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Abstract—We present the first realization of printed capacitive touch buttons and touch pads integrated into the organic
coatings on sheet steel. The properties of coated sheet steel relevant for printing are discussed and compared with
substrates, commonly used for printed electronics. Different designs and read-out methods for capacitive buttons on sheet
steel have been screen printed and their sensitivity in dependence on design parameters is rated.
Index Terms—Organic coating, embedded transducer, embedded sensor, conductive substrate, capacitive button, rough
surface, substrates for printed electronics.

I. INTRODUCTION
We present the first realization of printed capacitive touch buttons and touch pads integrated into the organic
coatings on sheet steel. Remarkable progress has been made in recent years in the field of printed electronics mostly
on flexible substrates. The basis for this development is the large number of low temperature (i.e., temperatures
below 200°C) curable conductive inks, including nanoparticle or flake based silver [1], gold [2], nickel [3] and
copper inks [4], particle free reactive silver inks [5], silver nanowire inks [6], carbon [7] and conductive polymers
[8] based inks, which have been developed in recent years. Many similar inks are available commercially today.
Numerous electronic structures, which required cost-intensive semiconductor fabrication processes in the past, can
now be printed, like, e.g., OLEDs [9], electro chromic displays [10], RFID tags [11] and polymer solar cells [12]. In
general, these structures are printed on polymeric foil, glass or coated paper.
In contrast to these substrates, sheet steel features a comparatively rough surface which impedes the realization
of embedded electronics. Furthermore, spurious capacitances are large due to low thickness of the isolating layer
(~10 µm). In this contribution, the surface properties of coated sheet steel are compared to commonly used paper
and plastic substrates. Furthermore, the integration of capacitive and resistive structures into the organic coatings of
sheet steel, which we consider as a basis for the integration of more complex functionality, is presented and the
influence of top coat and electrode thickness (which can be neglected in traditional capacitive sensors) on touch
sensor sensitivity is examined.
II. TECHNOLOGICAL CONSIDERATIONS:COATED STEEL AS SUBSTRATE
From all surfaces one may want to print electronics on, coated sheet steel is supposedly among the most
challenging. It is rough, the coating cannot withstand high curing temperatures, and the isolating layer is thin, which
results in high spurious capacitances. Nevertheless, it also offers some unique advantages. First, it is roll-to-roll
compatible, i.e., electronic structures can be produced with little extra cost. Second, the sheet steel is self-supporting,
i.e., it can be designed to be, e.g., part of a housing (of electronic devices) or a facade panel. Furthermore, the
electronic structures are intrinsically integrated, no further assembly is required. In the following we discuss the
suitability of the steel substrate by characterizing it in terms of surface roughness and compatibility of the inks and
pastes to be applied.
2.1. Surface Roughness
The surfaces of sheet steel samples, coated with polyester (Primer 1) and polyurethane (Primer 2) primer
respectively, were characterized with a Bruker DektakXT surface profiler (see Fig. 1) in terms of arithmetical mean
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deviation Ra, the rms deviation Rq and the average maxim height Rz of the profile, using ISO 4287 [13].
Throughout this work, the primer coatings were applied with a Mayer rod and were thermally cured before further
use. The waviness of the profile was removed with a Gaussian high pass-filter with a cut-off wave-length of 0.8 mm.
To rate the obtained parameters, the surfaces of various paper substrates were analyzed as well; results can be found
in Table I. The surface parameters of the two primers are in the same range.

Fig.1. Surface profile of organic primers and a
selection of paper substrates, recorded with a Bruker
DektakXT surface profiler. The profiles are filtered
to remove the waviness of the substrate.

TABLE I
SURFACE PARAMETERS OF SAMPLES,
CHARACTERIZEDWITH
THE
SURFACE
PROFILER.
FURTHERMORE,
SURFACE
PARAMETERS OF PET AND GLASS, WHICH
ARE COMMONLY USED FOR
PRINTED ELECTRONICS, TAKEN FROM
LITERATURE, ARE GIVEN.

In comparison to plastic foils (which show Ra values in the lower nm range [14], [15]) and coated paper, the
organic primers are rough. The high surface roughness impedes the printing of very thin conductive layers and
excludes certain applications of printed electronics, like, e.g., OLEDs, which require homogeneous, defect free
layers with well-defined thicknesses. Uncoated paper, in general, is rougher than the organic primer layer. Despite
of its rough surface, many applications, including light-emitting electrochemical cells [16] and loudspeakers [17],
have been realized on uncoated paper. Further examples for printed electronics on paper are given in [18]. For
printed electronics on coated sheet steel, we expect a similar range of applications.
2.2. Ink Compatibility
Important ink parameters to be considered for printing on organic coatings are the surface tension, curing time
and temperature, and the solvent resistance. Furthermore, the ink viscosity and solvent evaporation rate has to be
adjusted to the printing process.
The surface tension of the inks and the surface energy of the substrate, which is in the range of 37 mN m-1
(polyarylate) and 42 mN m−1 (PET, Kepton) [19] for plastic foils and 28 mN m-1 – 33 mNm-1 for our organic
coatings, are crucial for the printing process. To obtain good printing quality, the two parameters do not have to be
totally equal but if the surface energy of the substrate is much smaller than the surface tension of the ink, bulges will
occur [19]. In the opposite case, the printed features will suffer from wetting. Furthermore, when a top coat is
applied, the surface energy of the printed structure is crucial for adhesion and durability. A printed feature and
successively applied top coat may optically appear flawless, but blistering due to insufficient adhesion may still
appear (see Fig. 3). Commercially available inks are often optimized for printing on commonly used plastic
substrates, i.e., the surface tension might not be suitable for printing on organic coatings. Wetting of the primer, e.g.,
can be enhanced by addition of surfactants to the ink or by heating of the substrate. In an ink jet process, we used a
nanoparticle based silver ink with triethlyene glycol monomethyl ether (TEGME) as solvent (Sigma-Adrich).
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Without heating of the substrate, the wetting of the surface is insufficient, droplets form, but with heating well
defined structures can be printed.
Furthermore, chemical resistance of the organic coating to the ink’s solvent is crucial. This problem also can be
reduced by heating. TEGME is a solvent with a high boiling point and can attack the organic primer if contact time
is too long. By heating, the evaporation rate of the solvent increases and the printed pattern is dried before the
surface suffers damage. A more general solution to the problem is to ensure that the solvent of the ink does not
dissolve the coating. If solubility parameters [20] of the coating and ink differ significantly (i.e., the solubility
parameters of the solvent are outside the solubility sphere of the coating), then the coating will not be dissolved.
Often, the solubility parameters of the coating are not available. In this case, the solubility parameters of the
coating’s solvent could be a good estimate.
III. PROCESS CONSIDERATIONS: PRINTING ON COATED SHEET STEEL
Screen and inkjet printing are currently being used to realize capacitive and resistive structures on coated sheet
steel. Inkjet printing is performed with a drop-on-demand printer (micro drop Technologies). The nozzle of the
piezoelectric print head features a nozzle diameter of 70 μm. The typical surface profile of a capacitive sensor,
printed with silver nanoparticle ink is depicted in Fig. 2. The position of the traces can be identified visually,
determining their height, however, is not possible. We estimated that it is in the range of the average surface
roughness Ra. Despite the low conductor height and the roughness of the surface, good electrical conductivity is
reached, the sheet resistance Rs is in the order of 0.5 Ω (i.e., a factor 2-5 worse than estimated from the bulk
conductivity, specified for the ink). The substrate was heated to 80 °C before printing to enhance wet ability and
solvent evaporation.
Screen printing was used when thicker conductors are needed or acceptable. In general, the printing thickness
can be adjusted (in a limited range) by the mesh of the screen. Typical conductor thicknesses achieved with silver
pastes and mesh sized used in this work are ranging from 3 μm to 6 µm. Limits for the thickness of the conductor
are given by the thickness of the later applied top coat, as embedded conductors, in general, must not influence the
waviness of the top coat. Furthermore, flexibility of the conductor has to be maintained, it should at least be as
durable to deformation as the coating system.

Fig.2. Surface profile of an ink-jet printed capacitive
sensor (8.5 mm × 8.5 mm), measured over five
fingers of the sensor.

Fig.3. Blistering of a top coat, observed after being
exposed to an accelerated test environment (QCT
condensation tester) for several weeks.

IV. DESIGN CONSIDERATIONS
Capacitive touch buttons and a multilayer touchpad are presented exemplarily in this contribution. Touch
buttons relying on measurement of the self or mutual capacitance were fabricated.
4.1. Influence of Coating Thickness
The sensitivity of these buttons in dependence on the thickness of an applied top coat and on the thickness of the
primer layer is investigated. The primer layers were applied on the sheet steel substrate with a Mayer rod and
thermally cured before further use. The capacitive elements, which can be seen in Fig. 4, were screen printed, using
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a manual screen printing machine, with a silver nanoparticle based ink (InkTecTEC-PA-010) on polyester based
primers with 6 μm and 20 μm thickness. A printed line thickness between 3 μm and 4 μm was achieved with a
screen mesh of 140 treads/cm.
The line thickness was measured with a Dektak XT profilometer. After annealing at 140 °C for 10 minutes,
polyester based top coat layers with thicknesses ranging from 9 μm to 27 μm were spin coated over the sensors. The
top coat was cured on a 260 °C hot plate for 90 s and immediately quenched in water afterwards.
The sensors are 10 mm long and 8 mm wide. The conductive area of both sensors is equal to provide a better
comparability between the sensors. This is reached by implementing a grid structure with an opening of 1.2 mm x
1.0 mm into the self capacitance sensors. The width of the gaps and the tines of the mutual capacitance sensor is
0.45 mm. As reference and to investigate the influence of conductor thickness, thermally evaporated gold buttons
with a thickness of 50 nm were fabricated on the same type of substrate (i.e., polyester based primer on sheet steel)
as well.
With a self-capacitance based sensor, the capacitance between electrode and grounded substrate is considered
(see Fig. 4a). In contrast, a mutual capacitance sensor is based on the capacitive coupling between two electrodes
(see Fig. 4b). To enhance the coupling, sensors based on mutual capacitance are often designed with interdigitated
electrodes or, if applied on different layers, shifted to each other (e.g., diamond shaped touchpad). To reduce the
offset which would be introduced by the sensor’s self-capacitance, the substrate is grounded during the measurement
of the mutual capacitance.
The influence of a standard finger (the author’s) on the mutual and on the self-capacitance of the printed
elements was measured with an Agilent 4294A impedance analyzer in the frequency range between 1 kHz and 1
MHz. The sensor capacitances were extracted by fitting the complex data to a RC circuit. While measuring the
mutual capacitance, the steel substrate was connected to ground. As shown in Fig. 6, the change of the selfcapacitance does not depend on the primer thickness (in contrast to the base capacitance, which can be approximated
by a plate capacitor). The base mutual capacitance C0 (i.e., the mutual capacitance without user interaction), which
is in the range of 6 pF, is not significantly influenced by the primer or the topcoat thickness. The sensitivity S of the
buttons is rated by S = C/C0, where C is the mutual capacitance which is obtained when a finger is placed on the
sensor (see Fig. 5). In general, the mutual capacitance based buttons are more sensitive to user interaction than the
self capacitance based. This can be attributed to their low base capacitance.
Primer thickness and conductor thickness affect the sensitivity of the mutual capacitance based buttons; thicker
primer and thicker conductor results in higher sensitivity. The sensitivity of self-capacitance based buttons in mainly
affected by the primer thickness, no significant influence of the conductor thickness was observed.
4.2. Mutual Capacitance: Influence of Electrode Width and Spacing
The sensitivity of mutual capacitance based sensors on the gap width between electrodes and on the electrode
width was investigated. Sensors with different electrode and gap width were screen printed on top of a 20 μm thick
polyester based primer and afterwards spin coated with a 17 μm thick polyester based top coat layer. Screen printing
was conducted with two silver inks, a nanoparticle based ink (InkTekPA-010) and a silver flake based ink (Henkel
Electrodag PF-050). For both inks the same printing screen with 150 threads/cm was used. The difference of the
inks can be seen in the height of the printed electrodes. Electrodes printed with PA10 were between 2 μm and 3 μm
thick. With PF-050, a height between 4 μm and 5 μm was reached. The sensor dimensions are given in TABLE II.
The influence of an interaction with 500 μL deionisied water and with a finger on the mutual capacitance was
recorded with an Agilent 4294A impedance analyzer. During the measurement, the steel substrate was connected to
ground. The capacitive behavior of a sensors is given by Cp(ω) = ɚ(Y )/ω. Exemplary, the response of sensors
printed with PF-050 is depicted in Fig. 7. When interacting with water, a strong frequency dependence of the
sensor’s mutual capacitance can be seen. The mutual capacitance, influenced by a finger, is (almost) constant over
the considered frequency range.
The sensor interaction with water is evaluated in the high (1 MHz) and low (1 kHz) frequency limit. Its
dependence on gap (and electrode) width is depicted in Fig. 8. In the low frequency limit, the change of the mutual
capacitance is approximately three times larger than in the high frequency limit. The influence of the finger on the
mutual capacitance decreases with increasing gap width.
The frequency dependence can be explained by considering the equivalent circuit model of the mutual
capacitance sensor in contact with an interacting media (see Fig. 9). Each of the sensor electrodes couples
capacitively to ground
(C1G and C2G) and through the top coat layer (C1T and C2T) to the surface. The coupling between surfaces through a
contacting media is described by a RC circuit (Rm and Cm). Due to the proximity to the conductive steel substrate,
coupling from the media to the substrate (modeled by CTG) occurs. To model the exact impedance behavior of water,
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in general, more complex equivalent circuit models are required. A more advanced model can, e.g., be found in [21].
However, as will be shown in the following, the RC circuit is appropriate to explain the frequency behavior of the
sensor.

Fig.4. a) Schematic layout of self (upper) and mutual (lower) capacitance based buttons. (b) Cross section of a
mutual capacitance based button with capacitive coupling schemas.

Fig.5. Sensitivity of the printed buttons to user
interaction (SP: screen printed; PVD: thermally
evaporated gold electrode).

Fig.6. Influence of a standard finger on the
capacitance of self- and mutual capacitance based
buttons (SP: screen printed; PVD: thermally
evaporated
gold
electrode).

Assuming that the sensor output (iout) is connected to virtual ground, the current iout is given by

where Yx is the admittance of part x. The mutual capacitance C21 of the sensor can then be defined by

For the given sensor dimensions the influence of Rm can be neglected at low frequencies compared to C1T, C2T and
CTG. Using this assumption, a simplified relation for C21 can be obtained:
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Note that, if the resistors Rm cannot be neglected, the mutual capacitance defined according to (2) becomes
frequency dependent. In a simple model, C1T, C2T and CTG are approximated as plate type capacitors. The surface
area of C1T, C2T are given by the area of the individual electrodes, the area of CTG is defined by the drop area Adrop
minus the electrode areas (compare Fig. 10). Using this model, an excellent agreement between the estimated “low
frequency” mutual capacitance and model can be found (compare Fig. 8). The result has to be reviewed with care as
small measurement errors of electrode height or coating thickness would change the slope of the model drastically.
To cross-check the plausibility, 2D simulations of the structure were performed and the agreement between
simulated and the modelled results is considered. This topic will be further discussed in the next section.

Fig.7. Frequency dependence of the mutual capacitance of sensors printed with PF-050 in contact with a drop of
water (upper) and with a finger (lower). The numbers 1 to 5 refer to different designs as specified by Table II.
TABLE-II
PARAMETERS OF PRINTED MUTUAL CAPACITANCE SENSORS
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Fig.8. Response of printed mutual capacitance buttons to a drop of water in dependence on the gap between the
electrodes. The low frequency (LF) response was evaluated at 1 kHz, the high frequency (HF) response at 1 MHz.

Fig.9. Equivalent circuit model of the mutual
capacitance based touch sensor.

Fig.10. Illustration of the electrode areas of the
capacitances occurring in the simplified LF
equivalent circuit model.

In the high frequency limit, Rm can be neglected compared to Cm. Furthermore, the field distribution in the water
drop is not uniform. The capacitance CTG in the high frequency limit therefore is not linearly dependent on the drop
area. To model the high frequency behavior of mutual capacitance, Cm and CTG which are both unknown, are
combined to Cmʹ and the high frequency model simplifies to a series connection of C1T, C2T and Cmʹ. The dependence
of Cmʹ on the dimension of the sensor is further discussed in the simulations below.
The influence of the finger on the mutual capacitance of the sensor, over the whole considered frequency range,
resembles the high frequency limit of the interaction with water. It can be concluded that, first, the relative
permittivity of the finger for the given application can be approximated by the permittivity of water. Second, the
specific conductivity of the finger is lower than the specific conductivity of the used deionized water. Otherwise, a
stronger frequency dependence would occur.
With the simple LF model described above, excellent agreement between theoretical values and experiment was
achieved. The results strongly depend on the estimated printed geometries. The uncertainties of layer thicknesses,
electrode and drop areas are too high to validate the model more accurately. Therefore, 2D simulations were
performed to further verify the consistency of the model.

Fig.11. Schematic description of the simulated 2D
structure. For better visibility, top coat, primer and
electrodes are scaled by a factor of 100 in vertical
direction.
C. Mutual Capacitance: Simulations
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Frequency dependent simulations of the mutual capacitance were performed with the AC/DC electric current
module of COMSOL Multiphysics. The interdigital structure of the printed sensor was approximated by parallel
infinitely long rectangular beams, embedded between two dielectric layers (compare Fig. 11). A drop of deionized
water, fully covering the embedded electrodes, is situated on the top coat. For the deionized water, a relative
permittivity of 80 and a specific conductivity of 19 μS/cm were assumed. The relative permittivity of the top coat
and primer are 6.0 and 5.2, respectively. The steel substrate is defined as ground potential. Electrode 1 and electrode
2 are connected to different terminals. The potential of electrode 2 is set to zero (to mimic the virtual ground at the
input of a transimpedance amplifier). A frequency dependent simulation ranging from 1 kHz to 1 MHz is performed.
The gap size wgap and the electrode width are both varied between 100 μm and 800 μm in the performed simulations.

Fig.13. Simulated mutual capacitance of an
interdigital sensor in contact with a drop of deionized
water. The raster width, defined as the sum of
electrode and gap width is 900 μm.

Fig.14. Capacitive sensors embedded in the organic
coating of sheet steel. Sensor readout is realized with
a dedicated MSP430 microcontroller which is
mounted on the printed silver lines. The embedded
capacitive sensors are indicated by dashed lines.
As an example, the simulated frequency dependent mutual capacitance C21,sim obtained with constant raster
width wraster = wgap + welectrode = 900 μm is depicted in Fig. 13. It clearly resembles the experimentally observed
behavior(see also Fig. 7). The mutual capacitance is specified in dependence on the length of the interdigital
structure. The simulated low frequency limit of C21,sim was compared to the simplified plate type capacitor model
(PTCM). For all simulated values, relative deviations below 0.5 % were obtained. In general, the capacitance was
(slightly) underestimated with the PTCM. This can be expected, as the electric field between electrode and top
surface, in general, will “spread” and therefore increase the effective area of the capacitive coupling and,
consequently, the mutual capacitance.
Relations for the high frequency equivalent circuit capacitance Cmʹ can be obtained by 2D simulations. It is
found that a reasonable approximation (compare Fig. 12) for the capacitance is given by:
Here, k is a dimensionless parameter k = wel/2/(wgap + wel/2), which is commonly used in the conformal mapping of
coplanar waveguides, and h is the thickness of the topcoat.
The coupling capacitance Cmʹ was also simulated using the dimensions of the printed sensor structure. Assuming
a sensor length of 5.5 mm, corresponding to the average effective length of the tines of the interdigital electrodes,
the predicted response of the sensor is shown in Fig. 8, where excellent agreement between experimental and
simulated values can be observed. It can be concluded, that the proposed method is suitable to model the response of
mutual capacitance based sensors.
The response of interdigital sensors can be simulated with 2D models. The PTCM is suitable to predict the low
frequency response of the sensor to water. To estimate the high frequency response to water and to the interaction
with a finger, the coupling capacitance Cmʹ has to be simulated for the given design parameters.
V. DEMONSTATOR DEVICES
5.1. Coated Sheet Steel as Printed Circuit Board
A sensor panel with self-capacitance based sensors is printed with PF-050 silver ink on top of the 20 μm thick
organic polyurethane based primer coating of a steel substrate (see Fig. 14). The conductor lines are 200 μm wide.
To demonstrate the design freedom, different sensor shapes have been realized. Footprints for a MSP430G2x
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microcontroller, dedicated for the readout of the sensors, and for multi-color LEDs are included in the printed
structures. After being thermally cured at 140°C for 10 min, a 17 μm thick polyester top coat layer is applied to the
printed structure by spin coating. The footprints are protected with adhesive tape which is removed after the spin
coating sequence but prior to thermal curing of the top coat layer. The MSP430 and the LEDs are attached to the
footprints with PF-050 silver ink. To supply the circuitry, the microcontroller is connected to a 3.0 V battery pack.
All buttons are fully functional. With an appropriate choice of detection thresholds, the microcontroller can also
distinguish between light and strong key strokes. Of course, the button itself is not force sensitive, but if a higher
force is applied to the button, the effectively covered sensor area, and hence the self-capacitance increases.

Fig. 15. Schematic layout of the touchpad.

Fig. 16. Schematic cutout of the touchpad’s side view
illustrating the self capacitance Cs of the horizontal
electrode and its mutual capacitance Cmi with three of
the vertical electrodes.

5.2. Printed Touch Pad
As a second example for the device technology, a multilayer touchpad was fabricated (see Fig. 15). The
electrodes were screen printed with a manual screen printing machine on a 20 μm thick polyurethane primer layer
with PEDOT:PSS [8] ink. The intermediate and the top polyester coat layer were spin coated with layer thicknesses
of 10 μm. The typical self-capacitance, i.e., the capacitance between electrode and ground (compare Fig. 17) of the
vertical electrodes is in the order of 400 pF, for the horizontal electrodes it is about 650 pF. By interaction with a
fingertip, the capacitances increase by typically 50% (vertical) and 11% (horizontal). Despite the large offset due to
the proximity to the substrate, user interactions can be well detected. The mutual capacitance between horizontal and
vertical electrodes (compare Fig. 16) is in the range of 5 pF. By application of a finger over a pad, it increases by a
factor of 10.
VI. CONCLUSION
It was shown that coated sheet steel can be used as a substrate for printed electronics. As an example, the
implementation of embedded touch buttons and a touchpad with diamond shaped electrodes are presented. The
sensitivity of self- and mutual capacitance based sensors to user interaction in dependence on design parameters is
investigated. A higher sensitivity was achieved with mutual capacitance based buttons. Furthermore an appropriate
equivalent circuit model for embedded mutual capacitance based sensors was identified. Simulations have been
performed, leading to a simplified relation which can be used to estimate the influence of user interaction (or water)
on the mutual capacitance in dependence on the design parameters. In addition, it was shown that the low frequency
interaction of water with mutual capacitance based sensors can accurately be described by a simplified plate-type
capacitor based model. In general, the sensor response can be optimized by choosing a thick primer and a thin top
coat layer in the design process. However, if a low primer thickness, e.g., due to costs reasons, is a prerequisite, or if
a thick top coat, e.g., due to optical or protective reasons, is required, these boundary conditions are not an obstacle.
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