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Abstract—The development of soft electronics is critical
to the realization of artificial intelligence that comes into
direct contact with humans, such as wearable devices, and
robotics. Furthermore, rapid prototyping and inexpensive
processes are essential for the development of these appli-
cations. We demonstrate here an additive, low-cost method
for fabricating polydimethylsiloxane based soft electronics by
inkjet printing. Herein, a novel approach using a water-soluble
polyvinyl alcohol layer as the substrate, inexpensive, fully
digital fabrication of capacitive pressure sensors is enabled
by sandwiching mesh-like conductive layers and microstruc-
tured dielectric in a straightforward, convenient manner.
These sensors exhibit improved sensitivity (4 MPa—1) at low
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pressures (<1 kPa) in contrast to sensors with a flat elastomer dielectric and can still detect large pressures around
50 kPa, having excellent long-term repeatability over 2000 cycles, without significant hysteresis (<8.5 %). The tactile
sensing ability of the fabricated devices was demonstrated in a practical application. Moreover, sensor characteristics

are easily adjustable, simply by changing printing parameters

or tuning the ink solution. The proposed approach provides

scalable solution for fabricating high-sensitivity printed sensors for e-skin and human-machine interfaces.

Index Terms— Polydimethylsiloxane, capacitive pressure sensor, inkjet printing, printed electronics, soft electronics,

polyvinyl alcohol.

|. INTRODUCTION

OFT and flexible electronics have been of interest in

the recent years for their promising applications in
human-machine interfaces, skin prosthetics, soft robotics, and
wearable electronics [1]-[6]. These devices should be both
flexible and lightweight. Additionally, high sensitivity, robust-
ness and ease of fabrication are desirable characteristics for
soft electronics.
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In the skin-like electronics and other wearable applica-
tions, pressure sensing is one important function. Typical
pressure sensors are often capacitive [7], piezoresistive [8],
piezoelectric [9] or triboelectric [10]. The capacitive sensors
are a popular choice for their structural simplicity, ease of
fabrication, tunability and low power consumption [11]-[13].
A typical structure of the capacitive-type soft sensor consists of
a dielectric layer, typically an elastomer, sandwiched between
two flexible electrodes. Such sensors are essentially plate
capacitors, and thus their performance is heavily influenced
by choice of the dielectric material. Therefore, great attention
has been paid to the dielectric characteristics.

Among elastic materials, soft silicone elastomers, especially
polydimethylsiloxane (PDMS) is an interesting option for
many wearable applications for being inexpensive, transparent,
inert, biocompatible with human tissues and mechanically
resilient [14]-[17]. Furthermore, PDMS properties can be
tuned simply by changing the cross-linking ratio of the
prepolymer and the curing agent; a low cross-linking den-
sity makes the elastomer more gel-like, whereas the elastic
properties are more dominant with a higher cross-linking
density. However, it has been shown that the viscoelastic
characteristics of the soft elastomer also might have a signif-
icant effect on, for example, the hysteresis and sensitivity of
soft sensors [18].

Dielectric layers with microstructures, such as pores and
pyramids, have been used to improve the sensitivity and to

For more information, see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0003-2961-6821
https://orcid.org/0000-0002-8940-1366
https://orcid.org/0000-0003-0609-1110
https://orcid.org/0000-0001-8307-6120
https://orcid.org/0000-0002-7780-6454

MIKKONEN et al.: INKJET-PRINTED, NANOFIBER-BASED SOFT CAPACITIVE PRESSURE SENSORS

26287

Inkjet Ag NPs

PVA

120 °C
—

Inkjet PDMS

o Inkjet PDMS ‘l
PVA 130—9 PVA-PDMS e, PDMS
120 ﬂol Flip

Soft sensor
Inkjet PDMS
- v

Fig. 1. Schematic illustration of sensor fabrication process.

reduce hysteresis of the sensor, because these microstructures
may be more easily compressed than flat films [14], [19]-[23].
Many such microstructures are fabricated by using lithographic
methods, in which cumbersome, time-consuming processes
and hazardous chemicals are used [13], [20], [21].

To address these issues, additive fabrication techniques, like
printing technologies have been used [7], [24]-[26]. Printed
electronics have attracted increasing attention in recent years
as an alternative to conventional microfabrication technolo-
gies to realize a range of low-cost, large-area, and flexible
functional devices. Especially the fully additive methods, such
as inkjet printing, offer mask-free, cost-effective, and digital
methods to fabricate functional patterns in large scale, in com-
parison with other methods used to assemble material layers
into electronic devices, such as spin-coating and lithographic
patterning [27]-[29].

In this work, we report a facile method for fabricating fully
printed, elastomeric capacitive sensors with high flexibility and
great sensitivity at a wide pressure range. Earlier, we devel-
oped an inkjet printable PDMS solution for multilayer printing
of soft electronics [30], and the process was further studied
in [31]. However, challenges remained in the realization of
uniform conductive layer with good adhesion on top of the
printed PDMS layer in these studies. In addition, fabrication
of self-standing printed PDMS layers, or the options for
transferring the printed structures to the target substrate were
not addressed before.

Here, we have solved these issues by using water-soluble,
electrospun polyvinyl alcohol (PVA) fibers both as a temporary
carrier and a functional layer, to realize fully inkjet printed
tactile pressure sensors. It has been shown earlier that this
material can be used to improve not only the mechanical
strength and elasticity of soft, skin-like electronics, but also
skin-mountability and wear comfort [32]-[34].

We fabricated conductive mesh electrodes by inkjet printing
silver nanoparticles (Ag NP) on PVA, while a dielectric layer,
consisting of a PVA mesh layer embedded in an inkjet printed
PDMS layer, was placed between the mesh electrodes to
form a capacitive tactile pressure sensor. Two different PDMS
cross-linking densities were used to compare the impact of
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Fig. 2. Experimental setup for measuring the change in capacitance
in response to applied pressure, including a schematic illustration of the
sample placed to a mechanical tester, together with a photograph of a
sample attached to the tester and connected to the LCR meter.
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Fig. 3. Sheet resistances of the Ag NP prints as a function of layer count.
Boxplot is showing the interquartile range of 5 measurements, and the
whiskers show the whole range of the measured values.

the viscoelasticity on the sensor performance. These printed
sensors were characterized in comparison to reference sensors
with conventional, spin-coated dielectric layers.

Il. MATERIALS AND METHODS
A. Sensor Fabrication Process

1) The PVA-Layer: PVA solution was prepared by dissolving
PVA granules in deionized (DI) water. The used PVA material
had molecular weight of 47000 with a degree of hydrolysis
of 98.0 — 98.8 mol% (Fluka, Germany). Then, the PVA-
layer was electrospun using KDS 100 syringe infusion pump
(kdScientific, USA) together with Chargemaster high voltage
supply (SIMCO, USA). Electrospinning was done with 2 ml/h
feeding speed and 25 cm distance and 25 kV voltage between
the needle and the substrate.

2) Inkjet-Printing of the Mesh Electrodes: The PVA layer
was carefully peeled from the electrospinning substrate
and placed on a hydrophobic ethylene tetrafluoroethylene
(ETFE)-substrate (Novoflon ET 6235 EZ, NOVOFOL Kun-
ststoffprodukte GmbH & Co, Germany). Ag NP ink (DGP
40LT-15C, Advanced Nanoproducts, Korea) was used for
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Fig. 4. SEM-images of the fabricated sensors showing (a) the surface of the reference sensor’s mesh electrode, scale bar 1 um (inset 500 nm),
(b) surface of the printed sensor's mesh electrode, scale bar 1 um (inset 500 nm), (c) interface between the reference sensor’s electrode and the
spin-coated dielectric, scale bar 1 um, (d) cross-section of the reference sensor: the spin-coated dielectric is sandwiched between the electrodes,
scale bar 3 um (e) interface between the printed sensor’s electrode and the printed PVA-PDMS dielectric, scale bar 1 um, (f) cross-section of the
printed sensor: the printed PVA-PDMS dielectric is sandwiched between the electrodes, scale bar 3 um.

inkjet printing the electrode pattern on the PVA mesh with
a Dimatix DMP-2831 material printer (Fujifilm, USA). After
printing, the electrodes were thermally cured at 120 °C for
60 min.

3) Inkjet Printing of the PDMS Dielectric: The sensor dielec-
tric was fabricated by inkjet printing PDMS onto the PVA
mesh. Sylgard 184 (Dow, USA) was selected as the dielectric
material since its printability has been demonstrated in our
earlier work [30]. Here, two cross-linking densities of the
PDMS were used: stiffer (1:10), and softer (1:20) (curing agent
to base-ratio). The PDMS was diluted in octyl acetate in a
1:3 weight ratio to allow printing without cartridge heating
using the Dimatix DMP-2831 material printer. These freshly
printed dielectric layers were thermally cured at 120 °C for
25 min. For comparison, reference dielectrics were fabricated
by spin-coating (4000 rpm, 60 s) thin foils of Sylgard 184 in
both 1:10 and 1:20 ratio on top of an ETFE substrate.

4) Stacking the Device: After curing the dielectric, additional
PDMS layers were printed to make a wet, glue-like layer, onto
which the bottom electrode was placed and gently pressed to
bond the layers. Excessive ink was wiped from the surface,
and the whole structure was thermally cured at 120 °C for
25 min. After attaching the bottom electrode, the whole device
was turned upside down, and the process was repeated to add
the top electrode. Again, the device was cured at 120 °C for
25 min to bond the material layers. Finally, the remnants of the
PVA layers were dissolved with DI water. A similar process
was used to stack the reference devices with the spin-coated
PDMS dielectrics, but instead of printing, 1 ul of the ink
solution was dispensed with a pipette to form the glue-like
layer for bonding the electrodes. A visual presentation of the
sensor fabrication process is given in Fig. 1.

B. Characterization

1) Electrical Properties of the Mesh Electrode: The resistance
of the Ag NP mesh with increasing layer count was measured
with a multimeter. The sheet resistance Rs of each sample
was calculated from the measured resistance value with the
following formula:

w
Rs =R~ (1)

where [ is the line length and w is the width of the conductive
line.

2) Cross-Sectional Imaging (FIB SEM): A high-resolution
scanning electron microscope with a FIB (Crossbeam 540,
Zeiss) was used for the cross-sectional imaging of the devices.

3) Pressure-Capacitance Measurements: To evaluate the
sensitivity and pressure range of the fabricated capacitive
sensors, both electrodes were connected to the alligator clips
of an LCR meter (ST2827A, Sourcetronics, Germany) with
copper tape. We used a mechanical tester (TA.XTplus, Stable
Micro Systems, UK) with a 10 mm diameter cylindrical probe
to apply pressure on the sensor. A small piece of Ecoflex 00-50
(Smooth-On Inc., USA) was placed on the probe tip to mimic
tissue-like force source. The measurement setup is shown in
Fig. 2.

In each experiment, the mechanical tester lowered the probe
in contact with the sensor until a predetermined pressure (force
divided by the probe surface area) was reached. The probe was
held steady for a given contact time (0 s or 10 s, depending on
the experiment), after which the load was removed. Pressures
ranging from 0.1 to 50 kPa were tested. While different
loads were being applied, the capacitance of the sensor was
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Fig. 5. Relative change in capacitance over time with different pressures from 0.1 kPa to 50 kPa (1 s load) for (a) softer PVA-PDMS sensor, b) stiff

PVA-PDMS sensor, c) soft reference sensor, and d) stiff reference sensor.

measured using the LCR meter, with a bias voltage of 1 V at
a 10 kHz frequency.
The relative capacitance change C was calculated with:

~ C—-Cy

C= c ()
where C is the measured capacitance, and Cy is the initial
capacitance at zero pressure. The sensitivity S of the sensor
was calculated according to the following formula:

_AC
AP’
where P is the applied pressure.

3)

I1l. RESULTS
A. Inkjet Printing Materials on PVA
The print resolution of the Ag NP ink was set to 770 dpi,
and the printing parameters were optimized to allow the print
to dry for 240 s before printing additional layers, and thus to
avoid ink flooding. Ink drying was aided by keeping the plate
temperature at 60 °C.
The electrical measurements showed that adding only a
few layers of ink to the structure decreased the resistance of

the silver prints significantly (Fig. 3). The initial decrease is
a lot faster than a simple inverse of the number of layers:
the resistance of the 2-layer prints is only 20 % of the
resistance of the 1-layer print. Additionally, the resistance
values seemed to saturate at approximately 1-2 Q/o after
4-6 layers.

Furthermore, the mechanical toughness of the prints
improved when higher ink volumes are used. The 1-layer
prints were very fragile and tended to break after the dissolving
of the PVA layer, but such behavior was not seen any more in
the 2-layer prints. Based on these observations, we chose the
4-layer prints for further experiments.

The spreading of the PDMS ink was affected by the ink vol-
ume and drying time between layers. However, well-defined
patterns could be obtained at an 876-dpi printing resolution,
when a delay of 60 s was used between layers, and the plate
temperature was kept at 60 °C.

To obtain a uniform dielectric, 4 layers of PDMS ink were
jetted on the PVA film, resulting in an approximately 10 xm
thick dielectric layer. Even though the printed dielectric
layer was rather thin, we observed it to be surprisingly
convenient to handle with tweezers, at least in comparison
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Fig. 6. Relative change in capacitance as a function of the applied pressures from 0.1 kPa to 50 kPa (10 s load) for (a) soft PVA-PDMS sensor, (b) stiff
PVA-PDMS sensor, (c) soft reference sensor, (d) stiff reference sensor. Error bars show the standard deviation from the mean of 5 measurements.

to the spin-coated reference dielectric, despite the higher
thickness of the latter (15 wm).

The stacked material layers of the sensors having either
the spin-coated reference dielectric or the printed dielectric,
are shown in Fig. 4. Both the surface SEM images, and
cross-sectional images show that in the spin-coated version,
the surface of the electrode (Fig. 4a) is more porous than that
of the printed sensor (Fig. 4b). This is related to the fabrication
process: since the bonding layer between the dielectric and the
electrode is printed already before applying the electrode, the
PDMS ink is penetrating the porous Ag NP mesh. In contrast,
when the reference electrode is first attached to the dielectric,
and the bonding layer is formed after that, the PDMS volume
is smaller in the interface. This conclusion is supported by the
cross-sectional images (Fig. 4c-f): although the mesh electrode
in both sensor types is sponge-like, there are more cavities in
the electrode of the reference sensor, even though traces of
PDMS can be seen in this layer also.

The less porous composition of the printed mesh electrode is
considered advantageous, since the electrode and the dielectric
layer are more tightly attached to each other. It has been shown
earlier, e.g. in [11], [35]-[37] that embedding the conductive
material into PDMS is useful for the adhesion between the

material layers, and thus for the mechanical strength of the
soft devices.

An interesting feature of the dielectric is seen in the cross-
sectional images (Fig. 4c-f): the spin-coated dielectric has a
uniform structure, whereas the printed dielectric is clearly
porous. We assume this finding to correlate with the observed
convenience of handling the printed PDMS foils: the PVA
fibers are trapped inside the printed dielectric layer, and are
therefore providing additional stiffness and mechanical support
for the soft foils.

B. Printed Tactile Sensors

The relative changes in the measured capacitance for each
sensor as a function of time are shown in Fig. 5. The probe
approached the sensor until the desired pressure was reached,
and the load was maintained for 1 s, before the probe was
retracted. The probe velocity was set to 0.1 mm/s during both
approach and retraction. The applied pressures ranged from
0.1 kPa to 50 kPa.

Fig. 5 shows that the softer sensors (Figs 5a & c) can
detect smaller pressures (<1 kPa) than the stiffer sensors
(Fig. 5b & d). Furthermore, comparing the response of soft
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Fig. 7. a) The calculated sensitivity of the softer printed sensor as a function of applied pressure from 0.1 kPa to 50 kPa, b) the measured response
and recovery of the sensor (2-6.4 kPa), maximum hysteresis of 8.5 % shown, c) sensor performance in a cyclic test, where a loading-unloading

cycle was repeated for 2000 cycles at a frequency of 0.5 Hz.

PVA-PDMS sensor to the response of the soft reference dielec-
tric sensor, we see that the reference dielectric sensor does
not reliably recognize the difference between the applied pres-
sures, until before the pressure reaches 5 kPa (Figs 5a & c).

The sudden changes in the signals of Fig. 5a (20 & 35 kPa)
and Fig. 5c (5 kPa) may be a result from the probe mounting,
irregularities in the mounting table surface, or other inevitable
nonlinearities. It is also possible that the connectors bend
under the applied pressure and could cause interference to
the signal.

Overall, we take these observations as an evidence that
the soft PVA-PDMS sensor has the most desirable pressure
response, especially for applications where measuring small
pressures is required. The sensitivity of the stiff printed sensor
(Fig. 5b) seems to be approximately one-tenth of the measured
sensitivities for the rest of the sensors. These results indicate
that the presence of the PVA fibers in the dielectric stiffens the
dielectric, improving the response of the soft elastomer layer,
but diminishing the sensitivity of the already stiff dielectric,
especially at low pressures. The stiff reference sensor shows
great sensitivity at the largest pressures but is not capable to
detect the low pressures as well as the softer ones.

To further study the pressure response of the sensors,
we measured the capacitance while the sensors were pressed
for 10 s with different pressures varying from 0.1 kPa to
50 kPa. The measurements were repeated at least four times.
The results are shown in Fig. 6, where the relative change in

capacitance versus the applied pressure is shown for each sen-
sor type. The stiff reference dielectric sensor broke during the
experiments, so the Fig. 6 only shows the portion of measure-
ments completed before the catastrophic failure of the sensor.

In Fig. 6, it can be noticed that the soft PVA-PDMS
and the soft reference sensors have a sub-linear response,
their sensitivity decreasing with the increment of the applied
pressure, while the stiff PDMS-PVA sensor showed a more
linear response. For many applications, such a sub-linear
response is desirable: it allows distinguishing between small
pressures accurately, while the decreasing sensitivity allows
also measuring larger pressures.

Of the sensors tested, the soft PVA-PDMS has the highest
sensitivity in the small pressure range. Therefore, we cal-
culated the sensitivity for the soft PVA-PDMS sensor, and
it is shown in Fig. 7a. The highest sensitivity (4 MPa™!)
was achieved with the smallest pressures (0.1 kPa) and this
further confirms that the soft PVA-PDMS sensor is suitable
for measuring small pressures.

To further study the performance of this sensor, we mea-
sured its hysteresis by consecutively applying a load on the
sensor and then removing the load. Maximum load applied
was 6.4 kPa. In these experiments, the probe speed was
set very slow (0.01 mm/s), to avoid dynamic effects from,
e.g., viscoelasticity of the materials. The results are shown in
Fig. 7b. The hysteresis of the soft PVA-PDMS sensor is low
(<8.5 %) in the measured pressure range. Here, the measured
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relative change in capacitance is presented as a function of
pressure varying from 2 kPa to approx. 6.4 kPa. With smaller
pressures (0-2 kPa), the force probe was not pressing the
thin sensor evenly, causing severe signal interference, and the
response in that area was therefore discarded from further
analysis. Based on these results, we conclude that the sensor
has a small, but not insignificant hysteresis, which should be
considered in the practical applications of these sensors.

To study the long-term stability of the sensor, we con-
ducted a cyclic experiment, where the probe was set to move
sinusoidally up and down to apply load on the sensor. The
frequency of the probe was 0.5 Hz. The experiment was
conducted so that first a static load was applied on the sensor
and then the amplitude of the sinusoidal displacement was
chosen so that the load varied approximately 20 kPa peak-to-
peak. This cycle was repeated for 2000 times, and the obtained
capacitance data were band-pass filtered (lower half-power
frequency 0.35 Hz, higher half-power frequency 0.65 Hz) for
a better presentation of the dynamic response.

The results of this experiment are presented in Fig. 7c.
As seen in Fig. 7c, the printed soft PVA-PDMS sensor can
detect the dynamic pressure variation accurately even after
2000 cycles. Based on these results from cyclic experiments,
we conclude that the sensor can work reliably and repeatably
for long periods of time.

To demonstrate a practical application of our sensors,
we attached one of the printed soft sensors to a glove-covered
fingertip and recorded the capacitance of the sensor while
the finger was touching the underlying surface with varying
pressures and hold times. As seen in the recorded video
(S1), the sensor can detect the physical interaction with the
surrounding environment.

IV. CONCLUSION

We have developed here a straightforward method for
inkjet printing of PDMS based, multilayered electronics. This
method is based on material printing on a temporary, support-
ive PVA layer that is first used to make mesh-like conductive
layers, and to tune the properties of the elastomer dielec-
tric, without the need for complex processing or hazardous
chemicals. The applicability of this method for fabrication
of soft devices was demonstrated by creating tactile pressure
Sensors.

The results show that this approach can improve the sensor
performance significantly: small pressures (<1 kPa) can be
detected accurately, and the fabricated sensors can detect
pressures still at 50 kPa. This range covers most activities of
the skin-like systems [38]. Moreover, low hysteresis (<8.5 %)
and long-term repeatability over 2000 cycles were obtained.
We also demonstrated here the suitability of these devices for
tactile sensing by using them to detect fingertip’s physical
interaction with its surroundings. Furthermore, the additive
and digital nature of the process allows both rapid prototyping
and tuning of different sensor configurations. Therefore, our
work paves way towards low-cost and easily customizable soft
electronics with applications in, for example, wearable devices
and smart prosthetics.
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