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Printed transducers embedded in polymer
coatings
H. Enser, J. K. Sell, P. Kulha, W. Hilber, B. Jakoby OVE

We provide an overview on our recent work on embedded printed transducers. This includes the description of appropriate technolo-
gies as well as technological considerations for the integration of sensors and actuators into polymer coatings, e.g., of sheet metal. In
particular, the integration of capacitive large area sensors, piezo- and pyroelectric layers, and strain gauges is discussed. The devised
concept has the potential to introduce additional functionality to a variety of products without the need of significant changes to
associated production processes.
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Gedruckte Messwertwandler, eingebettet in Polymerbeschichtungen.

Die Autoren geben in dieser Arbeit eine Übersicht über ihre jüngsten Arbeiten betreffend gedruckte eingebettete Messwertwandler.
Sie präsentieren geeignete Herstellungstechnologien und betrachten die Einbettung von Sensoren und Aktoren in Polymerbeschich-
tungen, z. B. auf Blechen. Im Speziellen wird die Integration großflächiger Sensorstrukturen, piezo- und pyroelektrischer Schichten
sowie gedruckter Dehnungsmessstreifen diskutiert. Das erarbeitete Konzept hat das Potential, zusätzliche Funktionalitäten in eine
Reihe von Produkten, ohne signifikanten Mehraufwand in der Produktion, zu integrieren.
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1. Introduction
In recent years, much attention has been devoted to the develop-
ment of functional inks and pastes. As a consequence, a variety
of nano-particle and flake-based inks and pastes (including silver
and carbon) and conductive polymer inks and pastes (e.g., poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate, short PEDOT:PSS)
are currently available commercially. These materials can be used
in additive deposition processes, e.g., ink jet printing, gravure offset
printing, flexographic printing, screen printing or spray coating and
enable the realization of printed electronics and transducers, e.g.,
polymer solar cells [1], OLEDs [2], RFID antennas [3, 4], piezoelectric
sensors [5] capacitive gas sensors [6] or strain gauges [7]. Compared
to semiconductor fabrication processes, the printing technology is
cost effective and enables a rapid transfer of new designs from lab-
oratory to fabrication. In general, polymeric foils, glass or coated pa-
pers are used as substrate for printed electronics. The final printed
circuitry and components are integrated into a product in succes-
sive assembly steps. In the contributions discussed in this paper, we
refrained from using a dedicated substrate but used the surface of
an existing product as substrate instead. This approach has the ad-
vantage that no further assembly steps are necessary and that no
additional adhesive/adhesion layer is required. Furthermore, a vari-
ety of transducers can be embedded in virtually every surface, which
can be coated. As an example of the proposed concept, we illustrate
the realization of printed embedded transducers on organic coated
sheet steel. Figure 1 shows an example of a fabricated device (strain
gauge). In the following sections, the technology and the associated
requirements are discussed followed by three examples for sensors,

i.e. capacitive sensors, strain gauges, and piezo/pyroelectric sensors.
Details of this research have been previously presented in conference
proceedings [8–12].

2. Sheet metal as substrate
For demonstrator purposes, sheet metal with a thickness ranging
from 0.5 mm to 2 mm is used as a substrate as depicted in Fig. 1.
The sheet metal is primed with a polyurethane or polyester primer
with a thickness of between 5 µm and 20 µm. Due to the inherent
surface roughness of the used sheet metal and the pigmentation of
the applied primers, the surface roughness of the substrate (given
by the root-mean-squared deviation) is in the range of 1 µm. This
is orders of magnitude higher than on other substrates normally
used for the realization of printed transducers [9] and thus particu-
larly challenging. The high surface roughness impedes the printing
of very thin conductive layers and excludes certain applications of
printed electronics, like, e.g., OLEDs (organic light emitting diode),
which require uniform, defect-free layers with well-defined thick-
nesses. On the other hand, uncoated paper, in general, is rougher
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Fig. 1. Schematic of printed strain gauges (3) on top of organically precoated (2) sheet steel (1), with an additional top coating layer (4) for
mechanical protection and stabilization. The sensor layer (3) is fabricated either with screen-printing (for silver and carbon black) or deposited
via PVD (physical vapor deposition) (for gold). The photo on the right shows an example of a demonstrator featuring a silver-based strain gauge.
In this case the top coating is thin enough to provide a view on the underlying sensor structures

Fig. 2. (a) Schematic layout of self (left) and mutual (right) capacitance based buttons; (b) cross section of a mutual capacitance-based button
with capacitive coupling schemas. The red and black electrodes symbolize the two interdigital finger electrodes as see in (a)

than the organic primer layer. Despite of its rough surface, many
applications, including light emitting electrochemical cells [13] and
loudspeakers [14], have been realized on uncoated paper. Further
examples for printed electronics on paper are given in [15]. The
chemical and physical properties of the primer layer are crucial for
the selection of printing materials. The surface energy of the primers
used on the metal sheets is in the range between 28 mN m−1 and
33 mN m−1. This is well below the surface energy of substrates com-
monly used for printed electronics, e.g., PET (polyethylene tereph-
thalate) or polyimide [16] which both feature surface energies close
to 40 mN m−1. For appropriate wetting of the substrate during pro-
cessing, it is crucial that the surface tension of the ink or paste is
close to the surface energy of the primer. Commercially available
ink and paste formulations are typically designed for the applica-
tion on the above-mentioned standard substrates. Therefore, wet-
ting and adhesion problems can occur and have to be investigated
thoroughly before further application. Furthermore, the chemical re-
sistance of the primer to the inks or pastes solvent has to be taken
into account. The primer itself is thermally cross-linked and stable to-
wards most solvents. However, solvents can still introduce swelling
of the primer, which may result in a loss of adhesion to the metal
substrate.

3. Printing technology
Printing is an additive manufacturing technology that can easily be
scaled from lab-to-fab and enables the low cost mass production of
electronic components. A comprehensive review of the technologies
used for printed electronics and their unique properties (resolution,
printing speed, layer for the fabrication of sensors and electronics) is

given in [17]. The prototypes shown exemplarily in this work are fab-
ricated using flatbed screen-printing. The used silver pastes (LOCTITE
ECI1010 and LOCTITE EDAG PF 050) and the carbon paste (LOCTITE
EDAG PR 406B) were received from Henkel, the PEDOT:PSS paste
ORGACON EL-P3155 was obtained from AGFA and the P(VDF-TrFE)
formulation was kindly provided by Johanneum Research [5].

4. Capacitive sensors on steel
We reported the realization of embedded capacitive sensors on steel
substrate previously in [9]. As illustrated in Fig. 2, capacitive sensors
can either be based on sensing the self-capacitance, i.e., the ca-
pacitance between sensor and the conductive substrate Cself, or the
mutual capacitance Cm, i.e., the capacitive coupling between two
conductive structures (e.g., interdigital electrodes). For a large area
application of embedded capacitive sensors on metallic substrates,
several challenges have to be met. One of these challenges is the low
thickness of the isolating primer layer and its high electric permittiv-
ity. Applied to a 20 µm primer, the self-capacitance per area is in the
order of 300 pF/cm2. For a large area sensor, the thus formed offset
in the self-capacitance may exceed the desired change of the self-
capacitance due to an interaction (i.e. the sensor effect) by orders of
magnitude. Therefore, it may be difficult to resolve a sensing event
and, thus in general, it is advisable to use the mutual capacitance for
the realization of large area capacitive sensors. Another important
aspect, which has to be considered for the realization of large area
sensors, is the resistivity of the printed conductors. The associated re-
sistivity in connection with the capacitances results in a low-pass be-
havior. This limits the sensitivity and affects the response dynamics.
Thus for large area sensors, metal based polymer nanocomposites
featuring higher conductivies are considered preferable A schematic
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Fig. 3. Schematic description of the general layout of a large
area capacitive sensor. The structure is repeated over an area of
260 mm × 1200 mm. The gap and the line width are 1 mm

implementation of a prototype large area capacitive sensor can be
seen in Fig. 3. It is based on interdigital electrodes with a line width
and a gap of 1 mm each. This pattern is repeated over an area of
260 mm × 1200 mm. In the prototype application, each electrode
is 71 mm wide (see Fig. 3). This width is a tradeoff between the
number of channels required for the readout of the sensor and the
spatial resolution in horizontal direction. Depending on the avail-
able readout options, this value can be adjusted to the requirements
of the target application. Large area sensors were manually screen-
printed with a conductive silver paste (Henkel ECI1010) on a primed
steel substrate with a primer thickness of 20 µm. A polyester mesh
(SEFAR PET 1500) with a mesh number of 120/305-34 was used for
the screen. The paste was cured in a continuous furnace at 110 °C.
The electric characterization of the sensor was performed without
further top coating of the sensor. Instead, the sensor area was cov-
ered with two sheets of plastic foil with a total thickness of approxi-
mately 40 µm. The self-capacitance of the electrodes and the mutual
capacitance of adjacent electrodes were determined with an Agilent
4294A impedance analyzer. For the measurement of the mutual ca-
pacitance, the steel substrate was connected to ground. Exemplarily,
the self-capacitance of one of the electrodes and the mutual capac-
itance with an adjacent electrode is depicted in Fig. 4 where the
capacitance was calculated from frequency dependent impedance
data. The large offset of the self-capacitance can be clearly seen. In
addition, the calculated capacitance significantly varies at higher fre-
quencies (above a few kHz) indicating that a simple capacitor model
is insufficient to represent the impedance at these frequencies. The
shift of the capacitance introduced by placing a finger on the sen-
sor structure is shown in Fig. 5. The capacitance was determined
using the impedance analyzer at 5 kHz. For the given thicknesses of
the sensor structure, primer, the self-capacitance increases by about
20 pF when attaching a cover foil. The associated change of the
mutual capacitance is in the order of 5 pF. The offset capacitance of
the mutual capacitance is only 11 pF whereas the offset capacitance
of the self-capacitance measurement is in the range of 56 nF. There-
fore, despite the higher absolute value, resolving the changes of the
self-capacitance with the impedance analyzer is more difficult than
resolving the changes of the mutual capacitance and additionally re-
quires significantly more averaging of the data in order to achieve a
reasonable sensor signal.

5. Embedded strain gauges
Strain gauges are widely used for the measurement of force,
strain, and torque in components that are subjected to mechanical
stress. Using printing techniques, sensor implementations based on

Fig. 4. Self-capacitance (left) of an electrode and mutual capacitance
(right) of the same electrode with an adjacent electrode

Fig. 5. Influence of a finger on the (left) self-capacitance and (right)
mutual capacitance of a large area capacitive sensor. The capacitance
was measured at 5 kHz with an Agilent 4294A impedance analyzer

graphite [18], silver [19], PEDOT:PSS [20], and carbon nanotubes [21]
have been demonstrated. In general, these strain gauges have been
fabricated on polymeric substrates, e.g., polyimide [22], polyamide
[20], or poly-dimethyl-siloxane (PDMS) [17]. All these sensors have
in common that the strain gauge is fixed to a test device by an ad-
hesive layer. This adhesive layer impedes the direct measurement of
strain on the test device, as the mechanic properties of the adhesive
are important for the perception of strain on an attached sensor.
This issue can be solved by directly printing of a strain gauge sen-
sors, with a sheet thickness of 3 µm for silver based and 14 µm for
carbon black based strain gauges, onto the surface of a test device
[23, 24]. Meander-shaped strain gauges were embedded into the
organic coating of sheet steel, which has a thickness of 0.8 mm as
outlined in [24]. The response of such an embedded carbon based
strain gauge can be seen in Fig. 6. For the characterization of the
sensor, the steel substrate was clamped at one side. The strain gauge
was positioned at the clamped edge where the maximum strain is
imposed by a deflection on the other end of the steel substrate, oc-
curs. The end of the steel substrate was deflected by ±5 mm using
a motorized stage. To ensure temperature stability during the mea-
surements, the sample was placed in a climate chamber at 25 °C and
50% relative humidity. The resistance of the sensors was recorded
over 172 deflection cycles with a Keithley DMM7510 multimeter.
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Fig. 6. Strain dependence of an embedded strain gauge that has
been screen-printed with carbon polymer thick film ink (Henkel Elec-
trodag PR-406B). The response of the sensor was averaged over 172
deflection cycles. The standard deviation is indicated by error bars.
The sensor features a gauge factor of 3.8

In the following, we briefly address the three spurious effects that
were observed during the characterization of the strain gauge sam-
ples for both, silver-based strain gauges as well as carbon black
based ones. First, a set in effect is clearly present. Second, a non-
linear response for tensile as well as compressive strain can be ob-
served, including a presented solution to stabilize the effect. Third, a
hysteresis was observed for all samples. All measurements discussed
in the following paragraph are conducted under controlled environ-
mental conditions in a climate chamber WKL 100 from Weiss Tech-
nik. The parameters were set to 25 °C for temperature and mini-
mum humidity, which, according to the datasheet, corresponds to
25% RH at 25 °C.

Figure 7 depicts one hundred measurement cycles of the silver-
based strain gauge. One measurement cycle is defined as a move-

ment of +5 mm to impose compressive strain onto the strain gauge,
followed by a movement of −10 mm to reach a −5 mm position
and thus impose tensile strain resulting in 20 measurement points
per cycle. It is clearly observable that after the first 10 cycles the
silver-based strain gauge is more or less stabilized. In comparison to
silver, carbon black based strain gauges, as can be seen in Fig. 8(a)
showing the initial 100 cycles, need at least 90 cycles until the sen-
sor response can be presumed stable. To confirm this behavior, the
same sample with carbon black was measured for a second time;
again for 100 cycles. Figure 3(b) depicts the second run for carbon
black; it shows that the sensor response has stabilized significantly
and no set-in effect can be observed.

Furthermore, the influence of sensor fabrication on the nonlin-
earity as well as a hysteresis of the gauge factor was investigated.
Since the sensor pattern is printed on top of a polymer-based coat-
ing, it is observed that the initial sensor response to compressive as
well as tensile strain is only linear in a very narrow deflection range.
A more detailed investigation revealed that some of the non-ideal
properties are also related to the used materials (e.g., substrate and
coating). However, in an additional step, a second layer of polymer
based protective coating is applied on top of the sensor structure.
First, this is done because the double layer protective coating serves
as a corrosion protection, but the intention is also to protect the thin
sensing layer mechanically.

After application of this protective layer, another measurement
run was carried out to see if this additional temperature treatment
has an effect on the sensor layer. Surprisingly, not only an effect
on the sensitivity of the strain gauge was found, but also that the
second layer of polymer protection eliminated the nonlinearities. The
second measurement run is depicted in Figs. 9(a) and 9(b).

One can observer that the Hysteresis does not improve with the
addition of a top coat, also visible with the top-coated gold refer-
ence sample depicted in Fig. 9(a). The non-linear response on the
other hand is significantly reduced with the mechanically stabiliz-
ing top coat also depicted in Fig. 9(b). We assume that from the
comparison between an uncoated a top coated as well as a metal
evaporated gold reference sample it is viable to deduct the fact that

Fig. 7. (a) Zoom into the first 200 measurement points, corresponding to ten full cycles of compressive and tensile strain© of 4.5×10.4. Baseline
shows set-in after six cycles. (b) Long-term measurement of 100 cycles for printed silver (PF50) based strain gauge at a constant temperature of
25 °C and 25% RH in a Weiss Technik WKL 100 climate chamber. The long-term baseline still shows some kind of drift, but the initial set-in effect
settles after six cycles
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Fig. 8. (a) Long-term measurement of 100 cycles for carbon black based strain gauge at a constant temperature of 25 °C and 25% RH in a climate
chamber. Only after about 90 out of 100 cycles, where one cycle amounts to 20 data points, the gauge factor becomes more stable. (b) Second
long-term measurement for the same carbon black sample as in (a). The second run shows that the set-in period is completed

Fig. 9. (a) Comparison of carbon black based strain gauges, with (blue) and without (red) top coat and gold. (b) Comparison of silver based strain
gauges with (blue) and without (red) top coat and gold. Both carbon black as well as silver show a non-vanishing hysteresis before and after top
coating, which is bigger than the standard deviation of 100 measurement cycles each

the hysteresis is due to a mechanical behavior originating in the sub-
strate, while the nonlinear effect has its origin in the polymer matrix
of the strain gauge material itself. To confirm this, further mechani-
cal investigations of the substrate are required.

6. Embedded piezo- and pyroelectric transducers
The polymer poly[(vinylidenefluoride-cotrifluoroethylene (P(VDF-
TrFE)) enables the realization of flexible piezo- and pyroelectric trans-
ducers. Diluted in an appropriate solvent, it can be applied in many
additive manufacturing processes, including, e.g., spray coating
[25], inkjet printing [26], screen printing [5] and spin coating [27].
Recent applications include the fabrication of ultrasonic transducers
[28], loudspeakers [14] and piezo- and pyroelectric sensor-matrix on
plastic foil [5]. We have previously demonstrated the realization of
the embedded piezo- and pyroelectric sensors in the organic coating
of sheet steel [12]. In contrast to the sensors discussed above, the
original primer-topcoat buildup has to be extended by three layers:

Fig. 10. Multilayer ferroelectric sensor stack design. (1) Substrate
with organic coating. (2) Bottom electrode. (3) P(VDF-TrFE) ferroelec-
tric intermediate coating. (4) Top electrode. (5) Organic top coating

a patterned bottom electrode, a P(VDF-TrFE) layer and a patterned
top electrode (see Fig. 10). To generate the pyro- and piezoelectric
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Fig. 11. Demonstration of the pyro- (left) and piezoelectric (right) properties of an early P(VDFTrFE) based prototype. The voltage response of
the sensor is recorded with the ADC input of a STM32F4 microcontroller. The sensor consists of steel substrate, P(VDF-TrFE) layer and PEDOT:PSS
top electrodes

properties of the P(VDF-TrFE) layer, high voltage poling, e.g., with
a Sawyer-Tower circuit [29], is required. At peaks of the primer sur-
face, very high electric field strengths may occur during the poling.
To avoid electric breakdowns, the thickness of the P(VDF-TrFE) layer
should be one order of magnitude higher than the root mean square
surface roughness of the bottom electrode. The obtained piezoelec-
tric coefficient after poling depends strongly on the applied electric
field strength. To ensure a uniform piezoelectric coefficient in the
layer, a uniform film thickness is important. A proof-of-principle re-
alization of an early version of the concept is shown in Fig. 11. In this
prototype, the P(VDF-TrFE) layer was spin coated on top of a steel
substrate. The top electrodes were screen printed with PEDOT:PSS
ink. The electric response was measured with the ADC input of a
STM32F4 microcontroller. By moving a hot air gun over the sample
the pyroelectric effect was demonstrated. As can be seen on the dis-
play in Fig. 11 (left), voltage pulses are generated in all four sensor
elements. The piezoelectric effect is demonstrated by pressing an
electrode with a glove-protected finger. The corresponding voltage
peak can, again, be seen in the display (right).

7. Conclusion
Selected successful implementations of embedded transducers in
the organic coating of sheet metal were reviewed. The devised con-
cept has the potential to introduce additional functionality (e.g.,
touch, heat or strain sensing) to a variety of products without the
need of significant changes to their existing implementation. In fu-
ture work, efforts will particularly concentrate on the thorough char-
acterization of material parameters as well as material behavior.
Within this work thus far, it was demonstrated that printed trans-
ducers are a viable form of integration of monitoring and sensor
structures into organic coatings on arbitrary surfaces with a non-
negligible surface roughness.
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