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Abstract: We present a printable interdigital structure, integrated into the surface of a component,
to monitor the curing of two adhesively joint components during the fabrication process. In the
factory of the future there is a need of new sensor concepts beside the information technological
infrastructure. Monitoring of the fabrication enables automated control of the process which
improves the quality of adhesive joints. In addition, the cost can be reduced by individually
adapted curing times. We demonstrate that cure monitoring with the printed interdigital structure
is possible. Two adhesives, a fast and a slow curing one, are analyzed to show the high potential of
this process monitoring method.
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1. Introduction

Adhesives are used in a huge variety of applications to join components such as sheet metal,
plastic or wooden parts. Different approaches based on optical [1], acoustic [2] or impedance
measurements [3] to qualify the adhesive joint have been developed over the last decades. The most
common is impedance spectroscopy, where an interdigital structure on a flexible or rigid substrate is
evaluated [4,5]. The adhesive is placed on top of the sensor structure or the sensor structure itself is
placed in the adhesive. During curing, the ion viscosity of the polymer changes which leads to a
change in the dielectric properties of the polymer.

In the factory of the future all processes are based on computer integrated manufacturing. This
will lead to two main advantages: cost efficiency and higher flexibility [3]. Today, the main focus
towards the factory of the future is based on software (e.g., cloud-based computing) and the
infrastructure, to link machines with machines and a global control system (information technology
infrastructure). Beside the software and the infrastructure, there is a need of new hardware, mainly
sensors and sensor concepts, to get precise online data from the manufacturing process itself. This is
necessary to ensure quality assurance and to optimize manufacturing. Our idea is the integration of
a printed interdigital structure in the surface as shown in Figure 1. After applying adhesive (Figure 1b)
the two components are joined. During curing process, the sensor is evaluated by the central control
system as seen in Figure 1c. At the point of sufficient curing this new set-up part can be further
processed. While curing processes strongly depends on the environmental conditions, the central
control system can individually adapt curing times and determine which parts are finished for
further processing. Thus, we get an energy efficient and controlled curing process with an
autonomous decision when curing cycle is finished.
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(a) Component 1 with surface inte- (b) Applying Adhesive (c) Joining Component 2 with Component 1
grated printed interdigital sensor and monitoring the curing process

Figure 1. Schematic automated fabrication process with integrated interdigital structure for
cure monitoring.

2. Experimental Setup

The layout of the sensor is shown in Figure 2a. It consists of an interdigital structure of two
times ten fingers, having a width of winger = 200 um and a distance of deinger = 400 pm. The sensor is
printed on metallic aluminum sheet, which is joined adhesively with another aluminum sheet of
same size. The adhered surface is A =20 x 20 mm?.
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Figure 2. Sensor layout and process flow of the printed interdigital structure on aluminium sheets.

Figure 2b shows the fabrication of the sensor and the process of joining the two metallic sheets.
In the first step insulation (two-component epoxy) is printed on the sheet. This is followed by screen
printing the interdigital sensor structure. For this the silver paste DuPont Kapton KA801 is used. This
paste consists of polyimide as polymer binder. Thus, a high chemical resistance is achieved and the
sensor does not get chemically destroyed due to the adhesive which is finally monitored. The
printed part is then joined with an uncovered metal part. The tests are done with two different
solvent free two-component epoxy mixture. While the binder material of both adhesives is based on
bisphenol, the hardeners are different: one is slow curing type based on amines (UHU Plus Endfest)
and the other one is of fast curing type, based on polymercaptan (UHU Plus Schnellfest). The sensor
sheet and the joined sheets are shown in Figure 3. During the curing process, the impedance of the
interdigital structure is measured.
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Figure 3. Screen printed sensor on metal part to be joint. The interdigital structure consist of
N =20 fingers.

3. Measurement Results and Discussion

In Figure 4a the absolute value of the impedance during curing of the fast curing epoxy is
plotted in a frequency range from f =1 Hz to 1 kHz. After applying the adhesive the viscosity
increases. The absolute value of the impedance increases due to the crosslinking of the adhesive. The
movement of the free charges is reduced and the resistance increases. This is the main reason for the
impedance increase which can be therefore used as a monitoring method. After twelve hours, curing
is completed. No changes in the impedance can be seen, which correlates with the manufacturers
specifications. However, in many industrial processes adhesives with shorter curing times are used
to reduce processing times. Therefore, we choose a fast curing adhesive (UHU Plus Schnellfest),
curing in less than # = 20 min at room temperature (according to the datasheet). In this case we
measure in a smaller frequency range to reduce the measuring time of one frequency sweep. Figure 4b
shows the impedance measurement over time. The measurement directly starts after applying the
adhesive and ends with the fully cured adhesive. After ¢ = 8 min the main part of the adhesive is
crosslinked. This demonstrates the potential to reduce the curing time depending on the measured
impedance. While the manufacturer of the adhesive might give more conservative values for the
curing time where curing is definitely sufficient, lower cycle period can be achieved by online

monitoring.
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Figure 4. Absolute value of the impedance during curing. The measurement is started directly after
applying the adhesive. (a) slow curing two-component epoxy; (b) fast curing two-component epoxy.

4. Conclusions and Outlook

We have presented a printed interdigital structure to monitor the curing of different adhesives
during joining of two metallic sheets. Our concept shows the simplicity of the printed interdigital
structure and its potential of monitoring curing of adhesives in factories of the future. The structure
can easily be integrated in any component. By evaluating the degree of curing by impedance
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spectroscopy, the process of joining components with adhesives can be evaluated and possibly
controlled by a central control system.

In future work, adhesives with different curing mechanism, like polycondensation (e.g., polyimide
or silicone) or polymerization adhesives (e.g., cyanoacrylate or unsaturated polyesters) should be
investigated. Furthermore, the sensor itself might reduce the adhesion of the adhesive. Due to this,
the mechanical structure can be weakened which is called “the foreign body effect” [7]. Mechanical
tests will be done to investigate the influence of the sensor on the mechanical strength of the
bonding. In addition to different sensor designs and adhesives, also adhesion promoters can be
tested and evaluated, to bring the foreign body effect to a minimum.
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