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ABSTRACT 

 

 A grid of fifty dielectric sensors is embedded in mold walls to monitor the Resin 

Transfer Molding (RTM) process. The capacitance of each sensor increases as resin 

occupies the space between the upper and lower sensor plates, making it possible to 

monitor mold filling. After complete mold filling, the same sensors are used to monitor the 

cure level of the resin since the capacitance decreases with curing. Monitoring of mold 

filling can be used as an in-situ data for a process control to prevent dry spots in the part; 

and monitoring of resin cure level can be used to determine the minimum time required 

before de-molding the part once the green strength and stiffness are achieved. In previous 

studies, a small number of dielectric sensors were used in an entire mold cavity. As 

experimentally shown in this study, these large-plate or lineal dielectric sensors may 

mislead the user since a sensor measures the total fraction of the sensor’s plate area 

occupied by resin but not the resin’s whereabouts on the sensor. To avoid ambiguity and 

yet maintain detailed flow monitoring, a grid of smaller dielectric sensors was used in this 

study. The grid was made at the projections of vertical and horizontal electrodes embedded 

in the two opposite mold lids, to avoid the complexity of embedding separate sensors. The 

developed sensor operation system eliminated the tedious and costly manufacturing of 

conventionally shielded sensors. The success of the developed sensor system was 

demonstrated in RTM experiments for several different case studies. 
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ÖZETÇE 

 

Kalıp içine monte edilmiş ızgara şeklindeki elli dielektrik algılayıcı ile Reçine 

Tranfer Kalıplama (RTM) üretim usulü izlenmiştir. Her bir algılayıcının alt ve üst plakaları 

arası reçine ile doldukça, algılayıcının elektrik kapasitesi artmaktadır; bu sayede kalıp 

içindeki reçine akışının izlenmesi mümkün olmaktadır. Kalıp tamamen dolduktan sonra, 

aynı algılayıcılar reçinenin kürleşme seviyesinin izlenmesinde kullanılırlar, çünkü kür 

seviyesi arttıkça reçinenin elektrik kapasitesi düşmektedir. Reçine akışının izlenmesi, 

üretim usulünün kontrolünde gerçek zamanlı veri olarak kullanılır; kür seviyesinin 

izlenmesi de kompozit parçanın yeterli mukavemet ve bükülmezlik değerlerine eriştikten 

sonra kalıbın ne zaman açılarak parçanın çıkartılmasına karar vermek için kullanılır. Daha 

önceki çalışmalarda, az sayıda dielektrik algılayıcısı tüm kalıp içinin izlenmesinde 

kullanılmıştır. Bu çalışmada deneysel olarak gösterilmiştir ki, geniş plakalı ya da doğrusal 

dielektrik algılayıcıları kullanıcıyı yanlış yönlendirebilir, çünkü bir algılayıcı ancak yüzey 

alanının ne kadarının reçine ile kaplandığını ölçebilir, reçinenin kalıp içinde nerede 

olduğunu algılayamaz. Bu yanlış anlama durumunu yok etmek ve yine de yeterince detaylı 

akış izlenmesine olanak vermesi için, bu çalışmada ızgara şeklindeki ufak dielektrik 

algılayıcıları kullanılmıştır. Izgaranın oluşturulmasında, uğraştırıcı bir usul olan her bir 

algılayıcının tek tek kalıba monte edilmesi yerine, dikey ve yatay elektrotlar kalıbın 

karşılıklı iki plakasına yerleştirilmiştir. Geliştirilen algılayıcı çalıştırma sistemi sayesinde, 

uğraştırıcı ve masraflı konvensiyonel yalıtılmış algılayıcı üretimine gerek kalmamıştır. 

Bazı RTM deneylerinde kullanılarak, geliştirilen algılayıcı sisteminin başarısı 

gösterilmiştir. 
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NOMENCLATURE 

 

A  area of a sensing plate, [m
2
] 

analyticalC  capacitance of a dielectric sensor using the analytical formula, dA / , 

 which is valid for infinitely long parallel plates, [F] 

mC  capacitance of a mold, [F] 

refC  reference capacitance used in the electric circuit, [F] 

sensC  capacitance of a sensor, [F] 

d  separation of two parallel sensing plates, [m]  

i  imaginary unit, 1  

Q  resin flow rate, [cc/min] 

sensR  resistance of a sensor, [ ] 

refR  reference resistance used in the electric circuit, [ ] 

inV  alternating excitation voltage, [V] 

oV  amplitude of alternating excitation voltage, [V] 

mV  DC offset of alternating excitation voltage, [V] 

AsensV ,  amplitude of sensor voltage in form A, [V] 

BsensV ,  amplitude of sensor voltage in form B, [V] 

refZ  reference impedance used in the circuit,   1
)/1(


 refref CiR   

sensZ  impedance of the medium between the sensor plates,   1
)/1(


 senssens CiR   

R   relative permittivity 

air   permittivity of air, [F/m] 

sinre   permittivity of resin, [F/m] 

sens   permittivity of the sensor (medium within the plates), [F/m] 

vacuum   permittivity of vacuum, [F/m] 

  frequency of alternating excitation voltage [rad/s] or [Hz] 
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Chapter 1 

 

INTRODUCTION 

 

 

 

 

1.1 Resin Transfer Molding (RTM) Process 

 

RTM is commonly used to manufacture advanced composite materials with a high fiber 

content and a good surface finish. In this process, a fabric preform is placed in a mold 

cavity and thermoset resin is injected into the mold to fill the empty spaces between the 

fibers of the fabric. After complete filling, the mold is kept closed until the resin cures to a 

certain level so that enough strength and rigidity of the part are achieved.  Complete mold 

filling may not be repeatable due to the variations in the fabric preform preparation 

(cutting, stacking and placement) and variation in the fabric compaction and nesting. Since 

these variations affect the permeability distribution of the fabric preform, the resin flow 

pattern may significantly deviate from the originally designed pattern, and hence macro 

size voids (dry spots) may remain in the part. To avoid this problem, resin flow should be 

monitored using sensors as a part of the process control. If the resin propagates 

unexpectedly, injection parameters (such as injection and ventilation locations, resin 

pressure or flow rate) can be changed with a control scheme to correct the flow pattern 

[1,2]. 
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Besides being used for monitoring mold filling, the sensors are also used for monitoring 

the resin cure level. This is needed to determine the optimal de-molding time. If the mold is 

opened too early, the part may not gain its green strength and stiffness and it may warp or 

deform [3]. On the other hand, if the mold is opened too late, the manufacturing cycle time 

will be unnecessarily long. 

 

 

1.2 Previous Sensor Systems for Flow and Cure Monitoring 

 

Various monitoring systems have been developed in the literature. Commonly used 

sensor types are point and lineal resistive (a.k.a. voltage) [4-6], SMARTweave [7-9], 

ultrasonic [10,11], fiberoptic [12,13], temperature [14], pressure [15], electric time-domain 

reflectometry (E-TDR) [16,17] and dielectric [15,18-26] sensors.  

 

Resistive sensors [4-6] use either point or lineal conductor probes to detect arrival and 

curing of the resin. When the resin reaches the sensor, electrical resistance between the 

probes decreases significantly. This results in an increase in the voltage across the probes 

which can be measured from a DAQ system. Moreover, the resistance of the resin increases 

as it cures and therefore allows the level of curing to be monitored. However, the resistance 

of typical RTM resin between the probes is in the order of hundreds of MegaOhms 

corresponding to a typical probe size. Thus, the voltage change upon the resin arrival can 

be so low that electrical noise caused by other equipments can interfere with the 

measurements. 

 

SMARTweave [7-9] uses an approach similar to the resistive sensors, except that the 

probes are the junctions of a grid of conductive wires separated by nonconductive dry 
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fabric layers. The conductivity between a pair of orthogonal wires increases when resin 

reaches that junction, and consequently resin filled sections can be monitored. Nonetheless, 

the wires remain in the composite part after curing, which reduces the overall strength due 

to stress concentration; and a new wire set must be prepared again for the next part, which 

is time-consuming. 

 

Ultrasonic sensors [10,11] detect sound waves generated by an impulse generator on the 

opposite side of the mold. With varying media, the speed and damping of the sound 

changes, and consequently resin inside the mold can be detected by using the phase and the 

magnitude change of the reflected sound wave. The arrival of the resin at a sensor will 

cause a significant decrease in the travel time of the impulse and a further decrease as it 

cures. 

 

Fiberoptic sensors [12,13] transmit infrared light and monitor the intensity of the light 

at the opposite end of the sensors.  As resin reaches the sensor, the light starts to refract and 

the monitored intensity decreases. However, the optical properties of the resin change so 

slightly with curing, that it is difficult to observe. 

 

Temperature sensors (thermocouples) [14] measure the temperature of the mold cavity 

which changes due to (i) the arrival of the resin to a sensor if the inlet resin is either cooler 

or hotter than the mold walls, and/or (ii) the exothermic reaction which occurs with resin 

curing. However, the response rate and accuracy of these sensors depend on the thermal 

properties of the mold material and the resin, temperature difference between the inlet resin 

and the mold walls, and the flow rate [11]. 
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Pressure sensors [15] can be used for flow monitoring but not for curing. As the resin 

reaches a sensor location the pressure at that point rises to the fluid pressure plus the initial 

static compaction pressure. 

 

Electric time-domain reflectometry (E-TDR) method is used to measure the wetted 

regions of sensor wire by applying high speed pulses to the wire and recording the 

reflection signals [16,17]. The reflections change as the impedance of the sensing medium 

changes during the RTM or VARTM process. This method is capable of sensing multiple 

and separate wetted regions so that multiple flow fronts can be monitored.  In [16], resin 

covered regions were measured with an accuracy of +/-30 mm for sensor lengths up to 1 m. 

A newer algorithm was used in [17] to improve the accuracy to +/-7 mm, however online 

processing had not been done due to long processing time (in the order of minutes). 

Moreover, this technique requires costly high speed equipment since reflections occur in 

the order of nanoseconds.  

 

Dielectric sensors [13,18-26] measure the capacitance of the media between the sensor 

plates. In the literature, two types of sensing plates have been used: (1) parallel-plate 

sensors placed on both sides of a mold [18,19]; and (2) co-planar sensors (fringing effect 

field, FEF) placed on only one side of the mold [20-23]. Besides being used in RTM, co-

planar sensors were also used in VARTM [22-23]. In Skordos’ study [24], a lineal sensor 

was used to monitor mold filling by measuring the total length of the region covered with 

resin on the sensor. Mounier et al. [25] used two parallel carbon fiber tows as electrodes of 

a lineal dielectric sensor to measure resin flow in glass fabric preform. Three large parallel-

plate sensors were used in Hegg et al. [19] and Rowe et al. [23] to monitor three different 

regions in the mold. Similar to resistance, the capacitance of resin changes as it cures which 

permits monitoring of resin cure [18,20,21]. Vaidya et al. [22] used dielectric sensors for 
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localized cure monitoring. Since dielectric sensors have no need for direct contact with the 

resin, one side of the sensor can be placed over a nonmetallic mold lid as in [19], and with 

this approach sensors do not degrade the surface finish of the manufactured part. 

Nonetheless, the mold may need maintenance more often due to the nonmetallic material 

used.  

 

 

1.3 Objective 

 

In the aforementioned studies, dielectric sensors have been used to monitor the fraction 

of the mold cavity filled with resin. In the following section, the drawbacks of such a 

monitoring approach will be discussed using several case studies. To improve the 

conventional dielectric sensor system, the resolution was increased as follows: ten vertical 

narrow plates were embedded in the lower mold wall and five horizontal narrow plates in 

the upper mold wall, thus a grid of fifty dielectric sensors was formed. The aim was to have 

more informative and detailed monitoring by using these multiple sensors, and also to 

permanently embed these sensors in the mold for use in mass production. Several RTM 

case studies were done to show the response rate, reliability and performance of the sensor 

system on a lab-scaled mold. 
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Chapter 2 

 

DIELECTRIC SENSORS 

 

 

 

 

Both resistive and dielectric sensors function by measuring the electrical properties 

(resistance and capacitance, respectively) of the resin, however they have some 

dissimilarity which shall be discussed in this section. The drawbacks of the resistive and 

conventional dielectric sensors shall also be reviewed. A new form of the dielectric sensor 

system will be proposed and then applied in an RTM mold. By using this enhanced sensor 

system, monitoring of both resin flow and cure can be achieved successfully for several 

case studies in Section 5. 

 

 

 2.1 Comparison between Resistive (Voltage) and Dielectric (Capacitive) Sensors 

 

Durable and low-cost resistive sensors have been successfully used for flow monitoring, 

and they can also be used for cure monitoring if the electrical resistivity of the resin versus 

the degree of cure has already been collected in databases as mentioned in [4]. However, it 

is essential that the user be cautious of potential problems with such sensors; (1) the 

electrical resistivity of the resin should be much lower than that of the fabric preform; (2) 
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pre-impregnated preforms may cause a false resin arrival signal; (3) the response of the 

sensor is in the order of its noise level for some RTM resin systems such as polyester used 

in [4] due to its very high resistivity; (4) high gain (typically in the order of hundreds) is 

necessary for trouble-free flow monitoring, however this high gain results in low precision 

in monitoring the degree of cure; and (5) some mold release agents and/or oxidation of 

sensor plates induce additional resistance to the sensor’s circuit, thus the sensors are 

required to be calibrated frequently to prevent false triggering.  

 

Dielectric sensors are not affected (or, less affected) by the mentioned drawbacks of the 

resistive sensors, which shall be further discussed later. 

 

 

2.2 Theory 

 

Dielectric means non-conducting material (insulator) in an alternating electric field. 

Since the resistivity of an RTM resin is usually very high and difficult to measure, 

dielectrics become a better alternative to monitor both resin flow and curing. 

 

The parallel-plate dielectric sensor version is schematically described in Figure 1. The 

two plates are separated by a distance of d , and each plate has an area of A . The plates are 

connected to the electrical circuit in series. The alternating excitation voltage, 
inV  has an 

amplitude of 
oV , frequency of   and DC offset of 

mV . refZ  is the known reference 

impedance of the circuit. The sensor medium (dry or wet preform) is modeled as a resistor 

and a capacitor in parallel configuration [27].   1
)/1(


 senssenssens CiRZ   is the 

impedance of the medium between the sensor plates. The resistance, 
sensR  and the 
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capacitance, 
sensC  of the medium are unknown and to be calculated indirectly after 

measuring sensor voltage, 
sensV . By using Ohm’s law, the voltage ratio is written as follows 

in complex form: 

 

 
sensref

ref

in

sens

ZZ

Z

V

V


   (1)  

 

 
 

Figure 1. Electrical circuit of a dielectric sensor. 
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Typically, the order of magnitudes of the reference capacitance and resistance should be 

selected as close to the sensor values as possible. For refC  = 10 pF, refR  = 1 M  and 

sensR 100 M  values, the frequency response was plotted in Figure 2 for a range of 

expected sensor capacitance values to see the effect of the excitation frequency,  . As seen 

in the figure, the output ratio does not change above 100 kHz. Thus, Equation (1) reduces 

to the following asymptotic form which is not a complex but a real number: 

 

 
sensin

sens
refsens

VV

V
CC


   (2)  

 

 

Figure 2. Frequency response of Equation (1). 
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This way, sensC  can be calculated directly from Equation (2) since all the terms on the 

right hand side are either known or measured. Note that the resistance terms, sensR  and refR  

do not appear in this equation. 

 

Equation (2) is valid for high frequencies only. In another extreme case, as   goes to 

zero (DC excitation), Equation (1) reduces to the following form 

 

 
sens

sensin
refsens

V

VV
RR


   (3)  

 

where the system functions as a resistive sensor. So, this sensor can be used as either a 

resistive or a capacitive sensor if   is zero or infinite. In this study,   was set to 150 kHz 

for capacitive measurements.  

 

 

2.3 A Single Dielectric Sensor 

 

For an infinitely long parallel-plate sensor, the capacitance can be calculated as [28] 

 

 
d

A
C sens

sens


   (4)  

 

where 
sens  is the permittivity of the medium within the plates, A  is the area of each sensor 

plate and d  is the separation between the plates. However, for a finite sized sensor the 

capacitance of the sensor deviates from Equation (4) due to the fringing effect that occurs 
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at the edges of the plates where the electric field bends [28] as schematically illustrated in 

Figure 3a.  

 

 

2.3.1. Shielding 

 

Besides the fringing effect, the sensor is vulnerable to the external electric field. To 

eliminate both the edge and external effects, the sensor must be properly shielded by (i) 

adding an electrode surrounding the sensing area and the back side of the plate; and (ii) 

keeping the potential of the shielding electrode the same as the sensor [29]. Thus the 

electric field will not be distorted within the entire sensing area (Figure 3b).  

 

Shielding not only removes the fringing effect but also eliminates the interference 

between the sensors. This allows the use of multiple sensors on the same mold, but it 

requires an additional electrode for each sensor which occupies an additional area. This 

may not be a major problem for a single sensor, but it is very tedious and costly to 

manufacture a mold with multiple embedded sensors. 

  

 

Figure 3.  Fringing effect on a parallel-plate capacitor. 
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2.3.2 Grounding 

 

While using multiple sensors, a much simpler approach to avoid interference is to add a 

common ground electrode for all the sensors as shown in Figure 4b instead of shielding 

each sensor separately as in Figure 4a. Since typical RTM molds are made of metal, 

multiple sensors can be easily grounded. 

 

Grounding instead of shielding however, reveals the following major problems: (1) the 

sensors have different potential than the ground (= zero potential), causing a non-uniform 

electric field between the sensor plates and thus they may lead to incorrect measurements; 

(2) the electrical circuit of the sensor shown in Figure 1 will change unexpectedly due to 

the capacitance, 
mC  of the insulator between the sensor and the ground electrode. This 

altered electrical circuit is shown in Table 1c. refC  in Equation (2) has to be replaced with 

)(tCC mref   where )(tCm
 is unknown and varying with time since it is affected by the 

flowing resin. 

 

 

Figure 4. (a) Shielding and (b) grounding of multiple sensors (only two are 

shown for simplicity). 

 

Sensing areas

(b) Grounded

Lo
w

e
r 

m
o

ld
 li

d

Lo
w

e
r 

m
o

ld
 li

d

Shielding electrodes

(a) Shielded

Sensing areas

Insulators Insulator

To
p

 V
ie

w
Si

d
e

 V
ie

w



 

 

Chapter 2: Dielectric Sensors  13 

 

 

2.4 Proposed Method, “Modified Grounded” 

 

A simpler dielectric sensor system is proposed here. As illustrated in Table 1d, two 

measurements are taken at each time-step: (1) in Form A (the same circuit of the 

“grounded” configuration), the voltage output, AsensV , is recorded; (2) in Form B, the places 

of refC  and sensC  in the electrical circuit are switched by the DAQ system, and then BsensV ,  

is recorded. The voltage output ratios for these two forms A and B are given below: 
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Form B: 
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Bsens


  (5b) 

 

in which )(tCmold
 is the unknown capacitance of the mold which varies with time. This 

unknown )(tCmold
 can be eliminated by combining the two equations. Thus 

sensC  can be 

calculated in terms of the known refC  and the voltage outputs AsensV ,  and BsensV ,  of the two 

circuit forms which are measured at each time step: 
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Table 1. Circuit schematics, diagrams and formulas for different dielectric configurations. 
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As a summary, the benefits of using this proposed method are the followings: 

• Embedded multiple sensors operated by this method will not pose major difficulty 

as in the “shielded” version. The metal mold is simply connected to the ground instead of 

using a separate shielding electrode for each sensor, which also requires a separate 

circuitry.  

• 
sensC  can be directly calculated, recall that the “grounded” version miscalculated 

sensC  since Equation (2) does not represent the actual electrical circuit in which )(tCmold
 

exists. 

 

 

2.5 The Major Issue of Using a Single Dielectric Sensor 

 

A parallel-plate dielectric sensor was made using two copper plates each with a sensing 

area of 200 mm X 100 mm separated by a distance of d  = 5 mm. The measured voltage, 

sensV  and the corresponding capacitance of the sensor, 
sensC  were found to be 3.86 V and 

34.2 pF respectively when the medium of the sensor is air only. For the measurement 

technique, the “shielded” configuration was used. 
sensC  deviated only 3.4 % from the 

analytical value,  

  

d

A
C airair

analytical


  

 
 

)m005.0(

)m100.0)(m200.0()F/m10*85.8( 12

 F10*4.35 12 pF4.35   (7) 

 

where 
air  is the permittivity of air taken from [30].  
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Next, the sensor was filled with the thermoset resin (Poliya PolipolTM 336-RTM), 

sensV  and 
sensC  were measured as 11.36 V and 188.3 pF respectively as tabulated in Table 

2. Equation (4) was used to calculate the permittivity of the resin used:  

 

 
d

A
C rere

sens
sinsin

  

 
sin

sin
sin

re

re
re

A

dC
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 
pF/m08.47

)m100.0)(m200.0(

m)005.0)(pF3.188(
 . (8) 

Table 2. Capacitance measurement using a single large dielectric sensor. 
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Upon measuring  the permittivity of the resin, it was possible to conduct three case 

studies (C, D and E) in which half of the sensing area was filled with resin while the other 

half with air. In C, the resin filled only the first half; in D, the resin filled the first and last 

25% of the sensing area; and in (E), the resin filled a non-uniform region which represents 

a resin flow affected by racetracking channels in the RTM process. As shown in Table 2, 

the three measured capacitance values (111.6, 113.4 and 112.5 pF) were quantitatively 

similar, and agree with the analytical value, 

 

  
d

Aε

d

Aε
C rereairair

sens
sinsin  

 
)m005.0(

)m0100.0)(F/m10*08.47(

)m005.0(

)m0100.0)(F/m10*85.8( 212212 

 pF9.111 (9) 

 

within a maximum error of only 1.4 %. This was anticipated to be due to the experimental 

errors such as inaccuracies in the resin filled areas and the separation of the plates, d . 

 

It can be concluded that large parallel-plate dielectric sensors can measure the total 

fraction of the sensor’s plate area occupied by resin but cannot detail the resin’s 

whereabouts on the sensor. This characteristics of the sensor may mislead the user 

particularly when an unpredicted flow pattern develops in the mold, which is likely to 

occur in the RTM process. This may be the result of the process disturbances such as 

racetracking channels, non-uniform fabric compaction and nesting effects. Taking into 

account the drawback of a single, or a small number of, sensors in the mold as illustrated in 

the previous studies, a grid of multiple (fifty) sensors was embedded in the mold walls for 

an unambiguous but yet detailed monitoring. 
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2.6 Comparison of the Dielectric Sensor Configurations  

 

Instead of manufacturing and embedding fifty separate parallel-plate sensors in the 

mold walls, a much simpler approach will be used here, similar to the sensor grid used by 

SMARTweave. However, the feasibility of this approach was checked first by investigating 

the change in the measured capacitance value when a pair of rectangular plates formed a 

cross shape instead of using identical square parallel-plates. A square and a cross-shaped 

dielectric sensor were made as shown in Table 3. The two rectangular plates were placed 

orthogonal to each other making a cross, and separated with a distance of d  = 5 mm (see 

Table 3). The projected area of the cross-sensor was the same as the sensing area of the 

square sensor. The capacitances of the sensors were measured and averages are recorded in 

all versions mentioned so far: (1) unshielded, (2) shielded, (3) grounded, (4) proposed 

method, and to compare these values with (5) the analytical value. Table 3 reveals the 

following: (1) the unshielded configuration gives unreliable readings for both sensors; (2) 

the shielded configuration is very accurate; (3) the grounded configuration has an error of 

29.5 % for the square sensor, and 29.7 % for the crossed sensor; (4) the proposed method is 

very accurate for the square sensor, and has an error of 20.5 % for the cross sensor. High 

error in unshielded configuration is mainly due to the external effects rather than fringing. 

Measurement must be done in an environment insulated from external electric fields. This 

unshielded measurement is done to show magnitude of error if it is not done properly. The 

error in the proposed method is assumed to be due to the fringing effects as explained in 

Figure 3 when the cross-shaped sensor is used mainly due to different plate geometries or 

basically orientation. Even though the cross sensor has a significant error, it is relatively 

much easier to manufacture and embed them in mold walls than embedding the shielded 

sensors. As a direct consequence, in order to facilitate the study, they will be used. The 

error will be reduced by measuring the capacitance ratio 
airsens CC /  instead of 

sensC  
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during actual injections. As will be illustrated in the following sections, the results of 

several case studies are extremely satisfactory. 

 

 

 

 

 

Table 3. Measurement of empty sensor capacitance for two different sensors. 
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Chapter 3 

 

THE MOLD 

 

 

 

 

The mold was designed to manufacture rectangular composite panels with in-plane 

dimensions of 300 mm x 140 mm. The lower and upper mold lids are made of UNS 301 

steel. A variety of spacer frames allow the manufacturing of panels with different 

thicknesses (in this study, only h  = 3 mm). There are ten vertical conductive electrodes 

(copper plates with a face thickness of 16 mm) on the lower mold lid, and five horizontal 

conductive electrodes on the upper mold lid as shown in Figure 5. Delrin plastic bars were 

machined for the housing and insulation of the copper plates from the conductive mold. 

After the copper plates and plastic insulator housings were tightly fitted in the mold lids, 

the surface of the mold lids were finish cut on a milling machine (by Bayrak Plastik, Bursa, 

Turkey) to level the surfaces of the copper plates and the mold lids and to reduce the 

surface roughness. On both sides of the spacer frame, o-ring silicon seals the mold cavity, 

and thin nylon films electrically insulate the metal frame from the mold lids. Six latches are 

used manually to compact the fabric preform and close the mold cavity. A resin inlet gate 

and ventilation (exit) port are located such that empty pools exist within the mold cavity 

between the left and right edges of the fabric preform and the mold walls; thus these inlet 

and exit pools function as a linear inlet and exit in practice.  
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3.1 The Experimental Setup 

 

Figure 6 shows the experimental setup for the RTM injection and in-situ sensor data 

evaluation. A flow-rate controlled injection machine (Radius Engineering RTM 2100 cc) 

transfers thermoset resin (Poliya PolipolTM 336-RTM) to the mold cavity in which a fabric 

preform (5 layers of stitched random e-glass fabric by Fibroteks with  500 g/m2 superficial 

density per layer) was compacted previously. The projected intersections of the horizontal 

electrodes (A,B,…,E) and the vertical electrodes (1,2,…,10) form fifty sensors 

(A1,A2,…,E10) as shown in Figure 7. The grid of 50 dielectric sensors is connected to the 

electrical circuit and monitored on the computer. Flow front positions and empty/filled 

regions can be monitored on-line during the injection, and the level of cure can be 

monitored by using the “permittivity versus cure level” database, during the cure stage of 

the process. 
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Figure 6. Experimental setup for RTM. 
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Chapter 4 

 

THE ELECTRICAL SYSTEM FOR OPERATION 

OF SENSORS AND DAQ 

 

 

 

The electrical system consists of a circuit board, a signal generator, a USB data 

acquisition card and a computer running LabVIEW. The diagram of the overall system can 

be seen in Figure 8. 

 

The circuit board consists of multiplexers, grounding switches and signal conditioners. 

The signal generator used in this study is Gwinstek SFG-2004 DDS function generator, 

which can be replaced with any signal generator capable of generating sine waves. For 

controlling the circuit board and data acquisition, iUSBDAQ – U120816 card is used due to 

its low cost and easy implementation to LabVIEW. This card is capable of capturing analog 

inputs at 32 kSamples/s with 12-bit resolution. It is connected to an IBM compatible 

computer running LabVIEW software for online monitoring. The software controls the 

multiplexers and processes the voltage data to calculate the capacitances. Relative 

permittivities are displayed both in numerical and contour map formats. The data is also 

recorded for later inspection. 
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Figure 8. Diagram of the entire monitoring system. 
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4.1 System Operation 

 

As explained in Section 2, a dielectric sensor works by applying an alternating current 

to the sensor which is connected serially to a reference capacitor, refC . By measuring the 

voltage across refC  and using the known value of refC  in Equation (2), the unknown 

sensor capacitance 
sensC , can be calculated. For a single sensor this process is 

straightforward, however it becomes more complicated for a grid of sensors, as shown in 

this study. Figures 7 and 8 explain how the grid sensors can be used to measure the 

capacitances, 
sensC  at all junctions: (1) The first horizontal plate (A) is connected to the 

signal generator, and other horizontal channels (B-E) and refC  are connected to the 

ground. (2) The amplitude and average of the voltage at all vertical plates (1-10) are 

measured and recorded. (3) Steps 1 and 2 are repeated for the other horizontal plates (B-E) 

sequentially, and the corresponding voltages are recorded. (4) refC  is connected to the 

signal generator and all of the horizontal plates (A-E) are connected to the ground. (5) 

Voltage amplitudes at all vertical plates are recorded. (6) For each vertical plate, the ratio 

of the amplitudes recorded at Step 2 ( AsensV , ) and Step 5 ( BsensV , ) are multiplied with refC  

of the corresponding plate as in Equation (5). (7) The relative permittivity of each sensor is 

calculated by using  

 

 air

sens

vacuum

air

air

sens

vacuum

sens
sensR

C

C
00059.1, 














 

(10) 

 

where 
airC  is the capacitance of each sensor recorded when there is only air present, and 

the relative permittivity of air is taken from [30] as .00059.1/ vacuumair   
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4.2 Circuit Description 

 

The circuit can be divided into three sections: (i) driver for horizontal plates, (ii) signal 

conditioner, and (iii) DAQ multiplexer. 

 

Driver for Horizontal Plates: This circuit consists of grounding switches and a 

multiplexer for each channel. The signal generator is directly connected to a CD4051 8-

channel analog multiplexer. One CD4066 bilateral switch is used to connect each output 

channel to the ground. By using logic gates, multiplexer’s channel selector and switches are 

connected together so that non-selected channels will be connected to the ground. Channel 

selection is handled by LabVIEW software through the DAQ card. For the mentioned mold 

setup, five channels are used for the mold’s horizontal electrodes (A, B, … , E) and one 

channel for the reference capacitor. 

 

Signal Conditioner: This part of the circuit is used to measure the voltage of electrodes 

at lower mold plate. Even if refC  is selected as close to the expected sensor capacitance, 

the effect of the 
moldC  in the grounded configuration causes the voltage 

sensV , to decrease 

and require amplification for accurate readings.  

The circuit is divided into parts and shown with representative signals at various stages 

in Figure 9. The voltages are measured as follows: (i) The circuit is directly connected to 

the sensor in the voltage divider as explained in the previous section. (ii) To avoid 

saturation at the op-amps, the amplification is conducted in two steps. The 1
st
 amplifier 

consists of an op-amp in a non-inverting amplifier configuration with a gain of 52. (iii) The 

signal is separated into DC and AC components by using a low-pass and a high-pass filter, 

respectively. (iv) The low-pass filtered signal, labeled as “Mean”, is connected to the DAQ  
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multiplexer. (v) The AC signal is further amplified by using the 2
nd

 amplifier for higher 

sensitivity. The gain of the 2
nd

 amplifier is set to 4.3 which brings the signal level between 

0.5 V and 3.8 V. (vi) The last part of the circuit is the peak voltage detector which is used 

to measure the magnitude of the AC component of the signal [31]. The output of this part is 

also fed to the DAQ multiplexer. 

 

The op-amps selected for this circuit are LF347. It has a high slew rate (13V/µs) which 

is required for high frequency signals, and also has high input impedance of 10 T . This 

high input impedance permits the neglecting of the op-amps in voltage divider calculations. 

 

DAQ Multiplexer: The limited number of channels on the DAQ card can be 

compensated for by adding multiplexers to the system. The only drawback of multiplexing 

is the decrease in the sampling rate. Since the resin flow develops slowly in RTM, this is 

not considered a critical issue. 

 

Three CD4052 2x4 channel analog multiplexers are used to feed twenty voltage values 

(ten for mean and ten for amplitude) to six channels of the DAQ card. Similarly, the 

channels of the multiplexers are selected from LabVIEW via the DAQ card. At each 

measurement step, (i) the channel is selected, (ii) three mean and three amplitude values are 

read, (iii) the second step is repeated for channels 2 to 4, and (iv) voltage values for the ten 

vertical plates are recorded. 
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Chapter 5 

 

EXPERIMENTS 

 

 

 

 

To verify the reliability and accuracy of the proposed sensor system, many RTM 

experiments were done, two of those experiments will be presented here for brevity and the 

rest are included in the Appendix C. These case studies are RTM mold fillings with (1) 

approximately 1D resin flow; and (2) 2D resin flow induced by a racetracking channel 

along the bottom edge of the preform. The resin cure stage of one case study was also 

monitored until the de-molding time and its evaluation will be done later in this section. 

 

 

5.1 Monitoring of Mold Filling 

 

In both case studies, curing agent and accelerator were added to Poliya Polipol™ 336-

RTM thermoset resin so that the pot life (gelation time) was adjusted to approximately 15 

minutes at room temperature.  The fabric preform was prepared by stacking five layers of 

stitched random e-glass fabric (by Fibroteks) with superficial density of 500 g/m
2
 per layer. 

The preform was compacted to the mold thickness of 3mm, which resulted in a fiber 

volume fraction of 32.8 %. Injections were performed at a constant flow rate of Q  = 15 
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cc/min. As previously explained, the resin filled the empty rectangular pool around the inlet 

seen in Figure 5, and then it propagated through the porous fabric preform. In Case Study 

1, the preform’s width was cut with precision so that there was no significant racetracking 

channel between itself and the mold walls. In Case Study 2, the preform’s width was cut 

approximately 2 mm shorter than the mold width (140 mm), and it was placed in the mold 

cavity so that the racetracking channel was formed only along the bottom edge.  

As explained in the previous section, initially the sensor capacitances were measured 

and recorded when the mold cavity was empty (i.e., only air existed in it, thus 
airsens CC 

). After placing the preform and closing the mold, the sensors measured the capacitance of 

the medium (dry fabric and air). During the mold filling, the sensors measured the 

capacitance of the wetted fabric.  

In Figures 10 and 11, the relative permittivities of the sensors, 
R  are plotted during the 

entire injection of Case Studies 1 and 2. Each sensor’s reading was approximately 1.8 

before the arrival of resin to that sensor. After the resin reached the sensor (with a sensing 

area of 16 mm X 16 mm), the reading started to increase gradually as seen in the two 

figures. Due to almost 1D flow in Case Study 1, the rate of increase in the readings was 

almost constant. The readings remained constant (approximately 5.6R ) after the 

preform was saturated completely in the sensor. The arrival times to the sensors along each 

column (for example A1,B1,…,E1 for the first column, and so on) were quantitatively 

similar. However, they deviated very significantly in Case Study 2 showing that the flow 

was not 1D. When the relative permittivity of a sensor reached its mid value, 

 initialRfinalR ,,5.0   , the sensor was considered to be 50 % filled. The corresponding times 

of all fifty sensors were used at their central coordinates to plot the flow front contours in 

Figures 12 and 13. The user interface of the LabVIEW program is given in Figure 14 which 

monitors the current relative permittivities and the location of the flow front when the mold 

was partially filled at t  = 418.8 s.  
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Figure 12. The flow front contours at different times using the recorded data of the fifty 

sensors for Case Study 1. 

 

 

 

 

 
 

 

Figure 13. The flow front contours at different times using the recorded data of the fifty 

sensors for Case Study 2. 
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Figure 14. The user interface for monitoring the mold filling in Case Study 2. The 

relative permittivities of the sensors are used to show what regions of the mold cavity are 

filled/empty at the current time.  
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5.2 Monitoring of Resin Cure 

 

The curing stage of Case Study 2 is shown in Figure 15. As the level of resin cure 

increased with time, the relative permittivity decreased. As mentioned in the first section, 

for an optimum de-molding time, one ideally needs a database which relates the 

mechanical properties (strength and stiffness) of the composite part to the relative 

permittivity. The part should be de-molded after the green strength and stiffness of the 

composite part are high enough so that no warpage occurs during and after the part is taken 

out of the mold. In this study and [26], no complete database was used, however no 

significant deformation was observed during and after the de-molding of the part following 

approximately 4 hours of curing, for the resin system used in this study. For this room-

temperature curable resin type, Figure 15 suggests that the composite part’s relative 

permittivity level should be equal or less than 4.5 at the time of de-molding. This could be 

much shorter if a different resin system was used and/or the mold was kept in an autoclave 

during the partial curing stage. 

 

 

5.3 Using the Sensor System as Point-Resistive Sensors and Dielectric Sensors 

 

To investigate how differently the mold filling and resin cure would be monitored if 

fifty resistive sensors were used instead of the fifty dielectric sensors, one more case study 

was performed. The sensors’ electric system was operated in exactly the same way as 

before (i.e., running the alternating input voltage at a frequency of 150 kHz), except that 

after recording the sensor data at each time step, the input voltage was converted to DC 

form (by setting the excitation frequency,   to zero) and the corresponding data was 

separately recorded as resistive sensor data. For brevity, only one sensor’s (C5) response 
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was plotted in Figure 16. As seen in the figure, the resistive sensor responded as an almost 

step function upon the resin arrival to that sensor. In other words, the output voltage 

increased to its saturated value even when a small fraction of the sensor’s surface was filled 

with resin. This is due to the high gain used in the circuit. Recall that using a much lower 

gain would not have this problem (sudden increase in the output voltage). However, the 

system then would be very vulnerable to the external noise. When the gain is set to a low 

value, the sensors may even give false resin arrival signals unless the threshold value is set 

low enough [4]. This though is very difficult to do especially when the high electrical 

resistivity of typical RTM resins are considered. 

 
 

Figure 15. The average of relative permittivities, 
R

 

of the fifty sensors during the resin 

cure stage of Case Study 2. 
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Figure 16. The data of a sensor (C5) when it is operated as a point-resistive sensor 

(dashed, blue) and a dielectric sensor (solid green). 
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Chapter 6 

 

SUMMARY AND CONCLUSIONS 

 

 

 

 

It was shown that previously used dielectric sensor systems can only measure the 

fraction of the sensors filled with the flowing resin, but not the resin’s whereabouts in the 

mold cavity. The monitoring results of these previous studies may be ambiguous and cause 

false control of the RTM process. A grid of fifty dielectric sensors were embedded in RTM 

mold walls so that much more detailed and accurate monitoring could be achieved. Each of 

these sensors gives the local saturation, and the multiple sensor data can be used to monitor 

the flow front position with a higher certainty than the previous applications. These sensors 

were permanently embedded to the mold by machining the mold surface after assembling 

the copper-plate electrodes and the insulator housings to the mold walls tightly. This study 

also reviews the four different alternatives for parallel-plate dielectric sensor 

configurations: unshielded, shielded, grounded and “modified grounded” (the proposed 

method of this study) by comparing these sensors’ output with the analytical value. The 

most accurate choice is the shielded configuration. However it is tedious and costly to 

embed multiple shielded sensors as mentioned earlier. The modified version of the 

grounded configuration enabled the measuring of the relative permittivity of the medium 

(dry or wetted fabric preform) by eliminating the unknown and time-varying mold 
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capacitance from the system equations. Instead of having fifty separate parallel-plate 

sensors, an easier approach was used, in which a grid was formed by having five horizontal 

and ten vertical electrodes and by considering the projected areas as the sensing areas. 

Several RTM case studies were presented here to validate the success of the proposed 

dielectric sensor system.  
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Appendix A.1. Datasheet of the resin. [www.poliya.com.tr] 

 

 

 

 

Polipol™ 336-RTM 
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Appendix A.2. Injection Machine.[www.radiuseng.com] 
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Appendix A.3. Fabric preform material. 

 

 

 

 

 

Fibroteks 

Stitched Random 

450 gram/m² 

 

 

 

 

 

 

 

 

 

Appendix A.4. RTM process steps overview [14] 

 

 

  

2. Lay-up and Draping 

1. Preform Manufacturing 

4. Resin Injection and Cure  

5. Demolding and Final Processing 

3. Mold Closure 
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Appendix B.2. Mold 3D Visualitions. 

 

 

 

 
 

 

 

 
 

Open/Closed view of the entire mold. 
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Insulator made from delrin 

 

 

 

 

 

 

 
Sensing plates made of copper. 
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Appendix B.3. Mold Photos. 

 

 

 
Entire mold, without circuit board. 
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Upper mold plate. 

 

 

 
Lower mold plate 
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Lower mold plated with 6mm spacer frame. 

 

 

 

 
Fabric placed and mold is ready to be closed. 
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Mold with latches closed. Isometric view. 

 

 

 
Mold with latches closed. Side View 



 

 

Appendices  62

   

 

 

Appendix C.1. Results of Experiment 6. With grounded configuration. 

 

 
 

 

Flow Front Propagation 
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Appendix C.2. Results of Experiment 11. With grounded configuration. 

 

 
 

Flow Front Propagation 
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Appendix C.3. Results of Experiment 12. With modified grounded configuration.No 

fabric, mould placed vertically for a perfect 1-D flow 
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Flow Front Propagation 
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Appendix C.4. Results of Experiment 14. With modified grounded configuration. 
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Flow Front Propagation 
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Appendix C.5. Results of Experiment 15. With modified grounded configuration. 
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Flow Front Propagation 
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Appendix C.6. Results of Experiment 16 – Case Study 1 
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Appendix C.7. Results of Experiment 17 – Case Study 2 
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Appendix E.1. Amplifier Stage Calibration datas. Vin versus Vout 

 

 

 
 

 

 

 

 

Appendix E.2. Capacitance versus Voltage Output data. 

 

 

 
 

 

 

  

Pk-Pk In Voltage Outputs

40 0.982 0.958 0.929 0.982 0.947 0.982 0.891 0.952 0.927 0.940

50 1.286 1.251 1.217 1.287 1.241 1.290 1.169 1.248 1.214 1.234

60 1.557 1.512 1.474 1.558 1.504 1.563 1.416 1.511 1.470 1.497

70 1.839 1.784 1.741 1.841 1.777 1.847 1.673 1.787 1.736 1.770

80 2.063 2.001 1.954 2.067 1.994 2.074 1.877 2.004 1.948 1.987

90 2.359 2.286 2.236 2.363 2.280 2.373 2.149 2.292 2.227 2.275

100 2.639 2.555 2.499 2.643 2.551 2.654 2.403 2.564 2.492 2.545

110 2.892 2.799 2.739 2.897 2.796 2.910 2.634 2.812 2.730 2.790

120 3.157 3.055 2.991 3.163 3.053 3.180 2.878 3.069 2.982 3.047

130 3.426 3.315 3.247 3.434 3.314 3.452 3.125 3.332 3.239 3.309

140 3.726 3.606 3.531 3.733 3.605 3.754 3.400 3.626 3.525 3.600

150 3.989 3.860 3.781 3.996 3.858 4.020 3.641 3.883 3.777 3.853

Slope 36.905 38.248 38.914 36.809 38.112 36.531 40.361 37.873 38.968 38.081

Intercept 2.999 2.624 3.101 3.088 3.151 3.372 3.327 3.221 3.207 3.457

R2 0.9997 0.9997 0.9998 0.9998 0.9997 0.9998 0.9997 0.9997 0.9997 0.9997

Vout/C 0 0.9 0.9 1.3 1.3 1.9 2 2.5 2.5 2.7 2.7

1 1.057 1.002 1.417 1.395 2.008 2.056 2.738 2.78 2.943 2.962

2 0.867 0.833 1.163 1.146 1.653 1.693 2.26 2.294 2.435 2.437

3 0.739 0.716 0.996 0.98 1.427 1.467 1.957 1.983 2.098 2.105

4 0.709 0.692 0.967 0.952 1.392 1.423 1.911 1.932 2.046 2.055

5 0.62 0.599 0.843 0.832 1.219 1.25 1.67 1.701 1.808 1.805

6 0.576 0.555 0.791 0.778 1.139 1.166 1.566 1.5953 1.692 1.695

7 0.572 0.556 0.773 0.758 1.118 1.142 1.53 1.554 1.649 1.655

8 0.676 0.658 0.915 0.902 1.317 1.349 1.809 1.832 1.945 1.952

9 0.749 0.727 1.006 0.994 1.443 1.478 1.978 2.007 2.131 2.128

10 0.848 0.826 1.154 1.14 1.657 1.698 2.272 2.309 2.44 2.446

Vexc = 1.0
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Appendix E.3-5. Entire Electronic Circuit: (3) Part List, (4) Schematics and (5) PCB. 

 

 

 

List of Materials for Di-electric Sensor  

Design Title : Di-electric sensor 

Author : Bekir Yenilmez 

Revision : 1.0 

Design Created : 16 April 2008 Wednesday 

Design Last Modified : 07 August 2008 Thursday 

Total Parts in Design : 239 
 

 

 

142 Resistors 
 

 
Quantity: 

 
References 

 
Value 

                        

 

48 

 

R1-R3, R7, R11, R12, R17, R21, R22, R27, R31, R32, 
R37, R41, R42, R47, R51, R52, R57, R61, R62, R67, 
R71, R72, R77, R81, R82, R87, R91, R92, R97, R101, 
R102, R105-R108, R113-R115, R121, R122, R126-
R128, R130-R132 

 

10k 

                        

 
6 

 
R4, R116-R120 

 
1R 

                        

 
10 

 
R5, R15, R25, R35, R45, R55, R65, R75, R85, R95 

 
51k 

                        

 
14 

 
R6, R16, R26, R36, R46, R56, R66, R76, R86, R96, 
R123-R125, R142  

1k 
                        

 
21 

 
R8, R13, R18, R23, R28, R33, R38, R43, R48, R53, R58, 
R63, R68, R73, R78, R83, R88, R93, R98, R103, R111  

1M 
                        

 
11 

 
R9, R19, R29, R39, R49, R59, R69, R79, R89, R99, 
R109  

4k7 
                        

 

21 

 

R10, R14, R20, R24, R30, R34, R40, R44, R50, R54, 
R60, R64, R70, R74, R80, R84, R90, R94, R100, R104, 
R112 

 

33k 

                        

 
11 

 
R110, R129, R133-R141 

 
100k 
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43 Capacitors 
 

 
Quantity: 

 
References 

 
Value 

                        

 
11 

 
C1, C4, C7, C10, C13, C16, C19, C22, C25, C28, C31 

 
100n 

                        

 
22 

 
C2, C3, C5, C6, C8, C9, C11, C12, C14, C15, C17, C18, 
C20, C21, C23, C24, C26, C27, C29, C30, C32, C33  

10n 
                        

 
10 

 
C34-C43 

 
1p8 

                        

 

22 Integrated Circuits 
 

 
Quantity: 

 
References 

 
Value 

                        

 
1 

 
U1 

 
4028 

                        

 
1 

 
U2 

 
4009 

                        

 
2 

 
U3, U4 

 
4066 

                        

 
1 

 
U5 

 
4051 

                        

 
10 

 
U6-U15 

 
LF347 

                        

 
3 

 
U16-U18 

 
4052 

                        

 
4 

 
U19-U22 

 
LF353N 

                        

 

5 Transistors 
 

 
Quantity: 

 
References 

 
Value 

                        

 
5 

 
Q1-Q5 

 
BC548C 

                        

 

22 Diodes 
 

 
Quantity: 

 
References 

 
Value 

                        

 
22 

 
D1-D22 

 
1N4148 

                        

 

5 Miscellaneous 
 

 
Quantity: 

 
References 

 
Value 

                        

 
3 

 
DIO, J1, J2 

 
TBLOCK-M12 

                        

 
1 

 
J3 

 
TBLOCK-M6 

                        

 
1 

 
SGEN 

 
TBLOCK-M2 
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Appendix E.5.1: Double layered printed circuit board mask 
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Appendix E.5.3: (a) Bare and (b) Assembled Photos of the PCB. 

 

(a) 

 

  
 

 

(b) 
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Appendix F.1.1. Overview of The DAQ card iUSBDAQ – U120816 

     [From the users manual] 

 
 

 USB 2.0/1.1 Full Speed Interface 

 USB Bus Powered 

 8 Single-Ended, 12-Bit Analog Inputs 

 0-4.096 V Analog Input Range 

 Up to 32 kSamples/Sec Throughput with Single Channel Up to 

13kSamples/Second for Streaming Mode 

 Supports Both Scan Mode and Continuous Streaming Mode Data Acquisition 

 One Dedicated Trigger Line for Streaming Mode Data Acquisition 

 Two 10-bit PWM Outputs (3kHz- 333kHz) 

 16 Bi-Directional Digital I/O Lines (125HZ update rate) 

 One 16-Bit Counter 

 240 bytes EEPROM Reserved for User Data 

 Multiple iUSBDAQs Can Be Connected On Same Computer 

 Works with Windows 98SE, ME, 2000, or XP 

 Approximately 3.5" x 3.375" x 1.125" (9cm x 8.5cm x 3cm) 

 Industrial Temperature Range 
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Appendix F.1.2. Specifications of The DAQ card iUSBDAQ – U120816. 

     [From the users manual] 
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Appendix F.2. Datasheet of the operational amplifier LF347 
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Appendix F.3. Datasheet of the Grounding switch CD4066. 
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Appendix F.4. Datasheet of the Multiplexers CD4051 and CD4052. 
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