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Abstract: We present a foil based miniaturized impedance sensor combined with a temperature
sensitive structure to be integrated in Carbon-Fiber-Reinforced-Polymer (CFRP). Commercially
available sensors are too big and they weaken the CFRP. In contrast the influence of our
miniaturized flexible sensor can be neglected due to its size (5 um thick); it is in the range of the
fibers” diameter. The sensor can remain in the produced part without disruption and even be used
for structural health monitoring. Our sensor will enable automated control of the curing process
and improve the fabrication. This is the first time impedance and temperature sensing is combined
in such a small size.
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1. Introduction

Monitoring the production of composites and their lifetime is important not only because it
allows improving the fabrication processes, but also because new applications for composites can be
developed by monitoring curing and aging. Dielectric analysis with interdigital sensors is a standard
method suitable for in-situ measurement [1]. Besides the changes in the dielectric properties during
curing, temperature is an important factor, which has to be measured. The temperature in the
composite during fabrication can differ from the specified curing temperature due to chemical
reactions occurring in composite processing. The actual temperature in the material can influence
the final product quality. Our sensor can be used for automated temperature control to monitor the
curing process and to improve the quality.

In this paper, we present a miniaturized flexible multifunctional sensor as shown in Figure 1. It
is able to measure temperature and dielectric parameter at the same time. In addition the resistive
structure, which is used for the temperature monitoring, is designed as a shielding for the
interdigital structure [2]. This improves the quality of the measured impedance spectra.

2. Materials and Methods

In Figure 1a our flexible miniaturized interdigital sensor is shown in comparison to a pencil tip.
Figure 1b shows a micrograph of the sensor. The sensor consists of an interdigital structure with
150 fingers with equal width and spacing of 10 um, see Figure 2, which is in the same range as the
diameter of carbon fibers. The length of the finger of the interdigital structure is 6 mm. In addition to
the interdigital structure, a resistive structure is built on the same substrate surrounding that.
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The total length of the resistive structure is 13.95 mm and the width is 40 um. Since the structure is
thermoresistive, it can be used to measure temperature directly inside the material.

Processing the sensor starts with spin coating Polyimide (U-Varnish S, UBE) on a silicon wafer.
The thickness after curing is about 5 um. Polyimide is chosen as a substrate because it can be
fabricated in the desired thickness, it is highly flexible and it withstands the high temperatures
(up to 200 °C) during the fabrication process. Afterward, 300 nm gold is sputtered and wet chemical
structured. The last fabrication step is dry etching of the polyimide substrate to separate the sensors.
Between the fingers, holes are etched in the polyimide to allow the resin flow through the sensor.
The holes have a size of about 10 um x 10 um (see Figure 1b).

To calibrate the resistive behavior with respect to the temperature, the sensor is placed in an oven
and the temperature is varied from 40 °C to 150 °C. In addition the impedance of the sensor in air is
measured. After characterization the sensor is placed in a mold with RTM6 resin (from Hexel,
commonly used in aerospace industry) and cured at a constant temperature of 120 °C for eight hours.
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Figure 1. (a) Bended flexible sensor with sensing area 6.2 mm x 4 mm; (b) Micrograph of a part of the sensor.
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Figure 2. Schematic of the sensor (top view). The interdigital structure in the middle consists of
N =150 electrodes with width w = 10 um and spacing s = 10 pm. The length is L = 6 mm. The resistive
structure has a total length of Lp =2 X L2z + L1 =2 X 3.89mm+ 6.17mm = 13.95mm and a
width of 40 pm.

3. Results

In Figure 3a the resistance of the gold thin film structure is shown in dependence of the
temperature. The temperature to resistance characteristics is fully linear in the tested temperature
range. The resistance increases about 0.12 Q per degree Celsius. Therefore the resistive structure can
be used to measure the temperature inside the material. The impedance stays constant during the
temperature variations.

In Figure 3b the temperature measured with the resistive structure is shown compared to the
temperature of a commercial thermocouple. The sensor is placed in the mold and heated up to
120 °C. Then the oven is opened to apply the RTM6. Since the RTM6 is only preheated to 40 °C the
temperature drops for a short time. Afterwards temperature of the commercial thermocouple, which
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is directly placed underneath the mold, stays constant at 121 °C. The temperature measured with the
resistive structure in the RTM6 is slightly higher and drops after 5 h to 120 °C.
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Figure 3. (a) Measured temperature characteristics of the resistive structure; (b) Temperature in the

resin measured with the resistive structure and externally measured temperature during the curing
of the RTM6 resin.

In Figure 4 the absolute value of the impedance during curing is shown over time for selected
frequencies. The curing process can be directly correlated to the impedance value. During curing the
viscosity of the material increase. The movement of the free charges inside the material decreases
and therefore the resistance of the material increases. This can be correlated to the increase of the
absolute value of the impedance [3]. After five hours the absolute value of the impedance stays
constant. This indicates that the curing process of the RMT6 is completed.

Comparing the temperature profile and the impedance measurement inside the RMTS6,
the dropping temperature after five hours can be correlated to the completed curing process. The
curing process of RMT6 is an exothermic reaction [4]. Therefore the resistive structure inside the
RTM6 measures the additional heat of the reaction. When the reaction is finished the temperature
drops. This demonstrates that monitoring of the temperature directly inside the material is very

important: since the externally measured temperature stays constant, the internal temperature drops
after sufficient curing.
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Figure 4. Absolute impedance over time for selected frequencies during curing of RTM6 (Hexel)
resin. In a first step the RTMG6 get less viscous due to the higher temperature (120 °C) which can be
seen from the quickly decreasing impedance. Then the curing process starts and the impedance rise.
After 5 h curing stops and no changes in the impedance can be seen.
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4. Discussion and Conclusions

We used a combined temperature and impedance sensor, which can be integrated in the
material, to monitor the curing of RTM6. We demonstrated that it is important to measure the
temperature inside the material, because the temperature deviate from the externally measured
temperature. In contrast to relatively big standard sensors (several hundred microns), our sensor has
a small dimension. This makes it suitable to remain in the material for lifetime monitoring.
Our sensor realizes impedance and temperature measurement at the same time enabling the
automated control of the process without harming the fabric.

In future work mechanical tests have to be performed to demonstrate that the sensor does not
harm the material. In addition a commercial temperature sensor should also be located inside the
material to verify the measured temperature profile inside the material.
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