
 

Validation testing of an integrated process and structural health 

monitoring system based on piezoelectric sensors on a PAX door 

edgemember made by RTM 
 

Michael SCHEERER 1, Zoltan SIMON 1, Michael MARISCHLER 1, Tim ROSER 2,   

Bernhard RITTENSCHOBER 3 

 

1   Polymer Composites Group, Aerospace & Advanced Composites GmbH, Wiener Neustadt 
(Austria) michael.scheerer@aac-research.at, Zoltan.simon@aac-research.at, 

michael.marischler@aac-research.at  
2  Airbus Helicopters – Airplane Door Systems, Airbus Helicopters, Donauwörth (Germany) 

tim.roser@airbus.com  
3  Research & Development, ALPEX Technologies GmbH, Mils (Austria)  

Bernhard.Rittenschober@alpex-tec.com  

 
 

Keywords: Acoustic Emission (AE), guided waves (lamb waves), Piezoelectric sensors, 

through life monitoring, electromechanical impedance, RTM process monitoring  

 

 

Abstract 
 

Recently the authors developed a novel integrated process and structural health monitoring 

concept based on piezo sensors. The basic idea is to place a number of piezo sensors on pre-

defined positions over the RTM mold. In a first step the piezo sensors are operated as 

pressure sensors to monitor the flow front propagation in the mold. Once the whole pre-form 

was impregnated by the resin and curing starts, the impedance of the piezo sensors are 

measured over the time and the change in the impedance spectrum is used to determine the 

degree of cure. Finally, when the curing process is finished, all piezo sensors are co-cured on 

the surface of the part and remain on the part to be used for structural health monitoring 

either in passive mode as acoustic emission sensors or in active mode using guided 

ultrasonic waves. Within this paper the authors will present detailed validation results of the 

developed system during the production and damage assessment of a PAX door edge-member 

made by Resin Transfer Molding. The results showed that the developed system is very well 

suited to monitor the flow front propagation, the curing status and simulated impact 

damages. 

 

1. INTRODUCTION 

In order to bring the advantages of fiber reinforced polymers – high specific strength and 

stiffness – into applications where mass production is essential e.g. specific aircraft parts 

such as stringers or frames, automated manufacturing techniques have to replace the wide 

spread manual production. Depending on the part to be manufactured, infusion methods like 

Resin Transfer Molding (RTM) or Vacuum Infusion (VI) are such automated production 

techniques. The most important steps in the production of complex composite parts by resin 

infusion are to reach a full impregnation of the dry pre-form and to guaranty a full curing of 
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the resin in the form. Therefore the control of process parameters like flow front propagation 

and the determination of the degree of cure are important for the production of high quality 

parts. Currently process monitoring in RTM processes are done by different type of sensors 

such as temperature sensors, pressure sensors, dielectric sensors or conventional ultrasonic 

sensors for the monitoring of the flow front and the determination of the degree of cure which 

are mostly integrated directly in the mold [1, 2, 3]. In order to be able to monitor the 

structural integrity during use (SHM), further type of sensors such as piezo sensors, which 

are mainly glued to surface of the structure are under investigation [4, 5, 6]. In some works 

fiber optic sensors such as fiber Bragg grating sensors were used for process monitoring. 

These sensors will remain in the part and can be used for structural health monitoring [7]. A 

critical aspect is the ingress / egress point from the part and the connection of the fiber optic 

sensors.  

In order to overcome the above mentioned problems the authors recently developed a novel 

integrated process and structural health monitoring concept based on piezo sensors. The basic 

idea is to place a number of piezo sensors on predefined positions over the RTM mold. First 

the piezo sensors are operated as pressure sensors to monitor the flow front propagation in 

the mold. When resin curing starts, the change of the impedance spectra of the piezo sensors 

are used to determine the degree of cure. Finally, when the during process is finished, all 

piezo sensors are co-cured on the surface of the part and remain on the part to be used for 

structural health monitoring either in passive mode as acoustic emission sensors or in active 

mode using guided ultrasonic waves. [8]. 

2. OVERALL MONITORING CONCEPT  

Figure 1 shows the concept of the overall process and structural health monitoring system.  

 

Figure 1: Illustration of the working principle of the integrated process and structural health monitoring system. 
 

In a first step the piezo sensors are mounted at pre-defined positions in the RTM mold. Then 

the dry preform will be placed in the mold. After closing of the mold, all sensor are operated 

as pure pressure sensors to measure the pressure built up due to the flowing resin. The time of 

pressure rise will be used to determine the position of the flow front. Once the whole mold 

has been filled, the piezo sensors are connected to the impedance analyzer to measure the 

impedance spectra of the individual sensors. During curing the impedance spectra are 

measured over time and the change of the spectra – impedance and resonance frequency – 

were used to determine the hardening of the resin and subsequent the degree of cure. When 
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the curing cycle has been finished and the mold was cooled back to room temperature, the 

part together with the co-cured sensors will be demolded. The co-cured piezo transducers are 

than ready to be used as sensors and / or actuators of a passive (Acoustic Emission) and / or 

active (Guided Ultrasonic) SHM system. 

2.1 Sensor concept 

The developed sensor consists of piezo disc of 15 mm in diameter and 2 mm in thickness 

with wrapped around electrodes connected to co-axial Lemo connecter all embedded in 

epoxy resin cylinder, used as housing. The whole assembly is embedded in PTFE cylindrical 

ring, that is used to tighten the sensor in the RTM mold. Figure 2 shows a picture of the 

developed sensor.  

 

Figure 2: Manufactured piezo – sensors for integrated process and structural health monitoring. 

2.2 Sensor behavior 

Detailed theoretical and experimental investigation of the interaction of the sensor with the 

curing resin have been performed. Details of these results have been presented recently [9]. 

The outcome of the investigation can be summarized as following: 

The higher the stiffness and the lower the damping of the resin the lower is the measured 

impedance at the first radial anti-resonance. In total the change of the impedance from the 

uncured to the fully cured state is around several kOhm 

The anti-resonance frequency of the first radial mode will be shifted towards a higher 

frequency with higher stiffness of the curing resin. In total the change of the anti-resonance 

frequency from the uncured to the fully cured state is around 10 to 12 kHz 

Details about the shape of the impedance spectra during curing and the change of anti-

resonance frequency and impedance at the anti-resonance frequency during curing of the 

edge-member are shown later on in chapter 4.2. 

3. TEST ARTICLE 

The investigated part is a simplified model of PAX door edge-member. Figure 2 shows a 3-D 

model of the edge-member, which was used to predict the flow front propagation during resin 

infusion. 

 

Figure 3: 3-D model of the edge-member 
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The test article is a double curved frame with varying cross sections along its principle axis – 

S-shaped to double L-shape to S-shape. The part is made out of 8 layers of NCF fabric with a 

quasi-isotropic fiber architecture [0/90/45/-45]8 with a total thickness of 7.8 mm leading to 

fiber volume content of 50%. 

Prior to the production of the part the flow front propagation has been simulated using the 

commercial software PAM-RTM. Injection of the part has been done from a point close to 

the center of the part. Two vents on the left and the right side of the part were used. Flow 

front alignment has been done by the use of preform clamping close to front and rear edge of 

the preform, which is larger than the final part. Figure 4 shows the edge-member with the 

used boundary conditions (position of inlet and vents, place of preform clamping and used 

inlet pressure) and the results of the flow front propagation. 

 

Figure 4: Edge-member with the used boundary conditions (position of inlet and vents, place of preform 

clamping and used inlet pressure) and the results of the flow front propagation (filling time) 

The calculated times when the flow front reaches sensors 27 and 25 are 7 min and 18 min. 

4. PRODUCTION AND PROCESS MONITORING 

Resin Infusion of the preform was done in a two part, temperature controlled mold placed 

inside a 50 ton press by an injection facility from Tartler, with a maximum injection pressure 

of 5 bar at a controlled flow rate of 100 ml/min up to 3 kg of infused resin and at a flow rate 

of 50 ml/min till the end of the infusion process. Resin infusion was done at a constant 

temperature of the resin and the form of 55°C. The following production steps were 

performed: 

 

1. Application of the release agent 

2. Placement of the 4 piezo sensors at the foreseen places in the lower part of the mold 

3. Placement of the preform in the mold 

4. Closing of the mold and heat up to 55°C 

5. Connection of the injection facility and heat up of the resin to 55°C 

6. Evacuation of the mold from both vents 

7. Resin injection with online flow front monitoring (details in chapter 4.1) 

8. Closure of vents and inlet point at 5 bar and start of curing at 85°C 

9. Curing at 85°C for 8 hours with online cure monitoring (details in chapter 4.2) 

10. Cooling down of the mold and demolding of part 

 

The following figure show the mold and part throughout different production steps. 

inlet 

vents 

Preform clamping 
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Figure 5: Production steps: 2: mounted sensors 25, 27 (flow front), 28 and 31 (cure monitoring) in the mold, 3: 

preform placed in the mold (measurement equipment connected to the sensors), 4-9: closed mold with attached 

infusion facility, 10: open mold with part after infusion and curing, 10: demolded part with co-cured sensors 

The following hardware has been used for process monitoring and later on for SHM: An 

LCR meter of type 7600 from Quadtech for the measurement of the electrical impedance of 

the sensors during curing and a combined active/passive SHM system consisting of two 4 

channel acoustic emission cards (type PCI-DISP-4 from PAC), one switchable arbitrary 

waveform generator card (type: ARB-1410 from PAC) for the actuation of burst signals in up 

to 4 actuators and 8 parametric channels for the acquisition of the pressure signals during 

flow front monitoring. Details about the active / passive SHM system can be found in [10]. 

4.1 Flow front propagation 

For flow front propagation Sensors 27 and 25 were operated as pure pressure sensors and 

acquired via 2 of the 8 parametric channels of active/passive SHM system. In addition to the 

readings of these two sensors, several process parameters such pressure at the injection 

nozzle, temperatures in the resin bath and the nozzle and the flow rate of the injection facility 

were monitored during the infiltration process. The following figure show the reading of the 

pressure of the injection nozzle, sensor 27 and 25 and the indication of the amount of injected 

resin and visual observations of the appearance of resin at the two vent points. 

 

Figure 6: Reading of the pressure of the injection nozzle, sensor 27 and 25 and the indication of the amount of 

injected resin (black vertical lines) and visual observations of the appearance of resin at the two vent points (red: 

left vent close to sensor 25, green: right vent close to sensor 31 – cure monitoring sensor) 
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Injection starts at a negative pressure (vacuum on both vents) and increase continuously due 

to the increasing pressure drop with increasing amount of injected resin at constant flow rate. 

Sensor 27 (closer to injection point) show the first indication of resin after approximately 

12.5 minutes and a total amount of 1.25 kg of injected resin. Sensor 25 (closer to right side) 

show the first indication of resin after approximately 23 minutes and a total amount of 2.2 kg 

of injected resin close before resin was flow out from the vent on the lefts side close to sensor 

25, which indicates proper detection of the flow front. The measured arrival times at sensor 

27 and 25 are higher compared to the prediction caused by the time required to fill the inlet 

tube. The time required for the flow front between reaching sensor 27 and 25 is in good 

agreement with prediction from the flow front simulation. 

4.2 Cure Monitoring 

Once the infusion process has been finalized the mold was heated up to 85°C and the 

impedance spectra of sensor 31 were measured in a frequency range between 140 kHz and 

200 kHz every 90s. Figure 7 shows the change of the impedance spectra and the change of 

the impedance at anti-resonance frequency and the change of the anti-resonance frequency 

during the time of curing. 

 

Figure 7: Change of the impedance spectra and the change of the impedance at anti-resonance frequency and the 

change of the anti-resonance frequency during the time of curing measured by sensor 31 

Figure 7 clearly illustrate the change in the impedance spectra around the first radial anti-

resonance frequency. Totally the impedance at first radial anti-resonance frequency change 

from 3.5 kΩ to around 1 kΩ during curing and the anti-resonance frequency change from 158 

KHz to around 170 kHz. Both observations are in the expected range and similar to results 

achieved during cure monitoring on flat CFRP plates discovered recently [8, 9]. In addition 

once curing has been finished both parameters are stable over time indicating the finalization 

of the curing process. 

5. STRUCTURAL HEALTH MONITORING 

5.1 Wave Propagation 

As a first step for validation of the co-cured transducers for SHM each transducer was used 

as actuator and sensor. For actuation 3-sin burst signals at center frequencies between 20 kHz 

and 300 kHz were used. Prior to the measurement of the wave propagation properties the 

group velocities of the different guided wave modes have been calculated using the software 

DISPERSE. The following figure show the calculated group velocities and the measured 

response of sensors 25, 27 and 28 due to the actuation of transducer 31 at 40 and 80 kHz. 
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Figure 8: Calculated group velocities (top) and the measured response of sensors 25, 27 and 28 due to the 

actuation of transducer 31 at 40 kHz (bottom left) and 80 kHz (bottom right). 

Out of figure 8 one can see that only the S0 and the A0 mode is present below the cut of 

frequency of 85 kHz. At 40 kHz A0 mode and at 80 kHz the S0 mode is dominant. The 

measured arrival times for the S0 mode at all sensors (different distances from the actuator) 

correspond well with the predictions made with DISPERSE (5670 m/s for the S0 mode at 80 

kHz), where the measured group velocity for the A0 mode of 1250 m/s is somewhat lower 

compared to the calculations (1400 m/s). The effect of material damping and wave spreading 

can be seen by the decrease in maximum amplitude with increasing distance from the 

actuator (A31 – S28: 353 mm / A31 – S27: 1048 mm / A31 – S25: 1515 mm). In addition a 

lot of signals coming from the reflections form the boundaries can be seen. Beside the 

assessment of the wave propagation properties it could be shown that the reverse of 

transducer operation (actuation or sensing) is leading to very similar response if the 

transducer is operated as actuator or sensor. 

5.2 Guided Waves 

After the measurement of the wave propagation properties the suitability of the developed 

sensor for the detection of simulated defects has been assessed. Artificial damages in shape 

of added masses (weight of 700g / diameter of 50 mm) were place on different positions 

along the edge-member as shown in the following figure.  

 

Figure 9: Position of the sensors and weights for the simulation of damages 

Prior to the measurement of the wave propagation with added mass, the baseline of the edge-

member has been measured on different days to assess the influence of changing 

environmental conditions (mainly the temperature). The following figures show the envelope 

M1 

M2 M3 

T1 
T2 T3 T4 
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of the residuals of the signals between two baseline measurements and between baseline and 

after application of mass M2 at frequencies of 40 kHz and 80 kHz.  

 

Figure 10: Envelope of the residuals of the signals between two baseline measurements (left) and between 

baseline and after application of mass M2 (right) at frequencies of 40 kHz (top) and 80 kHz (bottom). 

The residuum of the different baseline measurements are clearly below that of the simulated 

defect. The largest residuum for both frequencies are between transducers 1 and 2 and 

between 1 and 3 as expected as the defect is located between the two. For both frequencies 

the first maximum residuum appear at a time of around 0.35 µs between T1 and T2 (blue 

ellipse in figure 9) and around 0.9 µs between T1 and T3 (red ellipse in figure 9) which 

corresponds to travel time of the A0 mode between the transducers. Therefore independent of 

the frequency the most effected mode is the A0 mode as expected for such asymmetric 

damage. 

The raw data have been fed in near field sparse array beam forming algorithm described in 

more detail in [10]. The following figure show the color coded images of the 3 localized 

damages using this beam forming algorithm and the data of the 80 kHz measurement 

assuming a group velocity of 1250 m/s of dominant A0 mode for beam forming. 

 

Figure 11: Color coded images of the 3 localized damages using this beam forming algorithm and the data of 

the 80 kHz measurement assuming a group velocity of 1250 m/s of dominant A0 mode for beam forming. 
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All simulated damages could be clearly detected and located. As expected the closer 

simulated defects relative to the transducers (M2 and M3) that also lay on the direct line 

between two transducers show higher residuals compared to the simulated defect (M1) which 

has a larger distance to the transducers and lays not on the direct line between the 

neighboring transducers. 

5.3 Acoustic Emission 

Finally all transducers were operated as passive acoustic emission sensors for the detection 

and localization of simulated non-damaging impacts simulated by the application of a short 

time load with an impact hammer. The following figure show the located non-damaging 

impacts over the edge-member. 

 

Figure 12: Located non-damaging impacts over the edge-member. 

All impacts (location indicated by red flashes) can be detected and located using the group 

velocity of 5700 m/s of the S0 mode and a conventional linear triangulation algorithm as long 

as the impacts are between the outermost transducers. Events outside the outermost sensor 

were detected close to closest sensor.  

6. CONCLUSIONS 

Within this paper the authors presented the latest validation results of a novel integrated 

process and structural health monitoring concept based on piezo sensors on a model of a 

PAX edge-member. The following conclusions can be drawn out of the performed work: 

 

• The developed transducers were very well suited to monitor the different production 

steps during resin infusion and curing – flow front propagation and resin curing. 

• After the production all transducers were co-cured to the part demonstrating the 

ability of the developed transducers to be used in an industrial RTM production 

process. 

• The co-cured transducers were very well suited to be used as actuators and/or sensors 

of an active guided wave or passive acoustic emission based SHM system. All 

simulated defects can be detected and located in either active guided wave or passive 

acoustic emission mode. 
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