. The vacuum pump used had a maximum vacuum level of approximately 30 
inches (76 cm) Hg, although the vacuum observed during our experiments was at approximately 
28.5 inches (72 cm) Hg.  
 
Each sensor was fabricated as described in the following section, 2.1.2. The VARTM setup 
consisted of a 30 by 30 cm vacuum bag attached to the work surface to prevent movement during 
filling. The flexible FEF sensors were attached to the vacuum bag using clear tape while the 
vacuum-bag was evacuated in order to avoid folds in the vacuum bag below the sensors. The 
folds were avoided only to discourage race-tracking rather than as a requirement for the FEF 
sensors. However, the signal collected by the FEF sensor will vary if the distance between the 
mold surface and the sensor varies during mold filling. Therefore, a smooth surface below the 
vacuum bag decreases noise associated with the movement of a wrinkled vacuum bag below the 
sensor surface.  

 

5 cm

 
Fig. 2. VARTM with FEF sensors and reference lines for measurement during vacuum-assisted 
resin transfer molding process.  
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Fig. 3 is a photograph of the experimental setup that includes the relative locations of the tubing 
and sensing equipment. The inlet tubing was approximately 100 cm long, 3/8 inch (0.95 cm) 
diameter, and went to the resin reservoir approximately 30 cm away from the vacuum bag. The 
outlet tubing was approximately 40 cm long, 3/8 inch (0.95 cm) diameter, and was connected to 
a vacuum pressure gauge and a trap by a T-junction. A tube of approximately 80 cm in length 
went to the T-junction between a 41.6 L air tank and the vacuum pump.  

 
The air tank was evacuated in order to maintain a stabilized vacuum. In order to measure the 
progression of the resin across the mold during filling, a transparency with 0.5 cm spaced lines 
perpendicular to the resin flow was also affixed to the vacuum bag surface. The measurement 
lines were all parallel and spanned the entire width of the vacuum-bag. The polyester resin was 
catalyzed by a 1% MEKP v/v (methyl ethyl ketone peroxide) solution. 
 

 
Fig. 3. VARTM setup with the vacuum-bag, FEF sensors, IR temperature sensor, inlet and outlet 
tubing as well as the trap and vacuum gage are shown. The vacuum reservoir, tank, and vacuum 
pump are below the table. 

 
2.1.1 Experimental Procedure 
The vacuum bag was affixed to an insulated surface. A ground plane was also placed below the 
insulated surface 7.5 cm away from the bottom of the white low-density polyethylene shown in 
Fig. 3. The infrared temperature sensor was affixed and aligned to monitor the inlet tube to 
temperature during the entire process. The sensors were affixed on top of the vacuum bag with 
clear boxing tape such that the backplanes face up to shield the sensors from environmental 
electrical noise (e.g. 60 Hz noise). The system was checked for leaks by plugging the inlet tubing 
and listening for leaks as well as monitoring the vacuum level. The experiment was performed at 
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approximately 28 inches (71 cm) Hg vacuum after leaks were mitigated. The resin was then 
mixed with catalyst in a plastic container. The container material was chosen to be plastic rather 
than metal because the metallic impurities contained in a metal bucket may interfere with the 
sensor measurements if they become dissolved into the resin during the process.  
 
A total of 24.75 fluid ounces (732 ml) of polyester resin were used and 0.25 fluid ounces (7.40 
ml) of MEKP catalyst were used, making 1% catalyst solution by volume. The resin was mixed 
for exactly three minutes by hand. The vacuum was held at 23 inches (58 cm) Hg at the start by a 
small piece of wax paper, which could be removed quickly to place the inlet tube into the resin 
reservoir. This allowed only a brief interruption of the vacuum and can be observed on the 
sensor measurements as a drop in capacitance of about 0.1 pF as the sensors moved slightly 
during the incoming air. By the time resin was entering the inlet tube the vacuum pressure had 
reached 28 (71 cm) inches Hg and the FEF sensors had re-stabilized.  
 
The majority of the filling process took approximately 11 minutes to finish. The process was 
monitored for an additional 19 minutes until the signal had leveled off. At this point, 
approximately 30 minutes after the resin entered the vacuum bag, dielectric spectroscopy was 
started. The frequencies at which the gain and phase measurements were collected were 90, 150, 
210, 270, 330, 390, 450, 510, 570, 630, 690, 750, 810, 870, 930, and 990 Hz. These frequencies 
were chosen because they are at minima between 60 Hz harmonics, and were observed to exhibit 
less noise than other frequencies. Temperature, gain and phase were all monitored during the 
entire process which continued for approximately 10.25 hours.  

 
2.1.2 Sensor Fabrication 
The sensors consist of three conductive layers and two protective layers shown in Fig. 4. The 
conductive layers were the driving and sensing electrodes, the transparent backplane and finally 
the shielding electrodes. The backplane was a CPFilms brand “AgHT-4” (an amorphous silver 
oxide film) sputtered on a poly ethylene terephthalate (PET) substrate. The copper driving and 
sensing electrodes were adhered to the non-conducting side of the PET substrate. Copper bands, 
2.54 cm wide, formed the shielding portions of the sensor and were electrically connected to the 
backplane, and insulated from the driving and sensing electrodes. 
 
The sensor electrodes were cut from adhesive copper sheets on a transparency film substrate. 
The copper sheets were fabricated by adhering 2.54 cm copper tape strips next to each other on a 
standard transparency film. The backplane was constructed using the AgHT-4 silver-based 
amorphous oxide conductive film. Adhesive laminate material (SelfSeal brand) was used to 
protect the entire sensor on both sides, once the other layers were in place. The backplane 
consisted of the AgHT-4 film cut to the desired sensor shape. Located on the non-conductive 
side of the backplane, the second layer consisted of interdigitated driving and sensing electrodes. 
The third layer consisted of sections of one-inch wide copper tape used to shield select portions 
of the sensor. The occluded portions of the sensor in Fig. 4 are the shielded portions. These 
shielded portions have a small sensitivity to the input signal since the electric field is attenuated 
in these regions. The three-finger electrode is the drive electrode, while the two-finger electrode 
is the sense electrode. The backplane is insulated from the drive and sense electrodes and covers 
the entire back surface bounded by the outermost box. 
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Fig. 4. Sensor layout, exploded perspective view. Sensor is 26 cm long by 6.4 cm wide. The 
copper electrodes are 0.64 cm wide while the copper shielding portions are 2.54 cm wide. The 
backplane conductor is transparent and is a silver based film called AgHT-4. 
 
The sensing electrode was connected to the conductor of an SMA cable while the shield of this 
SMA cable was connected to a unity-gain voltage follower to buffer the sensor voltage. The 
buffering method decreases parasitic capacitances significantly and is a suitable technique for 
low-frequency sensing. The driving electrode was connected to the conductor of another SMA 
cable, and the shield was grounded on this cable. Adhesive laminate was applied to both sides of 
the sensor to protect the surface from scratches and incidental hand contact. The sensors were 
taped down to the vacuum bag using clear boxing tape. 
 

3. RESULTS AND DISCUSSION 

3.1 Results 
Gain and phase data collected during VARTM for both fill-front and cure progress monitoring 
are presented and then evaluated for the use in an adaptive, feed-forward control algorithm. 
During filling, the gain and phase data were collected at a frequency of 1 kHz. The shielded 
sections on the sensor should make notable deviations from slowly varying slope. Fig. 5 shows 
the gain data over time in the top plot and the fill-front position over time in the bottom plot. The 
vertical lines crossing both plots show the time points when the gain should be varying due to 
the shielded portions of the sensor.  
 
The movement of the resin through the mold was recorded visually with a digital video camera. 
A reference grid was placed over the vacuum bag for measurement indications. The progress of 
the resin was then logged at 2.5 cm increments by viewing the video during post-processing. 
Cure progress was monitored once filling had completed by monitoring the temperature of the 
mold as well as the impedance spectra.  
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Fig. 5. Gain vs. time for sensor channel 2 (top plot) as resin progresses through the mold in 
reference to the resin progression as noted by the camera. (lower plot). The points in time when 
the resin passes the shields are also labeled. 

 
A surface plot was generated from the cure progression data and displays the variation in 
capacitance and conductance for each channel over time, Fig. 6. The filling process was 
monitored visually on each channel and was then recorded manually during post-processing. 
Resin filling began at 821 seconds after the data acquisition system began recording. The data 
acquisition system recorded approximately 10 hours 14 minutes of data. The vast majority of this 
data was recording the gain and phase at the desired frequencies for spectroscopy. The resin 
filled the mold quickly for the first 100 seconds, then continued filling at a slower rate for the 
remaining 850 seconds of filling. The resin fill-front was parabolic with the center flowing 
slightly ahead of the side channels. However, the center channel was placed slightly more toward 
the end of the mold for this reason. Cure monitoring was performed by monitoring the gain and 
phase over time at a range of frequencies. During curing, cross-linking of the polyester resin 
causes a change in the dielectric permittivity. This should be evidenced by a decreasing 
capacitance and conductance over time and is the trend observed in Fig. 6 and Fig. 7.  
 
In order to calculate capacitance and conductance from the gain and phase, assumptions must be 
made about the measurement circuitry. The circuit was designed to be an impedance divider 
circuit. A reference capacitance and conductance are placed in parallel between the output 
voltage and ground. 
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The elements in the reference impedance vary from channel 1 to 3, but are all approximately 10 
pF capacitors and 500 GOhm resistors. By using admittance rather than impedance, the 
equations used to calculate capacitance and conductance are simplified as shown in (1). 

 

 
( )

2 2 2 2 2

1 2 1 1 2 2 1 2 1 2

O

I
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The transfer function can then be rearranged to solve for Y2, the sensor admittance, based on the 
collected gain and phase measurements and Y1, the reference admittance, (2). The real and 
reactive elements of Y1 are then substituted back in for Y1 to make a function of complex gain, A, 
G1,  C1, and ω. 
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C Y ω

=

=
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Dielectric permittivity is a function of temperature and can therefore cause variations in the 
sensor capacitance and conductance. However, since the variation in temperature during filling 
was only 0.2 C over a period of approximately 30 minutes, the filling portion of the experiment 
should be considered to have a constant dielectric permittivity of the resin, Fig. 8. This 
assumption is not valid during curing since the polyester resin is cross-linking and therefore has 
varying dielectric properties during this catalytic chemical reaction. The use of temperature as an 
indication of resin cure progression is well documented. However, the likelihood of resolving 
variations in cure by temperature alone is strongly affected by thermal conduction. An electrical 
technique that can sense the difference in cure progression across a composite part would not 
suffer from the entire part coming to a steady state thermal equilibrium. In contrast, since the 
part would be nearly the same temperature throughout, the spatial cure variation seen by the FEF 
sensor capacitance and conductance would be even less dependent on the temperature effects. 
 
As is evident in Fig. 6, the value of capacitance has decreased substantially by 150 minutes, 
while in Fig. 8 the turning point for temperature appears to be nearly 100 minutes later. The 
correlation between dielectric permittivity, temperature and degree of cure has been studied 
previously (27,28) and is a complex subject outside of the scope of this paper.  
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Fig. 6. Capacitance on sensor channel 2 during curing at frequencies between 90 and 990 Hz. 
Total time is approximately 10 hours. The greatest negative slope is at 90 Hz and a time of 
approximately 100 minutes.  

 

 
Fig. 7. Conductance on sensor channel 2 during curing at frequencies between 90 and 990 Hz. 
Total time is approximately 10 hours.  
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Fig. 8. Temperature at mold inlet edge during filling and curing. The vertical line labeled as 1 on 
the plot is the point in time when filling of the mold began. The line labeled 2 is the point in time 
when spectroscopy begins. The entire filling of the mold occurs in the first half of time between 
lines 1 and 2.  
 

3.2 Discussion 
The collected data were smoothed using a moving average with a window of 125 points. The 
noise evident in the signals before smoothing is primarily due to charging of non-grounded 
objects in the experimental setup. Many objects were identified as potential noise sources and 
mitigated, however, in future experiments, further noise reduction can be pursued to increase 
signal to noise ratio.  
 
An algorithm to determine the position of the fill-front was developed. This algorithm, 
developed in MATLAB, uses smoothed first and second derivatives of the gain and phase signals 
during filling of the mold. A moving average function incorporating least squares quadratic 
polynomial fitting, which is resistant to outliers by rejecting points outside of six mean absolute 
deviations, was used to smooth the data before taking the first and second derivatives. The first 
and second derivatives were taken and exhibit a characteristic response to the linear and shielded 
portions of the sensor as shown in Fig 9.  
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Fig 9. Sensor 2 gain during filling is matched with the 1st and 2nd derivatives to show the effect 
of the shielded portions. Due to the correlation between shielded portions of the sensor and the 
change in the derivatives of the gain over time, this data is suitable for predicting fill-front 
location and the fill rate.  
 
On the 1st derivative, during the filling process, a quasi-sinusoidal variation in the slope is seen. 
The peaks in the region extending from time = 800 seconds to approximately time = 1300 
seconds correspond to the beginning of a shielded portion of the sensor, while the valleys 
correspond to the end of a shielded portion. According to electromagnetic simulations 
performed, this behavior is expected since the capacitance may increase while resin flows past 
the shielded portion, but at a much lesser rate than in non-shielded areas. If the shields worked 
ideally, the derivative would be zero at the valleys in the 1st derivative plot. The second 
derivative is shown because it is a likely to be used nearly directly for a control algorithm. A 
number of techniques exist to determine the zeros of a function. During filling, the 1st derivative 
and 2nd are used to determine the spatial location of the fill-front.  
 
As the mold is filling, the algorithm continually fits the characteristic model depicted by the 1st 
derivative plot in Fig 9 by estimating the parameters for this curve. Based on the error between 
the predicted model and the actual model, a fill front location and fill rate is produced as well as 
a confidence bounded region.  
 
The sensors were tested for flexibility by bending the sensors around radii of curvature from 6 
inches to 4 as well as a number of larger arcs. The authors could not notice any degradation in 
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signal amplitude or added conductivity during bending. Smaller radii of curvature corresponding 
become complex as the sensor is able to wrap around the test cylinder and interact with its own 
signal more easily and are not considered part of the flexibility analysis.  
 

4.  CONCLUSIONS AND FUTURE WORK 
 
A sensing system and algorithm have been developed to provide real-time feed-forward control 
and monitoring for VARTM. The FEF sensors chosen for this study were shown to be capable of 
monitoring both the fill-front location and the resin curing progress. With a modification to the 
sensors, the accuracy of the fill-front location algorithm was also increased, while making a 
small sacrifice in signal. The modified FEF sensors provide an auto-calibration mechanism that 
allows the system to account for variations in temperature, resin dielectric permittivity, preform 
and mold materials. The algorithm used well-known techniques to smooth the data and could 
determine the fill-front location. Future work will be focused on implementing the feed-forward 
control algorithm with multiple inlet ports, increasing the number and density of sensors on the 
mold, sensing more parameters in the process, and monitoring the distribution and orientation of 
new additives, such as carbon nanotubes. 
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