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ABSTRACT

Printed electronics have gained steadily increasing attention due to the attractive
simplicity and straightforwardness of the processes. The processes are also compatible
with various flexible and stretchable materials. Thus, they can be used to create
lightweight, unobtrusive, and conformable devices. However, there are certain
challenges related to material compatibility. For example, hydrophobic materials with
low surface energies tend to repel liquid coatings, prohibiting straightforward
manufacturing. Therefore, substrate materials with beneficial properties like chemical
inertness, elasticity, optical transparency, or robustness may be neglected because
processing can become exhaustively complicated.

In this thesis, two water-repelling polymers, a poly(phenylene ether) (PPE) based
polymer blend and poly(dimethylsiloxane) (PDMS) were studied. Furthermore, their
applicability in printed electronics was investigated. These studies began with surface
characterization. In addition, conductive tracks were printed and evaluated on PPE and
PDMS substrates by screen printing silver (Ag) flake inks and inkjet printing silver
nanoparticle (Ag NP) inks, respectively. The performance of the screen-printed Ag
patterns was evaluated on both the native and surface-treated substrates, and the
endurance against environmental stress was studied in accelerated aging tests. After
developing an inkjet printable PDMS ink, alternative approaches for multilayer
fabrication on this substrate were proposed. First, direct layer-by-layer inkjet deposition
of conductive and dielectric layers on PDMS was studied. In the second approach,
conductive and dielectric layers were printed separately on mesh-like electrospun
poly(vinyl alcohol) (PVA) nanomesh substrates to form self-standing layers, which were
sandwiched to create capacitive pressure sensor elements.

The results indicate that conductive tracks can be printed on both substrates
relatively straightforwardly. Highly conductive lines could be screen printed with only a
single pass, the resulting sheet resistance being only 8-10 mQ-o-!. However, a
comprehensive understanding of ink composition and printing parameters is required
to minimize the prints' surface roughness and edge roughness. In addition, as new
screens are needed for each new pattern, prototyping with this method is time-

consuming. Finally, the environmental reliability of the screen printed patterns was



heavily dependent on the used materials, and the results emphasize the need for proper
encapsulation.

In comparison, prototyping was relatively easy by inkjet printing the functional
materials directly on PDMS, and sheet resistances below 0.5 Q-0-! were obtained, even
though print thickness was less than 2 pm. Although the sheet resistance of the porous,
PVA-based conductive layers was higher (3 Q-01) despite the high layer thickness of
10 um, the obtained adhesion between the ink and the substrate was excellent.
Intermediate surface treatments and curing steps of the direct layer-by-layer multilayer
deposition approach made the printed patterns susceptible to deformation already
during the fabrication process, requiring a new patterning strategy and curing condition
optimization to prevent the defects. The integrated PVA layer made the self-standing
dielectric easy to handle despite its low thickness. The capacitive sensors had linear
sensitivity of up to 4 Mpa! with low hysteresis (< 8.5 %), remained functional over
2000 cycles, and were capable of sensing physical interactions with the surroundings.

It was shown that simple processes could be used to print electronics even on
hydrophobic substrates. Moreover, multilayered device configurations can be
prototyped using just one material printer, either by a direct, layer-by-layer deposition
or using separately printed functional layers to build devices, such as sensors. The
presented results provide a reference point to further studies, which should determine
the full potential and usability of the proposed materials and methods in complex
printed electronic applications where both circuits and sensor elements are used in

various device configurations.
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17 INTRODUCTION

In the modern world, we are enjoying such a generosity of electrical devices and
artificial intelligence solutions that it is almost too easy to forget how only a few
decades ago, some of these innovations were regarded merely as science fiction [1]—
[3]. This rapid evolution of electronics is thanks to miniaturization and would have
been impossible without: first, the industrial printed circuit board (PCB)
manufacturing that began in the 1940s; second, the silicon-based semiconductor
transistors and integrated circuits (ICs), which were invented in the 1950s [4], and
third, the advanced processes like lithography, where the achieved minimum feature
size is only a few nanometers [5], [6]. Even though the conventional technologies have
gotten us so far, their era, at least at the current scale, might be soon over for several
reasons.

First, these conventional processes are often rather complex, employing a
multitude of process steps [7]. These subtractive methods require the usage of
hazardous etching chemicals and produce a large amount of waste material.
Furthermore, the suitability of the conventional PCBs for the new Internet of Things
(IoT) devices in a digitalized, intelligent environment is limited since they often are
rigid and brittle. Thus, they lack conformability, which is required to integrate the
electronics seamlessly to our surroundings, rather than just piling up new portable
devices with different functions.

Truly conformable, i.e., flexible, stretchable, and easily moldable electronics could
have great potential in many applications, such as wearable devices, display
technology, or molded interconnect devices (MID). For example, form-fitting
wearable solutions could make patient monitoring more unobtrusive, easily affordable,
and better available. Alternatively, in the case of MIDs, conformable structures could
be used to create custom-made modules, which also help reduce the electrical devices'
weight and required space. Furthermore, setting up traditional production facilities
requires tremendous effort and investments, and the space for competition and
innovations is limited. Scaling up new, less expensive technologies could spark rapid
development of entirely new electrical applications, which, in their turn, may sound

like mere science fiction today.
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For all these reasons, academia and industry are looking for alternative
fabrication methods and materials to realize future electronics applications. One
solution could be printed electronics, where electronics are merged with various
printing technologies. Even though the minimum feature sizes are still several orders
of magnitude higher than those of the conventional methods (> 100 nm) [8], [9],
printing methods allow large-area fabrication of conformable electronics to the degree
that is not possible with the traditional, wafer-based technologies. These alternative
processes aid in expanding the variety of material options. They also provide a
technological platform for fabricating individual, highly customizable devices and
even for roll-to-roll (R2R) mass production.

1.1 Aims and scope of the thesis

The printed electronics fabrication relies on direct patterning of circuit layouts on a
substrate. Since patterning is done by depositing the functional materials to the target
substrate in a liquid ink form, the inks must be post-processed to obtain coatings with
the desired functionalities. This approach sets some basic requirements for the used
materials, such as sufficient ink flow on the substrate to enable patterning. In addition,
the thermal properties, chemical compatibility, level of softness, and thickness of the
substrate should fit the process requirements. These restrictions become essential,
especially in flexible and stretchable electronics, where polymers are often used to
make the devices conformable.

Polymers like poly(tetrafluoroethylene) (PTFE) and poly(dimethylsiloxane)
(PDMS) possess various attractive characteristics for conformable electronics, such as
low flammability, chemical inertness, optical transparency, elasticity, low dielectric
constant, and triboelectricity — to name a few. These materials' perhaps the most
characteristic property is the low surface energy, making them attractive for self-
cleaning or barrier coatings. However, it limits their use in printed electronics
applications because the hydrophobic surface is challenging to coat without exhaustive
pre-treatment steps. Intrinsically, these substrates will repel water (and many other
liquids), causing it to bead up on the polymer surface instead of spreading. This thesis
seeks to offer new solutions for straightforward printed electronics fabrication on
hydrophobic substrates: first, on a poly(phenylene ether) (PPE) based polymer blend
(Preperm® 1.260), and second, on PDMS (Sylgard 184).

The first research question is related to the material compatibility in general: can
these hydrophobic substrates be coated using functional inks in a simple process, i.e.,
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what would be the minimum of the required process steps (Publications I-V)? It is
known that some hydrophobic surfaces tend to recover their native surface
characteristics over time, despite the initial modification of the surface by a specific
treatment. However, it is also possible to weaken or permanently damage the substrate
surface if the used surface treatment is too harsh. Moreover, as the aim of printing
methods is to simplify the device fabrication, there is no point in utilizing exhaustingly
complex processes. The poor ink adhesion on phobic substrates is a well-known,
serious issue. Without a sufficient level of adhesion, the patterns will delaminate from
the substrate, and thus the functionalities are lost. Maintaining the desired level of
adhesion in various environments and use conditions can be more difficult than
maintaining the electrical properties. Therefore, one of the research questions here is
maintaining sufficient ink adhesion (Publications I-V). Secondly, is it possible to
retain good adhesion even in a harsh environment (Publication II)?

Preperm® 1.260 can be shaped by injection molding or extrusion, both of which,
in a sense, are methods that could be applied in all-printed electronics as such, but the
options for printing PDMS were very limited by the time this work began. Therefore,
the next main question lies in the processing options of PDMS: can it be patterned
additively using an existing printing machine (Publication ITI-V)? Additive
printability of various functional materials is of the essence in all-printed electrical
applications since the on-demand deposition of the material layers will help to reduce
device thickness and allows material layering without additional molds, masks, or
punching tools. Ideally, material compatibility with the existing printing machines
would enable simple and straightforward multi-material processing within a single
printer.

The related research questions extend the previous questions: is it possible to use
PDMS as a dielectric in all-inkjet-printed electrical applications (Publications III-V)?
The topic is complex, and the issues of interest here begin with optimizing the
patterning strategy: how to add layers to the device when direct printing of functional
layers on top of the PDMS dielectric is assumed to require a surface treatment in each
phase? Furthermore, how might the intermediate curing steps affect the process
(Publications III and IV)? Alternatively, can some other strategy be used to make
self-standing, multilayered, fully printed PDMS-based electronics (Publication V),
and what would be the advantages or limitations of the different approaches? Below

a summary of the presented research questions is given:
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e Is it possible to print electronics onto PPE and PDMS substrates in a
simple, straightforward manner, and what would be the minimum of
process steps required?

e Do the prints adhere to the substrate?

e Do harsh environmental conditions (humidity and salt) affect the
performance?

e Can PDMS be patterned additively using an electronics printer?

e Is it possible to use PDMS as a dielectric in all-inkjet-printed electrical
applications?

e How to add layers to the device when printing other functional layers on
top of the PDMS dielectric is assumed to require a surface treatment in
each phase?

e Do the intermediate curing steps affect the process?

e Is it possible to fabricate self-standing PDMS sheets by inkjet printing?

e Would another strategy enable fabrication without the previous concerns?

e What are the advantages and limitations of the different approaches?

1.2 Structure of the thesis

This thesis consists of a summary, three peer-reviewed journal publications, and two
peer-reviewed conference articles. The summary is divided into four chapters and a
conclusion. Chapter 1 gives a brief introduction to the broader context and the aims
and scope of the thesis, presents the thesis structure and states the author’s
contribution to all publications. Chapter 2 is dedicated to printed electronics:
fabrication technologies and materials, and lastly, the thesis’ aims and scope are
discussed in reflection on the background survey. Moving forward, Chapter 3 briefly
explains the material choices and methods used in this thesis, and in Chapter 4, the
obtained main results are presented and discussed. Finally, Chapter 5 will conclude the
work done, summarizing the main findings, and placing them in a broader context.

The original publications are appended at the end of the thesis.
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1.3 The author’s contribution

Publication I. The author was the main contributor, designed and performed the
experiments related to substrate surface analysis, printing, and characterization of the
printed structures. In addition, the author analyzed the measurement data. M.
Mintysalo supervised the research and participated in experiment design and data
analysis. The manuscript and figures were prepared by the author. Both the author
and M. Mintysalo participated in writing and improving the manuscript.

Publication II. The author was the main contributor who designed and performed
the experiments related to substrate surface analysis, printing, and characterization of
the printed structures. The author designed and executed the reliability tests with Janne
Kiilunen and Juha Pippola. In addition, the author analyzed the measurement data. M.
Mintysalo supervised the research and participated in experiment design and data
analysis. The author prepared the article, which was improved together with M.
Mintysalo.

Publication III. The author was the main contributor and designed the experiments
for the dielectric ink preparation and characterization. The author and I. Jonkkari
executed ink characterization experiments: the author measured the surface tension of
the inks, and I. Jonkkiri performed the viscosity measurements. The author designed
the test structures, which the author fabricated and charactetrized with P. Puistola. The
Raman and FIB-SEM imaging were conducted at the Tampere Microscopy Center
(TMC). The author analyzed the data and wrote the manuscript, which was revised

and improved by other writers.

Publication IV. The author was the main contributor and designed, fabricated, and
measured the test structures with the assistance of P. Puistola. The manuscript was
written and revised by the author and M. Mintysalo.

Publication V. The author was the main contributor who designed and fabricated
the test structures together with T. Vuorinen, who was responsible for electrospinning
and wrote a chapter about this topic for the manuscript. The author was also
responsible for the characterization of the prints. A. Koivikko and the author

conducted the sensor measurements and analyzed the results with other writers. FIB-
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SEM imaging was conducted at the Tampere Microscopy Center (TMC). All writers

participated in writing and revising the manuscript.
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2 PRINTED ELECTRONICS

Printed electronics is a family of technologies merging electronics fabrication and
traditional graphics or textile printing methods: the functional ink is deposited on a
substrate to create interconnected electrical devices. Even though this method has
been mentioned already in the earliest PCB patents at the beginning of the 20t century
[10], and some consumer electronics applications already exist, the large-scale
development started only at the end of the 20% century. After the discovery of
conductive polymers and the resulting innovations of organic field-effect transistors
(OFETS) [11], organic photovoltaics (OPVs) [12], and organic light-emitting diodes
(OLEDs) [13], researchers started to attempt solution processing of these new
materials, since they could easily be used in ink form. Thus, inexpensive electronics
could be produced on a massive scale simply by printing [14]—[17].

The potential of this new technology family did not go unnoticed, and printed
electronics started to emerge as an independent field following the development of
inorganic nanomaterials. These nanoscale materials could be used in ink formulations,
and thus, for example, conductive, semiconductive, and dielectric materials were
merged with printing methods [18]—[24], and the printed electronics became a reality.
Since then, the number of annual publications has been increasing tremendously, and
several fields have adopted these fabrication technologies [7], [25].

This popularity in both industry and academia is thanks to the advantageous key
features of this technology family, including large-area manufacturing capabilities,
freedom of substrate choice, the additive nature, and low processing temperatures.
Since the earliest innovations in the field, the development has been rapid. The latest
advances include electronic skin (E-skin) for bioelectronics, nanogenerators, and self-
healing electronics [26]—[28].

2.1 Fabrication technologies

In Table 1, PE methods gravure, (reverse) offset, flexographic, screen, inkjet,
electrohydrodynamic jetting (E-jet), aerosol, and three-dimensional (3D) printing are
presented together with their key characteristics. The key elements here are line width,
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thickness, printing speed, and ink viscosity. All techniques are of a different nature,
and therefore, the compatible materials are unique for each method. Thus, the distinct
process characteristics also lead to different process outputs. Therefore, the technique
selection is dependent on both the desired outcome and the used materials.

For example, most traditional printing techniques are contact methods, where a
patterned printing plate (flexo, gravure, offset) or a stencil (screen) is first tinted with
ink, and the desired image is pressed on the substrate. There are some variations in
the contact time and the required pressure. For example, in gravure printing the
pattern is engraved on the printing plate. This characteristic enables high printing
speed with rather thin inks, and the resolution is relatively high compared to the other
printing methods [29]. However, the plate must be in contact with the substrate for
the entire printing cycle, and high pressure is required for good image formation. This
high pressure limits the choice of substrate materials because, for example, the
stretchable or soft materials might deform.

In flexographic printing, the printing plate pattern is a relief raised above the plate.
This technique does not require as high pressure as the former, but it compromises
speed and accuracy [30]. The principle of the conventional offset printing method is
somewhat similar, but the image is first printed to a blanket cylinder with the help of
oil or water and then pressed to the target substrate [31]. In reverse offset printing, a
semidry process is used to create the pattern on the blanket cylinder [32]. There, fine
features comparable to gravure are within reach, but the speed remains low in
comparison.

Of the contact methods, screen printing offers the most freedom of choice for the
substrate materials. Here, the ink is forced through a patterned screen using a
squeegee. The main benefit is the high aspect ratio, primarily due to the high paste
viscosity. Thus, screen printing can be used for easy patterning of highly porous or
rough surfaces [33]. The method is discussed in further detail below (Section 2.1.1.).

In contrast to the techniques mentioned above, inkjet printing can be regarded as
a purely additive, digital printing method, where the printhead never comes to contact
with the substrate, and ink is deposited as single droplets, strictly based on a digital
image file that is given to the printer [29]. This technique offers more freedom for
substrate selection, as they can be as soft and stretchable as demanded [30]. Even
patterning of 3D-shaped objects is possible to some extent, but low ink viscosity sets
some limits to the substrate curvature. Further explanation of the method is given in
Section 2.1.2. Although this additive technique offers the benefit of reduced waste
material compared to the previous ones, it is significantly slower, therefore, not as

good an option for mass production of printed electronics.
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Other digital printing techniques include E-jet printing and aerosol printing. The
former relies on an external electrical field for droplet ejection [8], [34], and the latter
uses aerosol to atomize functional inks [35]. These methods can be used to obtain
more delicate features than the inkjet systems, and they offer a wider variety of
printable materials due to the higher viscosity range. Still, the devices are rather
complex, and the printing speed is also limited.

3D printing is becoming an increasingly popular method for electronics
manufacturing because the interest in additively manufactured applications like MIDs
is increasing [36]—[38]. Especially the extrusion-based techniques, such as fused
deposition modeling (FDM) and direct ink writing (IDIW), are of interest because they
would allow rapid prototyping of new device configurations, possibly using just one
multi-material printer. However, the current limitations of extrusion-based 3D printed

electronics include resolution, scalability, and lack of multi-material printers.

Table 1. Common printing methods and their essential characteristics. [9], [34], [35], [39]-[43]

Printing method Minimum line width Line thickness ~ Printing speed  Ink viscosity
(um) (um) (m-min-1) (mPa-s)
Gravure 10 0.1-1 1000 10-1000
Offset 1-10 1-10 <1000 5-100000
Reverse-offset 0.5 0.02-1 3 1-5
Flexo 20 <1 500 50-500
Screen 30 0.1-100 150 500-10000
Inkjet 15 0.2-10 1-500 5-50
E-jet 0.7 0.2-1.5 <1 1000-10000
Aerosol 10 0.01-3 <0.6 1-1000
Extrusion 3D printing 1-250 >1 <1 100-300000

In addition to printing methods, fabrication of the electrical devices often also
requires other techniques because several functional layers are needed, and not all
materials can be directly printed. These techniques can include but are not limited to:
spray coating, spin coating, and electrospinning [44]—[46]. Another useful fabrication
technique, which applies to the above-mentioned printing methods, is transfer
printing, i.e., printing on a donor substrate, which is then used to transfer the print to
the target substrate. It can be done to avoid printing directly on the target substrate, if
there are compatibility issues between the materials, or if the substrate material is
extremely temperature-sensitive [47]. These supportive coatings can be used, for
example, to fabricate protective layers for the encapsulation of the printed devices, or
they can be used to prime the substrate before printing. Moreover, these thin layers
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can also be used to modify other materials, giving them additional functionalities, such

as improved mechanical stability or lower resistivity.

211 Screen printing

As already shortly described above, a patterned screen is used for image formation in
screen printing. The screen mesh (polyester or steel) is tensioned between the screen
frames and is then covered with an emulsion to expose only the areas where the ink
should be pushed through the mesh. As shown in Figure 1, a squeegee is used to
press the ink through the screen, which shortly comes to contact with the substrate
due to the applied pressure. Once the squeegee moves further on the screen and the
pressure is released, the screen detaches from the substrate, now covered with fresh
ink.

The final resolution (line width), print thickness, and print quality can be adjusted
by manipulating both the thickness and density of the mesh threads and the emulsion
properties. In addition, fabrication parameters like snap-off distance and squeegee
speed significantly affect the print quality [48]—[50]. To prevent the inks from flooding
through the screen before any pressure is applied, screen printing inks are highly
viscous (Table 1), although they usually are also shear-thinning, meaning that an
applied shear will thin the ink so that it can be pushed through the screen. The ink
viscosity and other ink characteristics are discussed further in Section 2.3. Ink
composition.

The thickness of the screen printing inks offers additional advantages. As seen in
Table 1, the aspect ratio, i.c., the thickness of the print versus line width, is very high.
It is an advantageous feature in such applications, requiring high conductivity because
the large ink volume is likely to yield a low resistance. Moreover, the quality of the
thick prints is less likely to suffer from substrate roughness, making it an attractive
option for paper-based devices or other electronics, where a porous substrate material
is needed [52]. The final aspect ratio is dependent on the ink thickness and screen
properties.

There are also some limitations to this printing method. Since the screen mesh and
the process parameters are of great importance for the final pattern formation, they
also affect the print quality significantly [53], [54], and optimization of the process may
be rather tedious. At high frequencies, the current flows nearer the conductor surface,
and both edge smoothness and surface roughness become increasingly important in

addition to material resistivity. However, it has been shown that this method can be
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effectively used in high-frequency applications through careful parameter optimization
and material selection [53], [55].

a)
Printing direction
ﬁ
Frame Squeegee

Substrate

Figure 1. a) Schematic illustration of screen printing process (adapted from [51]), b) a screen printer
(TIC SCF-300, DE Eickmeyer).

One disadvantage of this method is that even though it offers freedom of design
compared to other contact printing methods, each new pattern configuration will
require a new stencil design. Thus, the method is not necessarily as sufficient for
prototyping stages as the digital methods. Therefore, the attractiveness of screen
printing comes from the suitability for mass-production of large-area applications,
where high conductivity is essential, but the resolution does not necessarily have to be

very high (Table 1).

2.1.2  Inkjet printing

Since inkjet printing, like other digital and additive methods, generally allows additive
on-demand fabrication and rapid modification of pattern files, the process is highly
customizable. These features are highly beneficial, for example, in rapid prototyping.
Inkjet printing technologies can be divided roughly into two categories: continuous
inkjet (CIJ) and Drop-on-demand inkjet (DOD) printing [56]. In CIJ printing, droplets
are formed continuously, and the unused droplets may be collected for reuse. The
main benefits of this technique are the rapid speed and wide variety of solvents.
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However, this technique cannot yield a high resolution, requires a tremendous amount
of maintenance, and the use of volatile solvents makes its environmental friendliness
questionable [56]. Furthermore, aggressive solvents are not compatible with sensitive
polymer substrates, limiting the applicability of this technique.

In DOD printing, droplets are ejected only when instructed, based on the digital
image file with the patterning information. Droplet ejection is based on a pressure
pulse created in the print head. There are several methods for pulse generation,
including, for example, thermal, electrostatic, and piezoelectric inkjet [56]. In thermal
inkjet, droplet formation is based on the vaporization of heated ink, while electrostatic
inkjet uses an electrical field.

In this work, a piezoelectric inkjet was used. Here, a piezo actuator undergoes
distortion based on an applied electrical field, mechanically forming the pressure
pulses that cause the droplet ejection. The principle of this method is shown in Figure
2. It offers freedom of material selection and long head life. However, the main
drawbacks are the high expense compared to thermal inkjet and the resolution, limited
by the nozzle diameter [56].

a)
Non-jetting Jetting
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Fluid
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‘ Droplet

Figure 2. a) Working principle of piezoelectric printheads, b) a desktop inkjet printer (Dimatix DMP-
2831, FujiFilm).

2.2 Printable materials

As interconnects form the base of all electrical circuits, tremendous effort has been

put into developing electrically conductive printable materials. As a result, a wide
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variety of inks and pastes is available nowadays, even commercially. Other basic
materials for printed electrical devices include semiconductive materials, dielectrics,
and magnetics. In addition, other functional materials such as electroactive polymers
[57], [58] are used.

Since metals are known for their excellent thermal and electrical conductivity in
contrast to other materials, they are widely used as the base material of the conductive
printing inks. The most common metals used in the conductive printing inks are gold
(Au) and silver (Ag) [59], [60]. Ag has been perhaps the most popular choice for
fabricating the interconnects and electrodes of the printed devices, first, for its
superior conductivity, second, for its low cost in comparison to Au, and third, for its
air stability in an atmospheric environment, in comparison to some alternatives, such
as aluminum (Al) or copper (Cu). However, metal oxides have their uses as
semiconductors and even as dielectrics in, for example, thin-film transistors (TFT's)
and gas sensors [61], [62]. To widen the variety of usable materials, alternative
processes, like reactive printing, have been developed [63]—[65].

The metals in the conductive inks are often synthetized nanoparticles (NPs) or
ionic precursors, as in metal-organic decomposition (MOD) inks. Low resistivities
close to that of bulk material are within reach for both ink types, although there are
some characteristic differences. For example, the metal load of the NP ink is typically
higher, resulting in thicker, more uniform layers. In contrast, MOD inks can be used
to avoid complex and exhaustive nanoparticle synthesis because the final structure is
formed through a reduction reaction in the curing process [66], [67]. Other advantages
of particle-free MOD inks are the simpler ink formulation without the need for
additives and avoidance of nozzle clogging due to particle agglomerates. However, the
substantial volume loss of the curing MOD inks makes the prints susceptible to large
voids and disconnection [66], [67]. The reader should check Section 2.3.5. for further
details about the post-processing step.

Even though metallic nano-inks offer superior conductivity in contrast to other
printable materials, the end-applications of printed metallic films are limited due to
their intrinsically dense yet brittle structure: in the more mechanically demanding
applications, like stretchable electronics, where high stresses are applied to the devices,
the rigidity and brittleness of the conductive structure are intolerable. Therefore,
different metal compositions like nanowires (NWs), flakes, liquid metals, and metal-
elastomer composites have been developed, and various engineering strategies have
been utilized to improve the deformability of the printed conductive films [68]—[77].
Moreover, organic conductive materials, such as carbon nanotubes (CNTSs), graphene,
graphite, carbon black, and conductive polymers like polyaniline (PANI) and
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Poly(3,4-ethylene dioxythiophene: poly(styrene sulfonate)) (PEDOT: PSS) have been
extensively studied [77]-[80]. Often, the final properties compromise the desired
conductivity and flexibility. A summary of the most used conductive (printable)
materials and their key properties is given in Table 2.

The key properties here include material resistivity, particle size, layer thickness,
and sheet resistance. The sheet resistance R, describes the resistivity of a uniformly

thick conductive coating per specific area, and can be written as:
_P
R, =, 0

where p is the material's resistivity, and 7 is the conductive film thickness. If the
film thickness is uniform and the lateral dimensions of the conductive line ate known,

the sheet resistance can be derived from the total resistance R:

Ry =R~ @)

where w is the line width, and /is the length of the tracks. In other words, the
conductive track is divided into squares, and the total resistance is then divided by the

number of squares to obtain the sheet resistance information.

Table 2. Printable conductive materials and their key properties. [81]-[88]

Conductive material ~ Resistivity Particle size Layer thickness ~ Sheet resistance
(MQ-cm) (bm) Qo)
Au NPs 11 5-10 nm 0.5 >0.22
Ag NPs 5-300 80 nm 0.24 >0.02
Ag NWs > 90 20-40 pm 0.24 >3.75
Ag flakes 70 7 ym 10 0.07
Ag MOD 12 <50 nm 0.2 0.59
Cu 260 3nm-3 um 4 0.7
PEDOT: PSS 840 10-15 nm 1 8.4
PANI 1.6:106 60-100 nm 0.3 50000
CNT 270 48 pm 4-10 >0.3

In the past, solution-processable TFTs have been strongly at the center of
attention, meaning that great effort has been paid to the printing of both organic and
inorganic, conductive and semiconductive materials. In contrast, the dielectric
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materials may have been deposited by other methods like spin-coating instead of
actual printing [89], [90]. Recently, an increasing effort has been directed towards the
development of fully printed electronics, where also the dielectric layers, protective
coatings, and even the substrate would be printed [75], [91], [92].

2.3 Ink composition

Inks often consist of several components to achieve the prints' desired functionalities
and meet the requirements of the chosen fabrication equipment. The basic elements
of the liquid ink medium include the functional part, solvent(s), polymer binders, and
perhaps some additives like surfactants [93].

There are several characteristics and requirements to consider when ink is
formulated. Most importantly, the viscosity and surface tension of the ink should be
optimized. These characteristics affect ink’s printability and compatibility with the
chosen substrate material. In addition, the ink composition and material choices also
impact the post-processing options, which again affect the compatibility with the
substrates. Therefore, the careful formulating of ink is essential for developing printed
electronics.

231 Viscosity

Understanding a liquid’s flow and deformation behavior is critical when determining
ink's use and applications. Viscosity 7, the resistance of flow, is of great importance
for coatings and inks, as it describes the shape-change of liquids subjected to a force
[94]. It is a ratio of shear stress, a force applied to a certain area in a liquid, and shear
rate, the mechanical energy applied to the liquid [95]. Both the type of ink components
and their concentration affect the viscosity. If an ink or coating liquid were Newtonian,
its viscosity would remain unaltered over time, despite the shear rate [93].

Inkjet printing inks are typically aimed to be Newtonian, so that the viscosity would
not be affected by the forces in the fluid chambers of the printhead, where the shear
rate can reach values around 10¢s-1, and that the printing parameters would not have
to be adjusted over time [95]. Manipulation of ink viscosity in the printhead is possible
by heating the printhead (lower viscosity), and printing parameters like firing voltage
can be adjusted to jet inks with various viscosities.

However, the viscosity of liquids is often dependent on the applied shear.
Especially, shear-thinning behavior, where the liquids’ viscosity decreases under
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applied force, is common [96]. This tendency to shear-thinning is advantageous in, for
example, screen printing, where the printing paste should be highly viscous to prevent
it from spontaneously flowing through the mesh while still allowing an external force
from a squeegee to press the ink through the screen to form the desired pattern [49].
In addition, the thixotropic tendency of ink viscosity to change over time, yield stress
(the minimum stress required for liquids to flow), and viscoelasticity (the ability of
materials to show both viscous and elastic tendency) are of interest in the screen
printing process [97].

2.3.2  Surface tension

The molecules in a liquid are attracted to surrounding molecules, whereas surface
molecules are attracted only to each other and the molecules beneath them. Therefore,
liquids aim to minimize their surface area and tend to form spherical shapes in a
suspended space [98]. The surface tension y;is a measure of these attractive forces.
Liquids with high surface tension, such as water, have stronger molecular bonds than
liquids with lower surface tension. Thus, they are less likely to be affected by external
forces, prone to form spheres instead.

The surface chemistry of inks and other liquids can be manipulated to change their
tendency to bead up. In inkjet printing, the surface tension of the liquid is closely
related to the drop formation at the nozzle tip, to the consequent droplet size, and
finally, to the droplet behavior on a substrate surface. In addition, the liquid meniscus
in the nozzle will be greatly affected by the liquid's surface tension (and viscosity). Low
surface tension can cause ink flooding, possibly even preventing droplet formation,
whereas high surface tension can cause improper priming of the nozzle, and nothing
will be jetted [99]. Moreover, both viscous and capillary forces affect the droplet pinch-
off from the meniscus. On the other hand, the surface tension of the screen printing
inks (together with the viscous forces) influences the separation mechanism of the
screen mesh from the print after the passing of the squeegee. It thus affects ink spread

on the substrate and the overall print quality.

2.3.3  Drop formation in inkjet printing

In addition to the viscosity and surface tension, ink’s printability is also dependent on
other characteristics, such as density d and the size of the printing orifice D (nozzle

diameter). Especially the jettability of inkjet inks can be sensitive to even the slightest
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variations of the ink composition, and a thorough understanding of material
characteristics is crucial. A so-called Z-number, a reciprocal of the Ohnesorge number,
can evaluate the printability of the inkjet ink solutions by approximating the droplet’s
tendency to stay together or fly apart. The Ohnesorge number is dependent on Weber
number We, which describes the balance between the inertial and capillary forces of
the liquid, and Reynolds number Re, the ratio of inertial and viscous forces [100], [101].
So, first, We is calculated:
v2Dd

We =
€ v’ ®)

and Re is as follows:

Re = 2%
e= " @

Here, v is the droplet velocity, D is the nozzle diameter, d is the ink density, 7 is the
ink viscosity, and y,is the ink surface tension. Now the Ohnesorge number O/ can be

derived from (3) and (4):
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and as the Z-number is an inverse of the Ohnesorge-number:

Z =L = ynd (©)
Oh n

Some target values for the Z-number have been presented in the literature [101]—
[104]. In general, it should be high enough so that viscous dissipation will not prevent
the droplet ejection, but too high of a Z might lead to the formation of satellite
droplets. Therefore, the targeted range is often 1 < Z < 10. However, several other
fluid properties will affect the jettability of the inks, such as the solvent’s vapor
pressure, particle size, or molecular weight of the polymer [105]. Furthermore, the
waveform of the applied electrical pulse in the printhead can be tuned, and therefore,
the ink jetting is a sum of several variables.

Once the droplet formation has been optimized, attention needs to be paid to the

printing parameters. For example, as demonstrated in Figure 3, the delay between the
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ejected droplets and drop spacing (the physical distance between the droplets)
significantly affect the subsequent line morphology. Therefore, careful optimization
of the printing parameters, such as the firing voltage, waveform, and frequency, are
essential to ensure sufficient print quality and performance.

s b) C)H

d) e) f)
Delay Uniform  Scallopeg
line line
“ Drop spacing

Figure 3. Line formation in inkjet printing: a) isolated droplets, b) scalloped line, ¢) uniform line, d)
bulging line, e) stacked coins, and f) the relationship between drop spacing, delay, and line
formation. Adapted from [106] with permission.

Moreover, several printers come with the option to heat either the printhead or the
substrate, which can be used to manipulate ink composition (printhead heating) or the
behavior of the droplet on the substrate, and thus, line formation (substrate heating).
However, at elevated temperatures, inks tend to coalesce at the droplet edges instead
of the center due to the accelerated solvent evaporation and the resulting outwards
capillary flow [106]. This phenomenon is known as the coffee-ring effect. It can be
problematic in, for example, dielectric layers or highly conductive tracks, where

uniformity of the lines is of the essence.

2.34  Ink transfer mechanism in screen printing

The ink transfer mechanism onto the substrate in screen printing differs from inkjet
printing immensely, as the ink is first applied on a stencil, after which the ink is pressed
onto the substrate through the mesh openings. The pursuit for an improved printing
resolution and edge definition has led to extensive studies of the screen printing
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parameters, ink composition, and their effects on the print result. It has been shown
that many of the quality issues of the process are related to the match (or rather a
mismatch) between the printing ink chemistry and the printing parameters [49].
However, the relationship between these parameters is not simple, and proper
process optimization requires a deep understanding of the chosen materials. Recently,
studies relying on high-speed imaging of the area between the screen and the substrate
have been conducted [48], [97], [107]—[109]. They seem to confirm that four phases
take place during screen printing: first, pre-znjection occurs when the paste in front of
the squeegee is pushed through the mesh openings, after which there is a contact, as the
squeegee presses the mesh against the substrate, followed by a ding zone, which is
determined as the time that is needed for the screen to be slowly separated from the
substrate before suap-off when the screen retreats to its original distance from the

substrate. A visual presentation of these phases is offered in Figure 4.

Printing direction
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Figure 4. Ink transfer mechanism in screen printing. Adapted from [48].

As shown in Figure 4, the pre-injection and the cling zone have quite remarkable
effects on the final properties of the printed film. If the ink is pushed through the
screen before the squeegee contact takes place, there is an excess volume of the ink
on the screen, which can cause the print quality to suffer if the ink is pushed outside
the targeted pattern area, though the ink does retract a little during the last phases. The
emulsion, squeegee pressure, and ink chemistry also affect the ink spread at the cling
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zone. After the contact, the screen slowly retreats, and some of the deposited ink is
removed. Before the separation, ink first forms filaments, which begin to thin and
finally break during the snap-off. Here, menisci are formed on the print surface. The
ink's surface roughness may be higher than the print thickness unless the printing
parameters are adjusted to prevent filament formation. It can be concluded that the
snap-off distance, printing speed, and the squeegee pressure can be tuned to improve
printing quality. However, the relationship might not be linear, and these parameters
are highly dependent on both ink chemistry and mesh properties [48], [97], [107]-
[109].

2.3.5 Post-processing

Since the inks consist of several components, it is necessary to remove the solvents
from the print, decompose the binders, and activate the functional material, whether
to sinter metal particles together, start the reduction reaction of MOD inks, or cross-
link a polymer, for example. Traditionally, a thermal post-process is used. In Figure
5, the basic principle of the NP sintering is shown. First, the solvent of the ink is
removed by heating. After that, the bonds of the polymer binders are broken, and the
adjacent particles start to form physical contact with each other (neck formation).
Thus, a conductive percolation network is created.
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Figure 5. Nanoparticle ink sintering stages.

Here, minimization of particle size is advantageous: for example, the metallic
nanoparticles can be sintered at low temperatures: Ag NP ink can be annealed already
at the temperature of approximately 150 °C, whereas the melting temperature of bulk
silver is close to 1000 °C [110]. The low curing temperature is a highly beneficial
process feature considering, for example, the fabrication of flexible devices, where

temperature-sensitive materials like polymers are often used. However, heating the
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substrate to the required temperature in some applications is not possible, and other
methods should be considered.

Examples of alternative post-processing methods include photonic, electrical,
microwave, and plasma sintering [7]. The family of photonic sintering tools consists
of ultraviolet (UV) radiation, near-infrared (NIR), laser, and pulsed light or flashlight
methods. The printed pattern is exposed to light radiation, and the print is cured due
to the photonic heat. Electrical sintering is based on Joule heating: an applied voltage
is used to heat and sinter the pattern. Other methods include microwave and plasma
sintering, based on the absorption of electromagnetic energy or exposure to plasma
irradiation, respectively. Each method has its advantages and shortcomings, and the
appropriate tool selection is application-specific.

The curing mechanism is different for other materials, such as flake inks or
dielectrics. The flake particles are often larger than the NPs, flake size being up to a
few micrometers instead of tens of nanometers. The required sintering temperatures
are thus significantly higher than for the NP inks. However, keeping the flake inks’
curing temperature low is often beneficial for highly flexible applications because the
non-melted particles can slide past each other during elongation. Good conductivity
can be maintained even in the stretched state (as long as a contact between the flakes
remains). Moreover, the non-rigid structure is less likely to crack and permanently lose
the connection between the adjacent particles during a stretch, being advantageous in
stretchable applications.

In reactive printing processes, where the final material layer, such as metal particles
(MOD inks) or polymers, are formed as a reaction of the ink components, the post-
processing step is needed to trigger the synthesis or polymerization of the materials
[111], [112]. These reactions can be initiated by light or heat, and the steps include
evaporation of the solvents, followed by the reaction between the functional
components. This principle is shown in Figure 6, where PDMS crosslinking is
activated in the presence of a platinum (Pt) catalyst.
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Figure 6. Catalyst-assisted PDMS cross-linking. Adapted from [113] with permission from the Royal
Society of Chemistry.
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24 Substrates

The substrate has a significant role in electronics fabrication since it provides a
building platform and supports and protects the electrical circuits. Moreover, the
selected substrate influences devices’ signal attenuation, thermal stability, heat
dissipation, breathability, and biodegradability. The interest in alternative materials and
methods beyond the traditional silicon wafer manufacturing has enabled the
development of large-area devices, for which inexpensive but relatively sensitive
polymer materials are used, even commercially. Some of the commonly used printed
electronics substrates, and their selected properties are shown and compared to the
chosen substrates (silicones and PPE) in Table 3.

One important property of conformal electronics is flexibility. There are several
degrees of flexibility, each equally significant for the conformability of electronics.
Flexibility without stretchability may be enough depending on the material choices
and end applications. Some of the widely used flexible substrate materials include
poly(ethylene terephthalate) (PET) [33], [114]-[118], poly(ethylene naphthalate)
(PEN) [119]—-[121] and polyimide (PI) [122]—[128]. They are attractive choices in such
flexible applications, where moisture resistance and robustness are required. The latter
options also provide excellent thermal resistance at a higher expense, and the optical
transparency may suffer [129]—[131]. A significant benefit of these materials is the wide
thickness range.

In some E-skin applications or human-machine interfaces, the free deformability
of the devices is essential. In other words, materials should allow free stretching,
compression, twisting, and other such deformations. In addition to elasticity, these
materials should also be soft to improve user comfort. The skin’s elastic modulus is
lower than 1 MPa, and thus, the previously mentioned substrate materials, let alone
rigid conductive materials, cannot provide the softness required here [132]. Other
attractive characteristics include biocompatibility and inertness, again, to improve user
comfort and avoid undesirable chemical reactions of the implanted materials and
devices within the human body [133].

Common examples of these soft materials include silicone elastomers and
polyurethane (PU) compounds [27], [28]. These materials possess interesting
characteristics: silicones have a pleasant feel, repel water, are inert, and absorb shock
and sound. Therefore, they are widely used in various industries, from the cosmetics
and food industry to the automotive industry [134]. On the other hand, polyurethanes
can be either thermoset or thermoplastic elastomers. The latter possess rubbery

properties, while they can be molded in consecutive heating-cooling processes. PU
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materials also have various industrial and domestic applications, such as foams, shoe
soles, and vehicle body parts [134].

Table 3. Selected substrate materials and their properties. [9], [131], [139-149]

Substrate Thickness Ty Elastic modulus  CTE Surface energy
(Hm) () (GPa) (ppm-"CT)  (mN-m-)

PET 1-356 80-150 2-3 33 40-43

Pl 0.5-125 360-410 2-3 8-20 50

PEN 1-250 120-200 2-4 20 45

Silicone elastomers 4-3000 120-150 <0.002 325 10-24

PU 25-500 30-40 <0.001 148 31-42

Paper 20-250 80 0.5-3.5 - 42-70

PPE (Preperm® L260) 103 160-180 2-3 - 30-32

To further improve user comfort, nanomesh materials can be used. Mesh-like
nanoscale substrate materials have certain advantages over dense substrates, such as
improved breathability. In addition, they are even more lightweight and unobtrusive
than the polymer foils that are often used as flexible electronics substrates [135], [130].

In addition to the conformability aspects of the novel electronics applications, the
high-frequency properties of the substrates are also of great interest. After all, the
substrate material has a significant role in the signal attenuation at high frequencies.
As the number of wireless applications increases, the demand for device operations at
high frequencies increases. Examples of these applications include wireless networks,
radars, satellite and spacecraft communications, spectroscopy, remote sensing, and
keyless entry systems — to name a few. For example, in radio frequency identification
(RFID) tags, cost minimization is essential for the mass-scale production of the
devices. Paper has been proposed as a substrate choice for its light weight, flexibility,
cheapness, and biodegradability [137]. However, the main issues of paper-based
fabrication include the limited thermal resistance and high porosity of the substrate,
although primer coatings can be applied to improve the substrate characteristics [137],
[138].

From the fabrication point of view, some of the most critical substrate properties
include chemical resistance, thermal properties like glass transition temperature T, and
the coefficient of thermal expansion (CTE), surface characteristics, optical
transparency, and lastly, expense. These characteristics affect the material

compatibility, suitable fabrication process, and end applications.
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241 Wetting

Wetting describes the interaction between a liquid (ink) and solid (substrate) when the
printed ink meets the substrate surface, i.c., the ink’s spread on a particular substrate.

This relationship can be approximated using Young’s equation:

Yw COS 0= Ysv = Vsi» (7)

where contact angle #is dependent on interfacial tensions between phases: y; is the
liquid’s surface tension in equilibrium with its saturated vapor, p,, is the surface energy
of the solid in equilibrium with the saturated vapor of the liquid, and yyis the interfacial
tension between the solid and the liquid [150]. Since the vapor density, which is usually
air, is negligible compared to the liquid and the solid densities, its effect on the
interfacial tensions can be excluded. Therefore, y, may be replaced with the liquid’s
surface tension pj, and p,, may be reduced to the solid surface energy .

As seen in Figure 7, there are four wetting states; in a non-wetting state (6 = 180 °),
the liquid completely beads up on the substrate surface. Wetting is poor already when
the contact angle 0 equals or exceeds 90 °. Thus, for the ink to wet the substrate
surface, the surface tension of the ink must be lower than the substrate's surface energy
(0 =6 =90 ). On the other hand, if the contact angle is very low (0 = 0 °), wetting is
complete without any restrictions, and the liquid spreads freely.

Surface tension and wetting are often of interest even before the ink meets the
substrate. When the ink and the substrate interact, an equilibrium between the coating
and the coated material must be found, as printed electronics performance relies on
sufficient coating quality. Since the surface tension of the liquid must be smaller than
that of the substrate for wetting to occur, printing ink surface tensions should match
the low substrate surface energies of the polymers (Table 3). Substrates that
intrinsically repel water or oil are hydrophobic or oleophobic, whereas substrates
attracting these substances are hydrophilic or oleophilic. The suitability of the inks on
different substrates can be changed by modification of ink formulations. Other
methods for manipulating ink wetting on the substrate will be further discussed in
Section 2.4.3.
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Figure 7. Contact angle and levels of wetting.

24.2  Adhesion

Adhesion, the bonding mechanism between two phases (the ink and the substrate),
and its strength are a sum of several factors. First, a sufficient level of wetting is
required since there will be more contact area between the two materials if ink wets
the substrate well and no ait bubbles or cavities remain between them. In addition, the
bonds between the materials affect the adhesion strength.

The bonding mechanism can generally be divided into physical, chemical, and
electrostatic bonds, occurring from atomic to macroscopic levels [151]. Furthermore,
these mechanisms are highly dependent on the bonding surfaces. For example,
different bonds are likely to form in a polymer-polymer interface than in a metal-metal
interface [151].

In the physical bonding theory, the coating penetrates the substrate surface's pores,
cavities, and irregularities, and so-called mechanical interlocking occurs. It has been
shown that roughening the adherend surface (substrate) improves adhesion, but this
may also be a result of a simultaneous cleaning of the surface, formation of a reactive
surface, or an increment of the contact area between the two phases, enhancing other
bonding mechanisms [151]. This hypothesis is supported by the fact that roughening
can also be used to transform the already hydrophobic surfaces into even less wettable,
super-hydrophobic surfaces [98].

In addition to the physical mechanisms, chemical forces impact adhesion. Strong
chemical forces like covalent and ionic bonds occur within materials with polar
groups. In contrast, nonpolar materials tend to form weaker bonds, such as hydrogen
bonding or van der Waals forces. The diffusion theory assumes that the interfacial
molecules are both mobile and miscible, and the materials can thus merge, forming
concentration gradients [151], [152]. The level of this interdiffusion is dependent on

the time, pressure, and temperature of contact [152]. This phenomenon is of
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particular interest in nanoparticle ink sintering since the diffusion mechanism directly
impacts the neck growth between the particles, thus affecting the densification and
the final conductivity of the printed films [153].

Good adhesion between the substrates and the printing inks is essential since the
bonding strength directly determines the mechanical stability of the prints: if the ink
does not adhere to the substrate, the printed structure will be highly susceptible to
mechanical damage and delamination, and thus, the lifetime of the device will be short.
Therefore, understanding the adhesion strength is of the essence when new printed
electronics applications are developed.

There are standardized test methods for adhesion strength determination, such as
the crosscut and pull-off tests [154]. The former is a qualitative test and, thus, more
suitable for the initial states of prototyping, where a rough estimation of the adhesion
level might be enough. The latter test is quantitative and better suited for accurately
comparing different materials. However, the existing test methods are not necessarily
compatible with the soft substrates, and obtaining reliable data on the adhesion
strength might be tricky. In flexible applications, bending tests can give valuable
information about the adhesion between the materials.

24.3  Modification of the surface properties

If the wetting or the adhesion of the coatings is poor on a particular substrate, it is
often advisable to alter the surface characteristics of the substrate material. Alteration
can be achieved by applying an additional, thin material layer on the surface, and it
could serve as an adhesion promoter between the coating and the substrate [155].
Other strategies include treating the substrate surface with, for example, plasma. It is
a well-known and versatile surface-treatment method that can utilize different gases.
Depending on the intensity of the treatment, it can either increase or decrease the
surface energy of polymers, to clean and even etch surfaces [156]. Another effective
dry treatment is UV/ozone (UVO) [157].

It is also possible to use chemical treatments, where the substrate surface is etched
with acids or bases to alter the surface properties [158], [159]. To prime sensitive
materials, self-assembling monomer (SAM) layers can be deposited onto the target
surface by methods like electroless plating or vapor deposition [160], [161]. It is also
possible to manipulate material properties by additives: for example, an adhesive
silicone elastomer can be structured by adding other polymers to the mixture before
cross-linking [162].
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Often, the surface treatments aim to make materials more hydrophilic or enhance
the adhesion of the ink to the substrate. Sometimes, however, it is preferable to use
low surface energy materials or manipulate surfaces to make them more hydrophobic.
Hydrophobic surfaces have valuable properties, like self-cleaning and anti-fogging
abilities, and they can be used as barrier coatings to enhance corrosion resistance [163],
[164]. These hydrophobic features can be obtained by plasma treatment, chemical
treatment, or coating. In printed electronics, even though ink spread is desired to some
extent, it is possible that wetting needs to be controlled. Even though the native
substrate may be too porous or hydrophilic for a specific process, a hydrophobic
treatment can modify the substrate material for improved resolution or enhanced
fabrication process versatility [137], [165]. A selective surface modification based on
consecutive hydrophilic and hydrophobic areas can be used to manipulate print
resolution even below the nozzle diameter [137].

2.5  Low surface energy materials and their applications in
electronics

A material is considered hydrophobic when its contact angle equals or exceeds 90 °,
and the water droplets tend to bead up on the substrate surface instead of spreading.
Water surface tension is approximately 73 mN-m!, and a contact angle of 90 ° is
often obtained on substrates with surface energies less than or equal to about
35 mN-m! [166], [167]. However, the material's hydrophilic or phobic tendency is
also dependent on the ratio of the polar and non-polar surface energy components
rather than just the total energy.

Polymers that are commonly considered to be hydrophobic include examples like
polystyrene (PS), PTFE, and PDMS [161], [163], [164]. These materials lack polarity,
and the absence of functional groups on the surface weakens the adhesion between
the substrate and the coating materials. Even though there are methods for modifying
the surface characteristics, additional steps will complicate the process. In addition,
they may add some extra concerns, like the need for harsh chemicals or processing at
elevated temperatures. Another concern is the hydrophobic recovery, which means
that the treatment effect fades over time when the modified surface is left in ambient
conditions [170].

Some printing processes, like inkjet printing, are susceptible to the slightest
adjustments in the ink composition, substrate characteristics, and printing parameters.
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Therefore, several issues must be addressed when a hydrophobic substrate is used
[170]. First, the required intensity of surface modification should be determined: if the
substrate is not hydrophilic enough, the ink tends to bead up rather than form a
continuous line. To some extent, the drop spacing can be decreased to aid line
formation. However, when small drop spacings are used and the ink volume on the
substrate is very high, the hydrodynamic instability may lead to line bulging, shown in
Figure 3.

Again, this behavior can be prevented to some extent. Substrate heating will enable
rapid solvent evaporation and thus allow continuous line printing. However, as noted
earlier, the rapid evaporation of the solvents at elevated temperatures can lead to the
coffee-ring effect, and the final functionalities may suffer as the ink coalesces at the
edges of the printed pattern. Moreover, too harsh a surface treatment can damage the
substrate surface instead of activating it, making it brittle and fragile, causing
deformations like surface cracking [170]. In addition, the general concerns related to
polymer materials, such as challenging thermal properties and chemical resistance, are
also present here. However, hydrophobic polymers are often less sensitive to chemical
exposure.

Hydrophobic polymer materials can offer exciting features for conformable
electronics applications despite all these challenges. For example, PDMS, PS, and
PTFE all are attractive nanogenerator materials due to their electron-attracting ability
(triboelectricity) and flexibility [171], [172]. Moreover, elasticity, optical transparency,
inertness, and biocompatibility are attractive features for various industries [173].

In addition to the barrier coatings and wetting manipulation, the hydrophobic
polymers have found their way into electronics fabrication. They can be used as
flexible foils, and layer deposition in liquid form is possible by employing, for example,
spin coating. In addition to the issues related to the liquid-repelling tendency, flexible
and stretchable electronics fabrication may prove challenging due to the mismatch in
the elastic properties of the more rigid functional materials and the flexible substrates.

To tackle the elasticity mismatch, selective surface activation has been used to form
so-called out-of-plane structures. One strategy for achieving this geometry is a pop-
up structure. The conductive coating literally pops up from the pre-strained substrate
that is not activated by surface treatment once the pre-strain is released [174].
Controlled buckling is obtained as the coating layer adheres to the substrate in those
regions where the surface activation was used. The amplitude of the pop-up structure
can be controlled by changing the distance between the activated areas. Unfortunately,
this and the other out-of-plane approaches suffer from the fact that the structure is
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nearly impossible to utilize in multilayered devices because stacking multiple layers
while maintaining the geometry is dreadfully challenging.

The capability of multilayer fabrication is essential, first, for PCB manufacturing
since most PCBs consist of at least two functional layers. Second, deposition of several
functional layers is needed to make, for example, simple passive components,
supercapacitors, and more complex devices with multiple functions [175]-[178].
Third, when electronics printing on hydrophobic surfaces is demonstrated, the focus
often is on printing just a single material layer like conductive tracks [179]—[182].
Finding a suitable coating strategy for the hydrophobic substrate is an essential step
toward printed electronics fabrication, but a deeper understanding of material
interfaces and the ability to print multiple material layers are needed to create printed,
multi-functional electrical systems instead of just the interconnect layers.

To avoid the direct coating of the hydrophobic surfaces and remove the need for
geometry engineering, approaches have been presented for merging the functional
patterns to the liquid polymer matrix before curing [59], [183]. As the print is either
transferred to the surface of the liquid polymer with the aid of a donor substrate or it
is directly printed onto the liquid polymer matrix, multilayer fabrication is enabled.
However, as each pattern is sealed by the polymer that crosslinks upon curing, these
layers can only be connected if additional molds and punching tools are used to enable
via fabrication. Recently, an advanced process, where vias were also printed to connect
the functional layers inside the polymer matrix, was used [184]. Despite the recent
advantages, these approaches still suffer from the limitations of polymer casting
instead of printing: pouring new layers over the whole structure builds up the device's
thickness, weakening its conformability.

Direct coating methods without additional geometrical engineering, where
selective surface treatments have been used for high-resolution patterning of
multilayer electronics, have been presented [137], [185]. However, despite the benefits
of the room temperature processing capability, the need for several fabrication steps,
including screen printing, inkjet printing, drop-casting, spin coating, and mask-based
surface treatments, makes the process exhaustingly complex scalability remains
questionable.

Further studies on hydrophobic materials and their application potential in printed
electronics are needed for all these reasons. The remaining Chapters will introduce the
reader to the work that has been carried out in this thesis and discuss the findings in
the provided scope.
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3 MATERIALS AND METHODS

In this chapter, a summary of the used materials, fabrication methods, and
characterization tools is given. First, the chosen substrates are briefly discussed, and
their selection is justified in Section 3.1. After that, the surface modification
approaches and printing strategies for coating the substrates are presented in Section
3.2. and 3.3., followed by steps toward dielectric ink development (Section 3.4.)
Finally, the strategies for multilayer fabrication of stacked conductive circuits and
capacitive sensor elements are presented in Section 3.5.1. and Section 3.5.2.,

respectively.

3.1 Chosen substrates

In Publications I and II, the material characteristics of a high frequency-compatible
substrate with low surface energy, a polyphenylene ether (PPE) based polymer blend,
were studied before and after surface treatments. As the substrate (Preperm® 1.260)
has a relative permittivity &-of 2.6 and a controlled dissipation factor Zan ¢ of only
0.0025 at 60 GHz frequency, it is an attractive option for various low loss antenna
structures [186]. In comparison, popular high-frequency substrates such as PI, PET,
ot FR4 come with ¢,/#an 6 of 3.5/0.001 (10 GHz), 2.0/0.03 (10 GHz), and 4.5/0.015
(7 GHz), respectively. In addition, as a thermoplastic material, it can be shaped at
elevated temperatures using both injection molding and extrusion; it could be used to
create 3D-shaped, printed high-frequency electronics for MID applications. In
addition to the material studies, conductive patterns were printed on this substrate.
The prints were characterized: first, right after printing and post-processing, and
secondly, their long-term reliability against environmental stress was evaluated in
accelerated aging tests (Publication II).

The second part of the thesis (Publications III-V) focuses on PDMS-based
electronics, where the silicone elastomer was used both as a substrate and a dielectric.
The aim was to investigate additive fabrication strategies of multilayered soft
electronics. This elastomer was selected based on the reasons that were stated earlier
in Chapter 2: it is used in multiple industries, and characteristics like optical
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transparency, biocompatibility, thermal stability, stretchability, breathability, and
triboelectricity make it an attractive material choice for many printed electronics
application areas, such as E-skin applications, soft robotics, or microfluidics.
However, properties like hydrophobicity and processing by mold-casting have limited
the approaches for simple and straightforward manufacturing.

For straightforwardness, all silicone-related studies were conducted using just one
silicone elastomer, a well-known PDMS (Sylgard 184, Dow). This PDMS is a two-
component product, requiring a catalyst to activate the crosslinking process of the
silicone compound. It can be cured either at room temperature or by heating, after
which it has good flexibility and moderate tear resistance.

It is sometimes argued that this specific type of silicone is not necessarily the best
choice, for example, for stretchable electronics, due to the limitations of the
mechanical properties (max. stretchability approx. 100 %). However, it was still chosen
for several reasons. First, this level of stretchability is sufficient for many flexible
applications, such as skin-like electronics or robotics [160], [187]. Moreover, this
silicone is convenient to process and mold. Its viscoelastic properties are easily tunable
simply by changing the crosslinking ratio of the material or by adjusting the curing
conditions [188], [189]. It is also inexpensive and readily available. In addition to the
other advantages, this material is also optically transparent. Transparency provides
additional benefits in, for example, optometric applications, where devices need to be
imperceptible [190].

3.2 Screen printing of conductive tracks on PPE

In Publications I and II, conductive patterns were printed on the PPE substrate.
Screen printing was chosen as the printing method due to the high aspect ratio that
enables high layer thickness. Thus, the resistivity of the printed lines can be minimized
easily. As mentioned already in Section 2.1.1., the edge and surface smoothness of the
prints can be adjusted so that they become smooth enough even for high-frequency
applications, despite the notably high print thickness. Second, as the resolution of
printed lines does not have to be very high, even in the high-frequency applications,
the maximum resolution of screen printing was judged to be sufficient here, especially
when considering the mass manufacturing options of large-area applications. Since the
quality of screen-printed lines is not highly dependent on the substrate roughness, this

method also allows freedom for surface modification of the substrate material.
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First, five commercial Ag flake inks were chosen based on the existing literature
and manufacturer recommendations. The inks and their key properties are presented
in Table 4. These inks were used to print two conductive patterns on the native and
modified PPE substrates: 1.3 mm wide, 32 mm long tracks with measurement pads,
and square patterns (2 mm x 2 mm) for adhesion studies. Finally, the native,
hydrophobic PPE substrate was compared to PPE substrates whose surface was
modified before printing with physical or chemical treatment.

First, the native substrates’ surface characteristics were studied. There were two
different substrates: injection-molded ones with a 10 cm x 10 cm area and 3 mm
thickness. The other substrates were extruded with the same size but only 1 mm
thickness. Since the surface energy is rather low, it could prohibit good wetting, and
especially any sufficient adhesion between the printing inks and the substrate.
Therefore, several surface treatments, both dry and wet, and their effects on both
wetting and adhesion were studied. Oxygen (Oz) plasma (RIE 100, Oxford
Instruments) and pyrolytic silicating were applied as dry alternatives. The chemical
treatments included etching with potassium hydroxide (KOH) and sulfuric acid
(H2S0O4) and spray coating with tri(ethylene glycol) monoethyl ether. A summary of
the used surface treatments is given in Table 5. These methods were chosen because
they have been either effectively used to prime polymer surfaces for metallization
[156], [158], [159], [191], or were recommended by ink manufacturers (tri(ethylene
glycol) monoethyl ether).

The surface energies of the native and treated substrates were measured with a set
of test pens (MaxiPack, Dyne test), ranging from 30 mN'm to 60 mN-m. The
substrate surfaces were imaged with an optical profilometer (Wyko N1100, Veeco).
The first surface parameter of interest was the root-mean-square (RMS)-roughness R,
which is used to describe the roughness deviation from the mean and is calculated as

follows:

1
Ry = [rTin,yE. ®)

Here, y is the deviation over the roughness mean, and # is the number of samples.
This parameter describes the standard deviation of height distribution on the surface,
and it is significantly affected by the variations from the surface mean line. Therefore,
it is a suitable measurement parameter for rough substrates with many deviations. In
addition, peak-to-peak roughness K, (the difference between the highest peak and the

deepest valley of the surface) was measured.
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In addition to substrate studies, Ag ink compatibility with the substrate was

evaluated in printing trials and consecutive performance characterization. The screen

printing method was used here because of its high aspect ratio and the excellent
availability of highly conductive inks. A screen printer (TIC SCF-300, DE Eickmeyer)
was used in all printing experiments, together with an aluminum screen holding a
polyester mesh (UX79-45, NBC: opening 81 um, theoretical wet thickness 27.7

um). Conductive lines with measurement pads were printed for the resistance

measurements, and square patterns were used in the adhesion tests. After printing, the

samples were cured in an oven according to datasheet recommendations: HPS-021LV
at 150 °C for 30 min, HPS-FG32 at 140 °C for 10 min, CRSN2442 at 150 °C for
30 min, LS411AW at 150 °C for 20 min, and 5064H at 130 °C for 20 min.

Table 4. Key properties of the inks used in Publications | and II.

Ink, Ag content  Viscosity Solvent Sheet resistance
manufacturer (%) (mPa-s) (mQ o at specified t)
CRSN2442, .
SunChemical 69-71 2000-3000 Propylene diacetate 10 at 25 ym
5064H, 63-66 10000-20000 C11-ketone <14 at25um
DuPont
LS41.1AW, 65-75 20000-30000 Butyl cellosolve acetate, 40 at 10 um
Asahi isophorone
HPS-FG32, 75 8000 Butyl carbitol 25 at 25 pm
Novacentrix
“PSW LV, 75 2600 Water <14 at 25 pm
ovacentrix
Table 5. Summary of PPE surface treatments.

Substrate Surface treatment Specifications

None -

02 plasma 1 min exposure at 75 W power, gas flow 30

Injection-molded,
3 mm thick

sccm, Chamber pressure 56 mTorr

Pyrolytic silicating

propane-butane-organosilicon gas mixture

Airbrush-coating

Tri(ethylene glycol) monoethyl ether at 1.1
bar pressure + 15 cm distance

H2S04 etching

5 min exposure, 98 % concentration

Potassium hydroxide etching

5 min exposure, 30 % concentration

Extruded, 1 mm thick

None
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In the initial stage, the line widths of the prints were measured using an optical
microscope to evaluate ink wetting, and the line surface was imaged with an optical
profilometer to determine the surface roughness. Again, the profile range R;and the
RMS-roughness R, were of interest since they offer information on the print thickness
and the roughness deviations of the surface. Next, the resistance R of the samples was
measured with a 4-wire sensing mode of a source measure unit (Keithley SMU 2425)
to eliminate the effect of contact resistance on the results, and sheet resistance was
calculated using equation (2).

In addition to the resistance measurement, the adhesion of the square pattern
samples was evaluated according to the ASTM-D3359-17 standard [192]. Here, a
crosscut pattern was cut onto the surface of the conductive square, after which an
adhesive tape was applied. After waiting for approximately 90 s, the tape was peeled
off. The level of ink removal was determined visually by estimating the surface area of
the ink remaining on the substrate and the ink that was removed by the adhesive tape.
These areas were compared to the total surface area of the crosscut pattern, and the
adhesion was rated accordingly. A scanning electron microscope (SEM) was used to
inspect the flake composition of the inks.

The resistance measurements and adhesion test results were compared, and the
best material combinations were selected for further testing. Finally, new square
pattern samples were fabricated on the injection-molded substrates, either left to the
native state or treated with selected surface treatments to investigate environmental
reliability. As this thermoplastic material would be an exciting substrate option in, for
example, MIDs in demanding applications like offshore radars or wireless marine
security systems, the aging tests were selected to simulate a humid environment, with
and without salt exposure.

In the first aging test, one set of samples was placed in a Weiss C340 chamber and
kept in an 85 % relative humidity (RH) at an 85 °C temperature for 500 hours,
according to a JEDEC JESD22-A101C standard [193]. In the second test, another set
of samples was exposed to a salty, humid environment in an Ascott S450XP chamber,
according to IEC 60068 2-52 standard [194]. First, the samples were exposed to
sodium chloride (NaCl) mist at a 35 *C temperature for two hours, after which they
were kept in 93 % RH at 40 °C temperature for 168 h. This cycle was then repeated.
The sample placement in the chamber was random to minimize possible bias due to
an uneven salt spray. After the test, the samples were rinsed with deionized (DI) water

to remove the excess salt and, thus, suspend any corrosive reactions. After the
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environmental aging tests were finished, the samples were again characterized using
the ASTM-D3359-17 crosscut test, and SEM was used for imaging the samples.

3.3 Inkjet printing conductive lines on PDMS

Inkjet was selected as the printing method of the additively fabricated PDMS-based
devices due to its maturity, simplicity, speed, and low cost compared to aerosol and
E-jet printing. The obtained resolution is lower than the alternatives but high enough
for these experiments.

Before printing, surface treatments were applied to modify the surface
characteristics of the hydrophobic PDMS surfaces. The utilized treatments were:
nitrogen (N2) plasma (Diener Atto, Diener Electronic GmbH), which was first used
in Publication III, and later compared to a flame-pyrolytic silicating method
(Nanoflame NFO02 pistol), and coating of the plasma-treated PDMS with a (3-
mercaptopropyl) trimethyl siloxane (MPTMS) solution in Publication IV. A
summary of the surface treatment methods for PDMS is given in Table 6. N, plasma
and the chemical treatment were chosen because they have been used eatrlier for the
effective modification of PDMS surfaces [161], [195]—[199]. The results of [196] and
[197] suggest that the effect of N2 plasma would be more resilient to the substrate’s
hydrophobic recovery than that of oxygen plasma. The MPTMS treatment can be
applied as a coating onto a plasma-treated PDMS surface without swelling or
degrading effects on the substrate. NanoFlame treatment (pyrolytic silicating) was
chosen based on the results obtained in Publications I and II.

Table 6. Summary of PDMS surface treatments.

Method Specifications

N2 plasma Exposure power of 100 W for 1 min at a chamber
pressure of 0.6 mbar, gas flow 700 scem.

MPTMS (on plasma-treated PDMS) 6 wt% in ethanol, spin
coating for 2 min at 1600 rpm, baking at 120 °C for
30 min

Pyrolytic silicating propane-butane-organosilicon gas mixture

All conductive tracks on PDMS were fabricated by inkjet printing (Dimatix DMP-
2831, Fujifilm) using a commercial Ag NP ink (DGP 40LT-15C, Advanced Nano
Products) and 10-pl DMC-11610 printheads. The ink selection was based on several
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factors: first, the particle size had to be sufficient for the printhead nozzles (< 200
nm), limiting the choice of conductive materials. Second, the DGP 40LT-15C ink
resistivity is low (11 u€2-cm), despite the low-temperature curing at 120-150 °C. Other
advantages include long shelf-life and stability, and good compatibility with PDMS
[200]-[203]. Here, the ink was cured at 120°C for 30 minutes. The resistance of the
conductive tracks was recorded after post-processing using a 4-wire sensing mode of
a source measure unit (Keithley 2425), after which the sheet resistance was calculated
using equation (2). An adhesive tape was used for a peel off-test, and adhesion was

evaluated based on the level of ink removal.

3.4 Dielectric ink development

Traditionally, to pattern and shape PDMS (or other silicone elastomers), it is first
mold-cast in a liquid form and then cured to achieve the desired shape. Another
alternative is to create flat PDMS layers using methods like spin coating or bar coating,
sometimes together with physical masks for patterning. Unfortunately, these
fabrication methods are somewhat limited considering printed electronics
applications, where only a small volume of material might be needed in one layer. Still,
deposition of several material layers is often necessary. For example, if this material
would be used as a dielectric between conductive layers, the traditional methods would
require first coating the whole circuit with PDMS. Then, punch tools would be needed
to connect the conductive layers after curing. In another scenario, an application-
specific, physical mask could be used to apply the dielectric coating on demand, but
the process would still be material-wasting, time-consuming, and inconvenient.

To avoid these laborious processes, an inkjet printable PDMS ink was developed
in this thesis. A desktop printer (Dimatix DMP-2831, Fujifilm) was used in all inkjet
printing experiments. Therefore, the developed PDMS ink solution was optimized for
this printer type, although the solution is also tunable for other printers. Here, 10-pl
liquid crystal polymer (LCP) cartridges (DMCLCP-11610) were used. First, the ink
solvents were selected. The aim was to use as non-hazardous ink solvents as possible
and to compare solvents with high and low boiling points. Thus, based on earlier
works [113], [204]-[200], isobutyl acetate (IBA) and octyl acetate (OA) were selected
as the two alternatives.

Solution rheology was studied and optimized to achieve a printable solution by
measuring the viscosity as a temperature and shear rate function. All viscosity studies
were carried out using a rotational rheometer (MCR301, Anton Paar). The
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temperature measurements were conducted to determine how printhead heating (up
to 70 °C) would affect the liquid viscosity, thus estimating printability and cartridge
functionality over time. Since the crosslinking of the used PDMS (Sylgard 184, Dow)
is faster at elevated temperatures, the cartridge should remain functional longer if the
temperature is kept as low as possible.

The shear rate measurements were used to evaluate viscosity stability at higher
shear rates, as the shear rate in the printhead is highly dependent on the piezoelectric
actuator’s motion. In addition to the viscosity measurements, surface tensions of the
inks were measured using a pendant drop method (Drop Shape Analyzer DSA100,
Kriiss GmbH). The surface tension was calculated from the extracted droplet profile
using the software’s Young-Laplace equation.

Raman spectroscopy (532 nm, inVia Qontor, Renishaw) was used to determine
whether the printed ink would resemble the cast, native PDMS and whether there
would be solvent residues. An optical profilometer (Wyko NT1100, Veeco) was used
to measure the thicknesses of the PDMS patterns when 1-8 layers were printed and
cured. A thin carbon coating was sputtered onto the surface (JEOL-530, JEOL) to
enable the imaging of the otherwise transparent samples.

3.5  Demonstrator applications of multilayer fabrication

The use cases of the developed PDMS ink as a dielectric were studied when applied
to electrical circuits: first between two layers of conductive tracks when all layers were
deposited directly on top of each other. This application demonstrator was built on a
glass carrier with a PTFE coating, and the PDMS substrate was applied on top of the
carrier using a spin coater. The spinning speed was 1600 rpm, and the duration was
60 s. The functional layers were printed on the substrate, which could be peeled from
the carrier and attached to the target surface (skin).

In the second approach, PDMS was used in soft capacitive sensors as the dielectric
material. The free-standing functional layers were printed separately on a supporting
electrospun PVA substrate. Then, the layers were attached with the previously

developed PDMS ink solution to form a sandwiched metal-insulator-metal structure.

3.5.1  Conductive circuits

In Publication III, devices with two overlapping conductive layers, insulated by a
PDMS dielectric, were fabricated on a PDMS substrate. The fabrication process and
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the final device are presented in Figure 8. Since the PDMS surface is hydrophobic
and thus conductive layer printing was not possible on the native PDMS; a surface
treatment was used to make the substrate more hydrophilic. Here, N2 plasma
treatment was chosen based on the results obtained in the previously conducted
printing trials of the Ag NP ink (DGP 40LT-15C, Advanced Nano Products).

Spin coat PDMS Surface treatment Conductive material
printing

.».*h
=M

Conductive material Surface treatment Dielectric
printing printing

Figure 8. Process flow of multilayer printing in Publications Ill and IV. Adapted from Publication
M.

The printer platen temperature was kept at 60 °C to let the inks dry and settle
before curing. The first two-layered Ag NP print was then annealed at 120 °C for
30 minutes, followed by the printing of the PDMS ink. Next, up to eight layers of the
dielectric ink were printed directly on the underlying surfaces, without any additional
surface treatments. The printer platen temperature was again kept at 60 °C to prevent
the excessive spread of the wet ink. Finally, when all layers had been printed, a hot
plate was used to cure the elastomer ink at 120 °C for 20 minutes.

After the dielectric printing, the structure was again treated with the Nz plasma. A
PET foil was used as a temporary protective mask during the surface treatment to
prevent oxidation of the uncovered conductive areas. Then, the topmost Ag tracks
were printed perpendicular to the first silver layer, thus making the PDMS an
electrically insulating layer of the multilayered lattice structure. After that, the whole
system was again cured at 120 °C for 30 min to anneal the topmost Ag NPs.
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Cross-section samples of the circuits were fabricated with a focused ion beam
(FIB), and the material layers were imaged with SEM (Crossbeam 540, Zeiss).
Furthermore, after each curing step, microscope images were taken to monitor the
print quality. The resistance of the conductive tracks was recorded after each curing
step using a 4-wire sensing mode of a source measure unit (Keithley 2425) to check
the possible changes in conductivity. The values were converted to sheet resistance
using equation (2). These measures were taken to evaluate the suitability of the applied
process for multilayer fabrication. In Publication IV, further studies on PDMS

surface treatments and jetting were conducted.

3.5.2  Capacitive pressure sensors

An alternative fabrication strategy and its suitability for PDMS-based printed
electronics manufacturing were studied in Publication V. The first aim was to
improve the adhesion of the PDMS dielectric and the conductive layers. The second
aim was to make the structures mechanically resilient, thus better suitable for soft
electronics applications. Here, a PVA nanomesh was fabricated as the substrate
material for two reasons. First, it served as a template for fabricating mesh-like, thin,
and flexible conductive layers. Secondly, it was used to print self-standing PDMS
layers with additional mechanical support. Then, the different material layers could be
merged simply by stacking the layers on top of each other, using the earlier developed
PDMS ink solution as a bonding medium. To demonstrate the applicability of this
new method to printed electronics manufacturing, soft, fully inkjet-printed capacitive
pressure sensors were built and characterized.

The capacitive sensors were built, as shown in Figure 9. First, the PVA nanomesh
was electrospun using a syringe infusion pump (KDS 100, KdScientific) and a voltage
supply (Chargemaster, SIMCO). A 2 ml-h! feeding speed was used at a 25 cm distance
and 25 kV voltage between the needle and the substrate. After peeling the PVA sheets
off the foil carrier, both the conductive and dielectric layers of the sensors were inkjet-
printed on the PVA sheets using a commercial Ag NP silver ink (DGP 40LT-15C,
Advanced nanoproducts), and the house-made PDMS-octyl acetate ink, respectively.
Two curing agent-to-base ratios of PDMS (1:10 & 1:20) were used to study whether
the cross-linking density of the silicone would affect the performance. These printed
layers were cured, Ag NPs at 120 °C for 60 min and PDMS at 120 °C for 25 min, after
which the dielectric was covered with the PDMS ink to attach the first conductive
layer of the sensor. The layers were pressed together and heated to seal the bond (120
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°C for 25 min). The device was flipped, and the other conductive plate was bonded
similarly. Reference sensors were fabricated for comparison. A spin-coated dielectric
was used instead of printed ones, with the same cross-linking densities.

Inkjet Ag NPs
PVA LT
—
Inkjet PDMS Inkjet PDMS
PVA T 3
— —
1 Bond
Inkjet Ag NPs
PVA L)
—*

+ 1 Fiip
Inkjet PDMS
Bond ¢

— o

Figure 9. Schematics of the sensor fabrication process. Adapted from Publication V.

SEM imaging was used to inspect the structure of the different layers: cross-section
samples of the sensors were fabricated with FIB, and the material layers of both the
printed sensors and the reference ones were imaged (Crossbeam 540, Zeiss). To
investigate mesh resistivity, conductive tracks with varying layer counts (1-6 layers)
were printed, and the resistance was measured for the sheet resistance calculation.

The sensor performance was characterized by measuring the capacitance C as a
function of the applied pressure P. Copper tape connected the sensor electrodes to an
LCR meter (ST2827A, Sourcetronics). A mechanical tester (TA.XTplus, Stable Micro
Systems) was used to apply force, and a small piece of silicone rubber (Ecoflex™ 00-
50, Smooth-On Inc.) was attached to the tester’s cylindrical probe tip to mimic a
tissue-like force source.

The capacitances were recorded when loads equaling 0.1-50 kPa pressure were
applied to the sensor. First, the load was maintained for 1 s, then 10 s. The latter test
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results were used to calculate the sensitivity of the sensors. First, the relative change
in capacitance C, was calculated as follows:

C—Co

¢ = ©)

where C'is the measured capacitance, and Cpis the initial capacitance when no
load is applied. Sensitivity S is the ratio of the changing capacitance and changing
pressure:

AC,
§==" (10)

Furthermore, the hysteresis of the sensors was measured by slowly applying a load
on the sensor and then slowly removing the load. The maximum load applied was 6.4
kPa. The repeatability of the devices was investigated by measuring the dynamic sensor
response in a cyclic test, where an approximately 20 kPa peak-to-peak sinusoidal load
was applied for 2000 cycles. The frequency of the loading cycle was 0.5 Hz.
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4 RESULTS AND DISCUSSION

In this Chapter, the principal results and findings of the thesis are presented and
discussed. First, the options for conductive pattern printing are discussed in Section
4.1. and 4.2. that focus on the ink compatibility and reliability on the native and treated
PPE substrates (Section 4.1.), and inkjet printing of Ag NP ink on PDMS (Section
4.2.). Next, the developed PDMS ink properties are shown and discussed in Section
4.3. Finally, the focus moves to the multilayer fabrication in Section 4.4. The first part
(4.4.1.) is dedicated to the direct layer-by-layer deposition, followed by a discussion of
the mesh-based approach and the fabricated capacitive sensors in Subsection 4.4.2.
The approaches are further discussed and compared in the last Subsection of this
Chapter (4.4.3.)

4.1 Screen-printed tracks on PPE

The measured surface energies and surface roughness values (RMS-roughness Ry and
peak-to-peak roughness Ri) are shown in Table 7. The surface energy of both
substrates was measured to be 30-32 mN-m-!, and the extruded substrate surface was
relatively rough (Rq 380-1150 nm, R 3—6 um) in comparison to the injection-molded
ones (Rq 28-56 nm, R, 0.3—1 pm). The surface treatments had different effects on the
substrate, both on the surface energy and the roughness parameters.

The results of the electrical and mechanical tests, shown in Table 8, indicate that
the surface roughness of the hydrophobic, relatively rough surface of the extruded
substrate affected the adhesion between the ink and the substrate negatively, as the
ink removal was markedly greater (5-100 %) than that on the injection-molded
substrate (0—15 %). The results obtained in Publication I suggested that the H.SO4
etching may improve ink adhesion on the substrate, whereas the KOH etching
treatment did not affect the adhesion. However, no definitive conclusions can be
made about the effects of these etching treatments. Instead, O2 plasma treatment
could significantly improve the ink adhesion, decreasing the ink removal of all samples
to 0% from the original, up to 15 % removal.
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Therefore, Oz plasma treatment was also used in Publication II. It was compared
to new, alternative treatments, including flame-based silicating treatment (NanoFlame)
and airbrush coating of the injection-molded substrates that were either native or
previously etched with the acid. The results indicate that the direct airbrush coating of
the native PPE did not affect the adhesion of the inks on the substrate. In contrast,
the combined acid-etching with coating and NanoFlame treatments positively affected
ink adhesion.

Table 7. A summary of the measured surface energies and roughness values of the native and modified

PPE surfaces.
Substrate Surface energy Rq Rt
(mN-m”) (nm) (Mm)
PPE 30-32 28-56 0.3-1.0
O2plasma =60 75-93 1.3-2
H2S04 56-58 32-58 0.4-16
KOH 32-34 32-56 0.6-1.7
H2S04 + coating 58-60 53-110 1.2-1.7
Coating 33-39 45-115 0.7-16
NanoFlame =60 42-65 0.8-1.6
Extruded PPE 30-32 380-1150 3.0-6.0

Table 8. A summary of the used materials' measured sheet resistances and adhesion rates.

Ink removal on the substrate (%)

Ink Sheet PPE  Plasma HS0s KOH Acid+ Coating Nano-  Extruded

resistance :

i coating Flame PPE

(mQ-o)
CRSN2442 | 8-28 5-15 0 0-15 5-15 0-5 5-15 0 15-65
5064H 10-25 0-5 0 0 0-5 0 5 0-5 5-100
LS411AW 14-30 0 0 - - 0-5 0 0 0
HPS-021LV | 10-20 0 0 - 0 0-5 0 0

The results indicate that the increment of surface energy plays a vital role in ink
adhesion. The treatments likely affect the functional groups on the substrate surface
[207]. Moreover, the roughened surface may increase the contact area between the
materials, allowing stronger adhesion simply because there is more space for bonding
between the functional groups [208]. In general, it looks like both higher surface
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energy (= 58 mN'm™) and roughening of the surface are required to promote ink
adhesion on the substrate. However, there is some variation in the roughness
parameters. For example, the combined acid-etching with coating results in a relatively
rough surface compared to Nanoflame treatment, assumingly because the former
coating layer is thicker. Still, the surface energy of the NanoFlame-treated substrate is
higher. Despite these differences, the adhesion rate was somewhat similar, although
the treatments seem to work better with different inks.

No significant difficulties in wetting were observed even with the water-based
HPS-021LYV ink, although the lines tend to be narrower than the rest. As the screen
printing inks are highly viscous and the ink volume transferred through the screen is
relatively high, the print quality is less sensitive to the substrate's surface properties.
Nevertheless, significant variation was seen in the prints' obtained line width,
thickness, and surface roughness values. Since the used screen printer relies on manual
adjustment of the squeegee pressure and the snap-off distance, it is hard to explicitly
determine whether the differences relate to material properties or the process.

As prints with sufficiently low sheet resistance and good adhesion were obtained
with 5064H, 1.S411AW, and HPS-021LV inks, these materials were chosen for the
accelerated aging tests. There, we also compared the effects of wet and dry surface
treatments, and thus, patterns were printed on the native PPE (reference), on the acid-
etched and coated PPE (wet treatment), and on the O plasma-treated PPE (dry
treatment). A summary of the material combinations is given in Table 9. The results
of the crosscut peel-off test after the aging tests indicate that most material
combinations survived the 85 % RH/85 °C test tolerably, even though various failure
types started to occur. In contrast, the salt mist test led to severe adhesion and material

degradation, as shown in Figure 10.

Table 9. Fabricated test samples for the accelerated aging tests.

Ink Substrate 85/85 Salt mist
Native PPE 1a 1b
LS411AW 02 plasma-treated 2a 2b
Acid-etched + coated 3a 3b
Native PPE 4a 4b
5064H 02 plasma-treated 5a 5b
Acid-etched + coated 6a 6b
Native PPE 7a 7b
HPS-021LV 02 plasma-treated 8a 8b
Acid-etched + coated 9a 9
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In a sense, this result was expected. The former test is used to evaluate the moisture
resistance of the devices at elevated temperatures and can be very harsh for
temperature-sensitive polymers like PET. Because the temperature was well below the
softening point of PPE, this test should not be as severe for it. The salt mist test
simulates an even harsher marine environment where devices are exposed to high
relative humidity and cyclic salt mist. The likelihood for corrosive reactions of Ag is
higher in the presence of NaCl.

L 2a 3a b 4 2 3b

[ ]No failure

4a ba 6a 4b 5b 6b Adhesion
Q Q [[] Ink cohesion
[l Substrate cohesion

[l Ink cohesion and adhesion

7a 8a 9a 7b 8b 9b )
@ @ @ @ . @ [-1Ink and substrate cohesion

Figure 10. Failure types of the aged samples after a) 85/85 test and b) salt mist test. Redrawn from
Publication Il.

Corrosion products were detected only on the surface of the LS411W and 5064H
prints. In the peel-off test, ink cohesion failed on the corroded areas, while the rest of
the ink remained intact, except for the observed adhesion failures. Judging from the
particle size of the suspected corrosive compounds, variating from tens
of nanometers to several micrometers, several corrosion products may have been
formed, even though most of them are likely to be forms of silver chloride (AgCl)
[209]—[211]. These corroded areas were focused on the edges of the prints (Figure
11), and the print surface on edge may have been rougher, allowing the anchoring of
the NaCl particles.

As noted above, no visible corrosion marks were seen on the surface of HPS0211LV
prints. Still, both the adhesion and ink cohesion degradation was dramatic compared
to the other inks. The corrosion products may have been dissolved in the chamber at
some point, but Ag corrosion still took place. It is suspected that the wetting and
adhesion of the aqueous HPS021LLV may be poorer than those of the solvent-based
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inks despite the excellent initial test results, and the loose flake structure may enhance
the absorption of corrosive compounds. The interaction of the ink solvents with the
substrate was not studied, but the low surface tensions of the 5064H ink and
LS411AW ink solvents could improve wetting and, thus, strengthen adhesion.
Substrate swelling of other significant material degradation mechanisms were not
detected in the presence of inks or treatment chemicals. However, no conclusion
about the solvent-substrate interaction mechanisms or their impact cannot be made.

Interestingly, the native PPE substrate was found to be somewhat sensitive to
moisture, as the substrate cohesion began to fail during the adhesive tape peel-off after
the environmental aging tests. Based on just these results, it cannot be determined
whether the surface treatments provide protection against moisture or if they weaken
the moisture resistance instead. However, the results emphasize the need for further
studies with different encapsulation strategies to improve reliability. Encapsulation or
cover films could protect the substrate and the prints, improve the mechanical
resilience of the samples in general, and hinder the corrosion of the devices [212]—-
[214]. Cover films would also aid in embedding the smart structures into the
surroundings in an indistinguishable manner. Options for adding a cover include
printing, other chemical deposition methods like spray coating, or laminating a cover
sheet on top of the structure.

Figure 11. SEM image of the corroded Ag flake surface after the salt mist test a) in the middle and b)
around the edge of the print. Adapted from Publication II.

Considering high-frequency applications, it would be essential to study the effects
of the surface treatments on the substrate characteristics furthet to determine whether
the modification of the substrate would affect, for example, the loss tangent of the
material and thus, signal attenuation. It would also be of interest to determine the print

reliability against environmental stress in natural marine surroundings, as it has been
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pointed out that the chamber tests exclude some real-life corrosion contributors like
ozone and UV radiation [209]—[211]. Even though the high-frequency applicability
could not be studied in the scope of this thesis, the findings were utilized in a study
where three-band, monopole-like antennas were designed and fabricated by screen
printing on a thin and flexible, high permittivity substrate [215].

4.2  Inkjet printing on PDMS

As ink deposition on the native PDMS surface is impossible, different dry and wet
surface treatments and their effects on printed patterns were studied in Publications
IIT and IV. The microscopic images of the initial test prints on the used substrates are
shown in Figure 12. The best print quality was obtained using the N> plasma
treatment (Figure 12a&c), and the adhesion was good in the tape peel-off test: no
visible ink removal was observed. However, the wetting of the Ag NP ink on the
NanoFlame-treated substrate was not as good (Figure 12b), and print edges
sometimes looked somewhat rough compared to the lines on plasma-treated PDMS
(Figure 12¢).

As the handheld device-based treatment relies heavily on the user, the coating may
be uneven since the movement of the tool cannot be accurately controlled. However,
the adhesion was comparable to that of the plasma-treated surface in the tape test,
suggesting that this method can effectively manipulate the PDMS surface. A
significant advantage of this method is simplicity. The only equipment needed is the
handheld device filled with the functional gas, without masking and pre- or post-
treatments.

Lastly, the ink wetting on the MPTMS-treated substrate was comparable to that of
the N treatment, but the surface was uneven, and the print quality suffered on this
substrate. As seen in Figure 12c&f, the conductive patterns' edges are highly rough
compared to the other material combinations. Moreover, the peel-off adhesion was
poorer on this substrate, as the adhesive tape partially removed the ink. These results
agree with those of [161], where MPTMS was used for surface modification of PDMS:
ink adhesion was improved to some extent from that of the inks on a native substrate,
but obtaining good print quality was challenging. However, with further optimization,
this coating could be used for additive surface modification by printing and, thus, for

selective patterning of Ag prints on PDMS [198]. In addition, screen printing could
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be of interest with this treatment as the thick pastes can be used effectively even on
rough surfaces, as noted earlier.

9000 o000 A
0000 0000 P09
0000 000 o_ %004

Figure 12. Microscope images of the conductive patterns on PDMS substrates: drop matrix on a)
N2 plasma-treated PDMS, b) NanoFlame treated PDMS, c¢) MPTMS-treated PDMS, and line on

d) N2 plasma-treated PDMS, e) NanoFlame treated PDMS, and f) MPTMS-treated PDMS. Scale bar
50 um. Adapted from Publication IV.

After these initial tests, resistance measurements were conducted for the samples
on N plasma-treated, and NanoFlame treated PDMS as the print quality and adhesion
seemed promising for the further trials. The obtained sheet resistance values were
250 mQ-o-! (mean) with a standard deviation of 25 mQ-0-! for the Nz plasma samples
and 321 mQ-0-! with a standard deviation of 63 mQ-0-! for the NanoFlame samples
(Publication IV). Although the mean values do not differ significantly, there is more
variation in the latter values. However, these results were expected as deviations in
print quality can affect the conductivity of the samples, and further optimization of
the flame-based treatment is required.

The inkjet-printed conductive tracks on PDMS were susceptible to wrinkling and
cracking (Publications III and IV). This behavior is assumed to be a result of several
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factors: first, the CTE value of this polymer is relatively high, and the thermal
expansion may disturb the sintering process (Table 3). Secondly, even though
silicones are resistive to most chemicals, they do swell in the presence of certain
organic solvents, and thus, ink solvents may cause deformation. These issues were
tackled mainly by optimizing the patterning strategy: first, the outlines of the
conductive tracks were printed and dried, after which the created shape was filled with
the Ag NP ink. This strategy helped to improve the print quality significantly.

4.3 Dielectric PDMS ink

The viscosity of all ink solutions remained relatively stable in the shear rate tests,
indicating Newtonian behavior (Figure 13a). On the other hand, the temperature tests
revealed that the faster evaporating IBA affected the results at high temperatures: in
general, the viscosity decreases as the temperature increases, but the viscosity of the
two IBA inks increased at the most elevated temperatures, indicating that the solvent
evaporation rate may not be sufficient for these inks to function appropriately (Figure
13b). In addition, the viscosity slope of the PDMS-OA ink with a 1:2 concentration
seemed to saturate at the high temperatures, suggesting that high PDMS concentration
might affect the result.

The targeted minimum surface tension was 20 mN-m-!, which was reached only
with the octyl-acetate-based solutions (Figure 13c). However, the Z-numbers, often
used to evaluate inkjet inks’ printability, were all in the range of 1 <Z < 3 for our ink
solutions. Thus, all alternatives were selected for the initial jetting trials. However, it
was observed that the solutions containing IBA could not be printed, or printing was
possible only for a short time before nozzle clogging and the subsequent, exhaustive
nozzle cleaning process.

This behavior is assumed to be a result of several factors. First, low volume
printheads (droplet size 10 pl) and narrow nozzles (diameter 21 pm) are sensitive to
slight variations in solution characteristics and printing parameters. Moreover, the
solvent vapor pressure, which is not considered in calculating Z-numbers, dramatically
impacts the inkjet. It has been shown that polymer ink solutions are also affected by,
for example, the polymer’s molecular weight and concentration [103]. The hypothesis
about the significance of the solvent vapor pressure is supported by the results
obtained with the OA-containing inks: all of them could be jetted effortlessly. Also,
the jetting velocity, which is not considered in the calculated Z-numbers, affects both
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the Weber and Reynolds numbers and, thus, plays a part in the droplet jetting. So,
several parameters could cause the non-jetting tendency of the IBA inks.

Since the OA-inks could be jetted and OA is a less hazardous solvent than IBA,
these inks were studied further. The inks containing at most 25 % PDMS functioned
better, and to maximize the polymer content of the final prints, 1:3 (PDMS to OA)
ink was chosen for the actual printing trials. The obtained Raman spectra indicate that
the developed ink solution could be cured, so that cross-linking of PDMS takes place
and that the solvent evaporates thoroughly in the process (Figure 13d). The thickness
of one layer was approximately 3—5 um with a drop spacing of 30 um, equal to an
847—dpi resolution when printed on a PDMS (Sylgard 184) substrate. The resulting
minimum linewidth of the prints was 45 um. This resolution is relatively high [113],
[205], [200], [216], [217] and valuable in such applications where accurate deposition
of small dielectric ink volumes is needed. The lower layer thickness and higher
resolution are assumed to be primarily a result of the smaller deposition volume of the
used printer. Higher deposition volume would be beneficial for 3D fabrication, which
has been demonstrated in [113], [204], [218].

In addition to jetting and print quality, the shelf life of the prepared inks was
examined in Publication IV. All inks have a so-called shelf-life, which defines how
long the inks will last functional after manufacturing. When stored in a refrigerator at
approx. 5°C temperature, the ink solution remained functional for several weeks,
depending on the curing agent-to-base ratio of the PDMS and the solvent
concentration. The loaded printheads could be kept operational for 3—5 days when
stored in the refrigerator overnight between the printing sessions. These findings agree
with those of Peng et al. [205], who monitored the viscosities of the PDMS solutions
stored at controlled temperatures. In addition, the printhead could be heated to keep
it functional longer. However, eventually, the heating of the ink will accelerate the
cross-linking process of the polymer and cause nozzle clogging.

It is also possible to print PDMS separating the polymer components, having them
in their own printheads and depositing them in turn, based on the targeted mixing
ratio and droplet volume to avoid the crosslinking process from disturbing printing
[113], [206], [218]. This approach could be more advantageous in such procedures,
where the printing of the PDMS must be done over a long time.

Although the composition of the printed PDMS layers was observed to resemble
the cast reference, the electrical or mechanical properties of the prints were not studied
or compared to the reference material here. However, good reports have been
presented, for example, by McCoul et al. [206], who studied the behavior of inkjet-
printed PDMS dielectric in dielectric elastomer actuators (DEA). The results suggest
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that the inkjet-printed PDMS would be mechanically and electrically comparable to

the cast reference dielectric. However, further studies are required to confirm the

properties and material differences.
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Figure 13. Properties of the dielectric inks: a) viscosity as a function of shear rate and b)
temperature, c) measured surface tensions, and d) Raman spectra of the cured PDMS-OA 1:3 ink.
Adapted from Publication IIl.

4.4

Applications of multilayer fabrication

Once the approaches for conductive track printing were selected, and the dielectric

ink had been developed, experiments were moved to the multilayer fabrication phase.

First, the options for a direct layer-by-layer deposition approach were studied, and the

applicability of the selected method was demonstrated by building a 2-layer conductive

circuit on a carrier substrate. The circuit consisted of stacked conductive lines

separated by a printed PDMS dielectric. The proposed device structure is shown in

Figure 14a, and the main findings are presented in Subsection 4.4.1. The alternative,
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nanomesh-based approach and the obtained results are presented in Subsection 4.4.2.
The device configuration is shown in Figure 14b. Finally, the main advantages and
limitations of the two approaches are discussed in further detail (Subsection 4.4.3).

Figure 14. Photographs of the multilayered, PDMS-based electrical structures as-fabricated: a)
stacked conductive circuits (Publications Ill and V) and b) printed capacitive sensors (Publication
V). Scale bar 1 cm.

441 Conductive circuits

The multilayer demonstrator circuits were fabricated once the promising surface
treatments for improved ink wetting on PDMS were determined (N2 plasma and
NanoFlame). The earlier optimized patterning strategy, where pattern outlines are
printed before filling the pattern with ink, was used to print the dielectric and the
conductive lines. This strategy helped to pin the PDMS ink to the underlying
conductive layer. Thus, building a relatively thick (25 um) dielectric was possible when
eight printing passes (wet layers) were used. As seen in Figure 15, the chosen
patterning strategy allowed the printing of crack-free conductive lines and control over
ink spread at the topmost layer.

Unfortunately, not all wrinkles could be removed from the bottommost layers, and
during the process, these wrinkles transformed into cracks. It is suspected that this
behavior is a sum of several factors. First, there is a mismatch of CTE wvalues between
the materials, which may affect material deformation during the curing steps. Second,
the adhesion of the ink on the substrate may not be strong enough to prevent the
conductive layer from deforming, and third, the PDMS may react with the organic
solvent of the ink and swell. However, no evident polymer swelling was observed.
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Figure 15. Microscope images of track intersection a) without optimization and b) with optimized
patterning strategy. Scale bar 200 um. Adapted from Publication Il

The cross-sectional images of the 2-layer circuits (Figure 16b—f) show the
bottommost conductive layer being delaminated from the substrate in some pictures.
Process issues or FIB could cause this delamination: the images from the line
intersections had to be taken using an extremely powerful beam because of the
structure thickness. However, as the resistance measurements show (Figure 16g), the
cracking of the lines does not significantly affect the resistivity of the lines throughout
the process. The resistance of the topmost lines was 40 % higher than that of the
bottommost lines. The difference is most likely a result of layer thickness: the lines on
top of the dielectric are relatively thin (200 nm) compared to the bottommost ones
(up to 1 um).

The dielectric layer appears to be very smooth and uniform in the microscope and
SEM images (Figure 16). However, the line edges are not entirely straight, indicating
that the ink might bulge when high volumes are printed. Bulding could be prevented
by increasing the delay between layers or drop spacing. In addition, the surface profile
of the 8-layer prints is dome-like, indicating that there is room for further optimization
of the dielectric printing parameters.

In Publication IV, the pyrolytic silicating (NanoFlame) treatment was used for
multilayer fabrication instead of plasma. The results suggest that the formed silica layer
may improve the reliability of the conductive lines during the fabrication process
because less Ag line cracking and wrinkling was observed. In a sense, this treatment
also offers more flexibility and simplicity to the process, as the treatment is done
simply by exposing the substrate to the oxidizing flame of this handheld device.
However, the control over the process is not as good since it heavily depends on the
operator. If the treatment is not even, the printing quality and ink adhesion will suffer

due to the hydrophobicity of PDMS. Although the surface energy of the printed

69



PDMS dielectric was not studied after curing, the Ag ink was observed to bead up
instead of forming continuous lines on the pristine, printed PDMS surface. Based on
the measured ink surface tension values and the apparent absence of the solvent in
the cured structure, the surface energy of the printed PDMS is assumed to be a little
lower than the ink surface tension (= 21 mN-m™).

9T 400-

mQ/o)
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PDMS 500 nm

Sheet resistance (

PDMS

Figure 16. a) Microscope image of the track intersection (scale bar 200 um), cross-sectional images
of b) topmost Ag layer on the substrate (scale bar 500 nm), ¢) PDMS dielectric (scale bar 5 pm), d)
topmost Ag layer on top of the PDMS dielectric (scale bar 400 nm), e) bottommost Ag layer at the
intersection (scale bar 1 ym), and f) bottommost Ag layer between PDMS layers (scale bar 400nm);
g) sheet resistances of the bottommost layer (Layer1) and the topmost layer (Layer2) after curing of

the first layer (1), after curing the dielectric (2), and after curing of the topmost layer (3). Adapted
from Publication Il.

442  Capacitive pressure sensors

After printing and annealing the Ag NP ink, the electrical properties of the conductive
mesh sheets were determined. The sheet resistance of the layers is saturated to around
1-5 Q-o! after printing 2—6 layers of the conductive material. These soft sheets
became mechanically stable when more than one Ag NP layer was printed (further
details in Publication V). To avoid densification of the mesh while maximizing the
conductivity of the sensor electrodes. 4-layer prints were used in other trials. 4 layers
of PDMS ink were needed to make the dielectric layer uniform. The thickness of both
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the conductive and the dielectric layer was approximately 10 um, and the thickness of
the spin-coated reference dielectric was around 10-15 pm.

As seen in Figure 17, the integrated PVA mesh layers were effectively used to
micro-structure all sensor layers. First, the conductive layer is highly porous, and single
nanoparticles are visible on the mesh surface (Figure 17a&b). The structure is very
different from the tracks fabricated previously in Publications III and IV. The
images indicate that the printed bonding layer made of PDMS ink penetrates the
conductive mesh effectively, whereas the pipetted bonding layer seems to leave the
conductive layer more porous. However, since the final bond was achieved by pressing
the layers together while the device was heated, it is uncertain whether this result is
material- or process-dependent. In both cases, the conductive layer is well blended
into the PDMS matrix (Figure 17c-f), compared to the process used in Publications
III and IV.

Looking at the dielectric layer, one can see a clear difference between the reference
sensors and the printed ones. This difference is because the PVA layer in which the
PDMS was printed makes the dielectric layer porous (Figure 17e&f). Here, instead of
using PVA as a sacrificial material that would be removed from the final structure by
dissolving, we trapped it (at least in part) inside the PDMS layer. Thus, some unique
mechanical and electrical properties were obtained. The first advantage was that even
though the printed dielectric is just about 10 um thick, it could easily be handled with
tweezers after curing

Other advantages were observed in the sensor performance tests. The 1 s and 10 s
touch test results indicate that the printed sensors are less sensitive to the applied
pressure than the reference devices. Moreover, the soft printed sensor with the
integrated PVA layer responds remarkably to the low-pressure area. The stiffer printed
sensor had a somewhat linear response throughout the load range. Still, unfortunately,
its sensitivity was so low that the response could not be separated from background
noise in the low-pressure range.

Based on these results, the soft printed sensors were characterized further. In
Figure 18, a summary of the sensor characteristics (sensitivity, hysteresis, and
repeatability) is given. The soft printed sensor seems to have a sublinear response, as
the sensitivity decreases at the higher loads (Figure 18a). This sublinear tendency
might be advantageous in those applications where a vast range of loads should be
detected since the slow response saturation may lead to a higher dynamic range. Not
surprisingly, our device had a small but not negligible maximum hysteresis of 8.5 %
(Figure 18b). Still, it could detect pressure reliably even after 2000 cycles with the
sinusoidal load of 20 kPa, even though the sensitivity is not as high as in the initial
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tests (Figure 18c). It is hard to determine the exact cause of this sensitivity
degradation. Still, it should be noted that the sensors had been stored for three months
in an ambient environment before the cyclic tests were conducted. Therefore, some
material degradation may have taken place during that period. However, the dynamic

response of the sensor remained stable for the whole cyclic test.

Figure 17. 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), ¢) 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, and f) cross-section of the printed
sensor: the printed PVA-PDMS dielectric is sandwiched between the electrodes, scale bar 3 um.
Publication V.

Despite these performance limitations, the physical impact on the surroundings
and its strength could be detected in real-time, as demonstrated in the supporting
video (available online). Thus, even though there is room for device performance in
terms of sensitivity, which was only 4 MPa'! at maximum here, this nanomesh-based,
digital fabrication approach of PDMS-based electronics applications is promising for

soft devices.
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Figure 18. Performance of the soft printed PVA-sensor: a) sensitivity 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, and c) sensor performance in a cyclic test, where a
loading-unloading cycle was repeated for 2000 cycles at a frequency of 0.5 Hz. Adapted from
Publication V.

443  Comparison of the two approaches

Both multilayer fabrication approaches presented here have their advantages and
limitations. In general, the method chosen depends on the intended application. The
sheet resistance of the nanomesh-based patterns (3 Q-0 at a 10 pm layer thickness)
is relatively high compared to the lines deposited directly on PDMS (< 0.3 Q-0 at a
1 wm layer thickness). Therefore, the direct deposition-based approach may be more
useful when high conductivity is of the essence. However, as the electrical properties
of the structures are based on many factors, such as the curing conditions, layer count,
mesh density or thread size, the conductivity of the conductive nanofiber mesh could
be improved with further optimization of the mesh structure.

In addition to the electrical properties, the porosity and density of the samples
affect the potential uses. As the directly on PDMS-patterned lines are smooth
compared to the mesh-like conductors, they could be more useful in high-frequency
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applications. As for dielectric printing, the direct deposition could also be
tremendously valuable for specific applications like RFID tags’ antenna coils, where
the overlapping conductive lines need to be separated from each other [219].
However, the surface of the printed dielectric must be treated to enable wetting of the
topmost conductive layer. For such as small area, the handheld NanoFlame-tool or
something similar could be used to allow selective surface modification without
masking the underlying layers.

Another alternative is to use the screen printing method, which is not that sensitive
to the substrate properties, and thick, highly conductive lines could be printed in just
one pass, as demonstrated in Publications I and II. Even though the Ag NP inks are
highly conductive, the layer thinness means that the resistance of the lines will be
relatively high unless several layers are printed (Table 2). Screen-printed Ag flake (or
NW) inks would also have intrinsic stretchability. Thus, genuinely stretchable devices
could be fabricated without geometrical engineering or pre-stretching of the samples,
which is inevitable to make NP patterns stretchable [182], [220]. Other functional
materials could also improve the devices' sensitivity or make them optically
transparent.

Even though screen printing could be a practical method choice for improving
conductivity, especially in further states of the development process, the additive,
digital methods are more useful in the first phases of product development where
rapid prototyping options are needed. Some adjustments to the PDMS printing
process could offer new possibilities for the presented approaches. As the droplet
volume and inkjet printing speed are relatively low, another additive method like FDM
or DIW could be used instead of inkjet printing. Although the print resolution is likely
to suffer, ink formulating could be easier since a broader range of viscosities is within
reach. In addition, shaping self-standing silicone elastomer structures by printing could
become faster and more straightforward, as the deposited ink volume would be higher.

When the nanomesh PVA substrate was used, both the inkjet-printed PDMS layers
and the conductive layers could be made self-standing in a simple manner since the
patterns could be deposited directly onto the mesh-like substrate and cured. In
addition to the self-standing structure, nanomesh-based layers are breathable, elastic,
and transferable. All of these features are attractive for on-skin electronics [221].
Although the general idea of using electrospun materials in electronics fabrication is
not entirely new [222]-[224], the method has become quite popular recently. The
reasons are, first: suitability for on-skin electronics fabrication [221], [223], [225], [220]
and, second: the high porosity together with the large surface area is of interest in
triboelectric nanogenerators (TENGs) [227]—[230] and transparent devices [231],
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[232]. The presented approach could simplify fabrication significantly because the
conductive material can be coated on top of the mesh substrate using a desktop inkjet
printer instead of conventional processes like vacuum deposition.

In addition to the conductive layers, the usage of the PVA nanofiber-substrate
resulted in exciting properties in the case of PDMS prints. The nanomesh substrate
was trapped inside the elastomer matrix. As the printed ink volume was targeted to be
high enough to cover the mesh barely, the whole layer became micro-structured. This
feature was found to be of significance for the response of the fabricated sensors. It
has been shown eatlier that PDMS cross-linking density, material choices, and micro-
structuring can result in stimulating effects on the dielectric properties and may be
used to adjust sensitivity, hysteresis, and linearity of the sensors [44], [189], [233]-
[236]. Our work further indicates that a good balance between dielectric softness and
microstructural level can improve sensor performance remarkably.

In addition to the effect on sensitivity, the trapped nanofibers offered excellent
mechanical support for the thin (10 um thick) PDMS layers. They enabled effortless
handling of the tiny, just 1.5 cm wide samples. It is unclear how the mechanical
properties of the PVA-PDMS differ from the cast PDMS, and this should be
determined in the future. In addition, to make the dielectric layer more porous,
printing on different PVA substrates with variating thicknesses, fiber diameters, and
fiber densities should be studied. Alternatively, the electrospun material could be
changed to, for example, PU. Electrospun PU-based, PDMS-coated nanomesh has
improved mesh conformability in mechanical resilience and thinness [225].

Another limitation of the proposed approach is the obtained sensitivity of less or
equal to 4 MPa'!, which is modest compared to more advanced PDMS-based pressure
sensors [237]—[241]. Moreover, the ultimate pressure range of the proposed sensors
was not determined, although the studied range from 0.1 kPa to 60 kPa should cover
most of the skin activities [242]. In the future, the properties of the PVA-PDMS-based
dielectrics should be studied more carefully to determine the relationship between the
nanofiber structure and the sensor characteristics. In addition to further adjustments
of the porous dielectric layer, the options for mimicking the conventional, mold-based
micro-structuring approaches like micro-pyramids or domes should be studied since
the process could become even more straightforward if the dielectric were shaped
additively. The presented technique could thus be applied to, for example, the
previously mentioned TENG fabrication.
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5 CONCLUSION

Touch panels, smart wearables, intelligent household appliances, and computer-driven
automotive equipment are only a few examples of the remarkable advances in
electronics so far. However, conventional technologies suffer from limitations such as
rigidity, lack of customization, and complexity. The dream of integrating electronics
seamlessly into our surroundings and people has led to the pursuit of new
technologies, which would enable innovations toward highly customizable,
conformable electronics. These alternative technologies, such as printed electronics,
have the potential to revolutionize the future electronics market, making new
production facilities both less expensive and simpler to set up. Upscaling the
production could make new, intelligent, and conformable IoT devices readily
available. Ideally, these new applications would be easily affordable and answer
individual needs.

This thesis investigated applications of low surface energy polymers for printed
electronics. These materials are commonly used as barrier films or sacrificial molds
due to their non-sticky, water-repelling surfaces. Still, they can also offer other
attractive properties, such as the materials used here: low-loss high-frequency
characteristics, which are essential for the rapidly increasing wireless applications, and
other valuable properties like various molding options, optical transparency, inertness,
biocompatibility, and elasticity. The materials of interest here were, first, a PPE-based
polymer blend, and second, a silicone elastomer (PDMS).

The first objective of this thesis was to investigate whether printing of electronics
is possible on hydrophobic PPE and PDMS substrates and to what degree the process
could be simplified. The definitions for simplicity and straightforwardness are hard to
determine explicitly and are highly arguable. Ideally, the printed electronics fabrication
process would include only two steps: printing and post-processing. Here, due to the
hydrophobic nature of the substrates, surface pre-treatments were also studied for
improved printability. Additional topics of interest related to the first question are the
mechanical properties of the prints, such as the adhesion of the inks on the substrates
and environmental reliability. Since weak bonding increases the likelihood of print
delamination and makes the structure more vulnerable to corrosive compounds, the

surface treatments may have a significant impact also on device reliability.
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Even though the necessity of a prior treatment makes the process more time-
consuming and complex, a careful investigation of the suitable methods can be used
to reduce both process time and complexity, as shown in this thesis. For example,
effective yet simple methods like nitrogen plasma or pyrolytic silicating add just one
process step, and the treatment time is only a few minutes. Furthermore, as
Publications I and II show, high-volume printing methods like screen printing and
selected material combinations could be used without any additional surface
treatments. This simplicity is a significant benefit compared to subtractive processes,
where electronics fabrication requires several steps, including sacrificial coatings,
photo exposure, and etching, only to pattern the conductive material. Finally, although
the print adhesion and material degradation were severe in hot, humid, and salty
environments, a proper cover or encapsulation layer would significantly improve the
performance. A cover layer is anyhow needed to embed the devices to the
surroundings.

As the PPE-based material is readily moldable using injection molding and
extrusion, it is thus suitable for 3D molded electronics. In contrast, the silicone
elastomer is a liquid, two-component, cross-linkable thermoset material, and options
for both additive patterning and shaping are limited. Therefore, this thesis sought to
examine the possibilities for additive patterning of PDMS using an electronics printer.
The developed PDMS ink could be used with an Ag NP ink to build two types of
multilayered structures: stacked conductive circuits and capacitive sensors.

The direct deposition-based approach (Publications III and IV) was helpful for
its on-demand nature, reducing material consumption and processing time. However,
as each layer was cured separately, and the printed PDMS also required plasma
treatment to allow Ag NP printing on top of it, the samples needed to be removed
from the printer between the printing rounds. In addition, the patterning strategy
needed optimization to prevent both ink bleeding and print deformation.

In another multilayer approach that relied on an electrospun, water-soluble mesh
template (Publication V), self-standing, mechanically robust, conductive, and
dielectric films were fabricated. Only the template residues needed to be needed be
dissolved in water. Thus, the surface pre-treatment was not required, although one
additional step was needed to bond the layers. Pristine PDMS sheets could not be
printed here either. Still, the fiber-PDMS composite was advantageous in the
capacitance measurements, as the sensor performance improved remarkably
compared to that of the reference sensors with the spin-coated dielectric.

The results serve as a reference point for further exploration of fully printed,

multifunctional electronics using low surface energy materials. The required number
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of process steps is highly dependent on the printing method, selected materials, and
patterning strategy. Although the process can be simplified to a great extent by
optimizing the fabrication strategy, the chosen approach was always a compromise of
process complexity and device performance. The mechanical properties are at least as
necessary for developing printed electronics as electrical performance.

As this work was mainly focused on material compatibility and only preliminary
studies on device fabrication and performance were conducted, there are several
proposals for future work. First, surface treatment impact and aging effects on the
PPE substrate’s dielectric properties should be studied. These steps are essential to
further develop the structures for low-loss high-frequency applications. The
encapsulation strategy should be selected accordingly. Further studies on printing
parameters should also be conducted, as the semi-manual screen printer's print quality
was not optimal. The aim should be to achieve and maintain excellent high-frequency
characteristics while improving the mechanical resilience of the samples. Finally, to
move from planar PPE applications to 3D structures, the options for extrusion-based
fabrication should be studied, and the suitable printing method should be re-evaluated
accordingly.

In addition to the previous suggestions, the electrical characteristics of the
developed PDMS ink should be explored: features like the relative permittivity,
dissipation factor, triboelectricity, or dielectric strength were not studied here.
Understanding these parameters will be of the essence when the material is further
applied. As the low volume and the limited speed of the inkjet printer prevented
pristine PDMS sheet printing here, scaling up to a higher capacity inkjet printer or
even changing the printing method should be considered. Additive printing of the
substrate and encapsulation layers would enable great freedom of design and simplify
the fabrication process. The options for pre-processing and post-processing of the
embedded layers without interrupting the production line should also be studied to
enhance the process further. A printer with an integrated post-processing unit could
be used to solve the latter issue.

Finally, the mechanical properties like flexibility and stretchability of different
configurations should be explored. As the results imply, the dielectric softness can be
tuned simply by changing the cross-linking ratio of the elastomer or by creating
composite layers. Furthermore, the mesh-based structure could withstand the applied
stresses during the sensor performance characterization phase without additional
engineering. A deeper understanding of the materials’ mechanical properties could
enable more accurate design and application of structures with controllable stiffness

in a purely additive, on-demand manner. Controllable stiffness and the on-demand

78



shaping capability would also allow micro-structuring of the dielectric. These features
would benefit various structures, like triboelectric nanogenerators or E-skin

applications.
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Abstract— In this study, two silver inks are screen printed and
their performance on a PPE polymer compound is evaluated. Both
physical and chemical surface pre-treatments are used to modify
substrate surface roughness and energy. Electrical performance of
printed structures is evaluated by sheet resistance measurements.
In addition, a crosscut adhesion test is used to evaluate mechanical
performance of printed patterns. Low sheet resistances can be
obtained with used materials. However, there is a significant
difference in adhesion level. By substrate surface pre-treatments,
adhesion level can be improved, and tape test ink removal can be
decreased even from 15% to 0%. These results indicate that PPE
substrate may be utilized in production of high quality printed
electronics applications.

Keywords— PPE; printed electronics; screen printing; surface
treatment

[. INTRODUCTION

Printed Electronics (PE) enable fabrication of cost-effective,
large-area wireless applications, which may be integrated into
novel electronics substrates, such as stretchable thermoplastic
polyurethane [1,2] or 3D molded interconnect device (MID).
These applications can be utilized in various industry fields,
such as automotive industry or health care, where integration of
electrical devices directly into supportive structures can provide
significant benefits, as devices do not require additional space
and no external wiring is required. Significant benefits of PE
technology lie in cost-effective wireless sensor applications,
such as radiofrequency identification (RFID) and Internet-of-
Everything (IoE), since sensors and antenna structures may be
integrated in everyday environment, thus enabling efficient
device functionality without need for user control [3].

Fabrication of sufficient high frequency (HF) structures sets
specific requirements for the used materials. First, conductor
materials with low resistivity are required, since low DC sheet
resistance is essential to ensure proper HF functionality. In
addition, several requirements are set for the substrate material.
Substrate materials used in HF applications include for example
polyethylene terephthalate (PTFE; Teflon) and polyphenylene
oxide (PPO). Low relative permittivity and dissipation factor
make these materials attractive for HF applications, since signal
will not be attenuated by the substrate [4].

This work is supported by the Finnish Funding Agency for Innovation
(Tekes) Grant No 2742/31/2016. MM is supported by the Academy of Finland
Grant Nos. 288945 and 294119.

In this study, a novel polyphenylene ether (PPE) polymer
compound, is studied in PE applications. This substrate has been
developed for especially HF applications. In addition, substrates
may be fabricated by injection molding, which enables
manufacturing of innovative 3D substrate shapes, i.e. 3D
antennas [5]. Therefore, this polymer is an attractive alternative
for substrate material in printed HF structures.

From printing point of view, the main challenge of PPE
substrate material is its hydrophobic nature. Hydrophobic
substrate may not be wetted properly, which is likely to cause
issues with print quality and possibly with mechanical
performance of printed structures. Therefore, surface
modification may be necessary to improve substrate wettability
and to ensure good adhesion between ink and substrate.

In this study, highly conductive commercial silver inks are
used to print conductive structures on PPE substrate. High metal
contents enable high DC conductivity, which is essential for
low-loss HF signals. In addition, the effect of substrate surface
pre-treatments (oxygen plasma, sulfuric acid, and potassium
hydroxide) on substrate parameters and ink-substrate
interactions are inspected.

II. EXPERIMENTS

A. Materials

Square-shaped (10 cm x 10 cm) PPE substrates Preperm®
L260 (3 mm thickness) from Premix were used in this study.
Key parameters of this substrate material include low relative
permeability (er = 2.6) and low dissipation factor (DF = 0.0006)
[6].

For printing of test patterns, two screen printable silver inks
were selected: CRSN2442 from SunChemical and DuPont
5064H. Ink parameters used as selection criteria are listed in
Table 1. Both inks are solvent-based and their viscosities are
suitable for screen printing. Metal content of both inks is higher
than 60 wt%, which should provide sufficient electrical
performance. In literature, these inks have been compared to
each other for example by Muck [7] and Kavcic [8], where ink
properties were studied in RFID applications printed on paper



substrates. Sheet resistances below 100 mQ/o were obtained
even on extremely porous paper substrates.

TABLE L. INK PARAMETERS [9; 10]

Ink parameters
Ink sheet
Ag Viscosity resistance
@) | Solvent (P) (mQo@25
pm)
Propylene
69 - ! 2,000 —
CRSN2442 7 di- 3,000 10
acetate
63 - Cll1- 10,000-
5064t 66 | ketone 20,000 <14

B. Substrate pre-treatment methods

Due to the hydrophobic nature of PPE substrates, surface
energy increasing pre-treatments were selected to enhance
substrate wetting. Both physical and chemical treatments were
used to inspect the effects of different treatment types.

Oxygen plasma was used as a physical treatment, since this
treatment is widely known for its surface energy increasing
abilities. Furthermore, this treatment is widely used as an
adhesion promoter [11-13]. In this study, an Oxford Plasma
Technology RIE System 100 plasma printer was used for plasma
treatments. Used treatment parameters are presented in Table II.

TABLE II. PLASMA TREATMENT PARAMETERS

Ti Chamber Gas (0,)
ime Exposure
Treatment (min.) ower (W) pressure amount
" P (mTr) (sccm)
1 1 25 56.0 30.0
2 1 50 56.0 30.0
3 1 75 56.0 30.0

Three chemical treatments were used to modify substrate
surface 1) Sulfuric acid (H2SO4) with 98 % concentration, 2)
Potassium hydroxide (KOH) with 1.0 M concentration, and 3)
KOH with 30 % concentration [11; 14]. Substrates were dipped
in chemical containers for etching. Afterwards, chemical
remnants were wiped off with deionized (DI) water. Treatment
parameters used in these treatments are presented in Table III.

TABLE III. CHEMICAL ETCHING PARAMETERS

Sulfuric acid etching

imin | 2min. | Smin. | 10min. [ 15min,
KOH 1.0M

1 min. ‘ 2 min. | 5 min. | 10 min. ‘ 15 min.
KOH 30%

5 min. | 10 min.

C. Printing and post-treatment

Test patterns were printed in cleanroom conditions using a
manual single-sheet TIC SCF300 screen printer. A screen with
NBC UX79-45 polyester mesh (opening 81um, theoretical wet
thickness 27.7um) was used in printing.

After the printing phase, samples were cured in oven
according to datasheet recommendations. 5064H was cured at
130 °C for 20 minutes, and CRSN2442 was cured in 150 °C for
30 minutes.

D. Characterization

To inspect the effects of the used surface treatments, several
characterization methods were utilized. Dyne pens with a range
from 30 mN/m to 60 mN/m were used for measurement of
substrate surface energies before and after treatments. In
addition, an optical profilometer Veeco Wyko NT1100 was used
to measure the surface profiles of different substrates.

After printing, conductivity and adhesion of fabricated
samples were analyzed. Two different test patterns were
designed, one for conductivity measurements and other for
adhesion measurements. In Fig. 1 are demonstrated the test
patterns used in this survey. Pattern Fig. 1A) includes 10 basic
conductor structures used in four point probe (4PP)
measurements to determine sheet resistances. A Keithley 2425
sourcemeter was used in these tests. Sheet resistance Rs was
then determined based on obtained results and conductor
dimensions:

, ()
where R is measured conductor resistance, 1 is theoretical

conductor length (32 mm) and w is theoretical conductor width
(1.3 mm) (Fig. 1A)).

32mm 20mm

Fig. 1. Designed test patterns for A) sheet resistance measurements B)
adhesion evaluation.

A B



In addition to sheet resistance measurements, adhesion of
different substrate-ink combinations was evaluated to compare
mechanical strength of used inks, and also to inspect used
surface treatments’ effect on adhesion of ink-substrate interface.
Adhesion test pattern (Fig. 1B)) was designed for these
experiments. A crosscut test was used for adhesion evaluation,
according to ASTM D3359 standard [15].

III. RESULTS AND DISCUSSION

A. Substrate surface

In Table IV, measured surface energies of fabricated test
samples are presented. It was observed that initial surface
energy of the used substrate material is rather low,
approximately 30 mN/m, but may be more than doubled,
depending on the used surface treatment. Both oxygen plasma
and H2SO4 seemed to increase surface energy significantly,
whereas KOH treatment seemed to have no effect on the
wetting abilities of PPE substrate, regardless of the base
concentration. Explanation may lie in the solvent resistance of
the substrate material, since the strongest KOH concentration
was only 30 %.

Furthermore, it was observed that increment of surface
energy by H2SO4 was saturated after 5S-minute etching, a 5-
minute treatment was used in further experiments. With KOH,
S-minute treatment was also used, since surface energy was not
changed by any treatments.

TABLE IV. MEASURED SURFACE ENERGIES

Reference (PPE)
mN/m | 3032
Oxygen plasma treatment
mN/m | >60
H,SO, etching
1 min. 2 min. 5 min. 10 min. 15 min.
mN/m 38 46 56-58 58-60 58-60
KOH 1.0M etching
1 min. 2 min. 5 min. 10 min. 15 min.
mN/m 32-34 32-34 32-34 32-34 32-34
KOH 30 % etching
- - 5 min. 10 min. -
mN/m - - 32-34 32-34 -

In addition, plasma treatment increased surface energy
beyond the Dyne pen range already with exposure power of
25 W, and therefore analysis of surface profile was necessary to
find differences between plasma treatments. It was observed that
increment of exposure power led to more effective etching. This
phenomenon is demonstrated in Fig. 2. Since 75 W exposure
power seemed to lead to highest average roughness of the
substrate, it was used in further experiments.

110
Variable .
o 25W
100 = 50W
o 75W .
E 90 . . .
o
-4 . .
80
", .
.
0 . %8

10 12 14 16 18 20
Rt (um)

Fig. 2. Measured Ry/R, with different plasma exposure powers.

After the initial surface characterization, new samples were
fabricated with the chosen substrate surface pre-treatments.
Surface profiles were measured again with optical profilometer
and differences between each treatment were compared. Results
of this measurement are presented in Fig. 3. Plasma treatment
would appear to have most significant effect on the surface
profile of the substrates, whereas no significant change was
observed with chemical treatments.

B. Print quality

o7 05 10 15
Reference Plasma

15

o7 o5 1p
Acid (H2504) KOH

Rq (nm)

o5 10 15 07 05 10 15 07

Rt (um)
Fig.3. Measured Ry/R, with surface pre-treatments.

Print quality was evaluated by line thickness inspection with
the optical profilometer. Variation in line thickness depending
on the used ink is demonstrated in Table V. It may be observed
that thicker lines were obtained with SunChemical CRSN2442
ink than with DuPont 5064H ink. This is most likely due to the
higher silver content of CRSN2442 ink. At the same time, lines
are rougher. Surface treatments did not have any effect on line
thickness or roughness.

Furthermore, it was observed that increment of line thickness
led to rougher conductor surface in each inks data. This
phenomenon is presented in Fig. 4 results. It seems that
especially with CRSN2442 ink, increasing line thickness causes
more surface roughness, whereas roughness of 5064H ink does
not increase significantly. The importance of conductor surface
roughness is emphasized especially at high frequencies due to



skin effect [16]. In order to provide good quality HF conductors,

TABLE VI. MEASURED SHEET RESISTANCES

process should be optimized. ; Sheet resistance (me2/c)
ate
TABLE V. MEASURED LINE THICKNESS AND ROUGHNESS FOR BOTH Mean St.Dev. Samples
INKS CRSN2442/PPE 17,28 1,13 20
Ink Thickness Roughness < . 5064H/PPE 18,86 321 20
(km) (km) CRSN2442/Plasma 15,47 2,71 20
CRSN2442 22,81+2,13 3,08+0,67 29
5064H/Plasma 15,17 1,17 20
5064H 19,33+3,01 2,15+0,33 32
CRSN2442/H,S04 23,78 3,17 20
5064H/H,SO, 39,36 10,34 16
CRSN2442/KOH 16,14 3,25 20
5064H/KOH 13,90 1,70 18
50
« CRSN2442 e
4,5 = 5064H
E 40 . .
2 . . 5064H adhesion was excellent even on the bare PPE
g 35 .0 o substrate, whereas CRSN2442 adhesion is significantly worse.
% 3,0 F S . Comparison of treated samples indicates that plasma treatment
3 25 Lt ° is an excellent adhesion promoter for this substrate material,
’ b . .
= came Bt = " CRSN2442 adhesion was improved from levels 3B-4B (tape
o
20 e o« removal 5-15 %) to level 5B (tape removal 0%).
15 " -

15,0 17,5 200 225 25,0

Thickness (um)
Fig. 4. Measured conductor line roughness per line thickness.

C. Sheet resistance

Calculated sheet resistances of printed patterns (Fig. 1A))
using (1) are presented in Fig. 5. It was observed that surface
treatments seem to lower sheet resistance mean values,
excluding H2SOs, which seems to have negative impact on the
sheet resistance. On the other hand, there is more deviation in
CRSN2442 results on treated substrates, whereas 5064H results
include less deviation on treated surfaces. Due to the higher
silver content, CRSN2442 values should be a bit lower than
5064H values. However, as measured sheet resistance values of
Table VI indicate, CRSN2442 sheet resistance was similar or
even higher than that of 5064H. This difference may have been
caused by annealing parameters, since datasheet conditions
were used.

Still, most of the measured values are between 10 mQ/o -
20 mQ/o, and therefore both inks are likely to perform well at
high frequencies, as stated in [17]. However, as observed in
[17], low DC sheet resistance alone cannot guarantee required
HF performance, since substrate surface roughness as well as
the conductor uniformity and roughness affect HF attenuation.

D. Adhesion

On the contrary to the conductivity measurements, crosscut
adhesion test revealed significant differences between used
inks. Results are demonstrated in Fig. 6.

On the other hand, chemical treatments do not have any
effect on the adhesion level. Reason may be found in the
surface characterization results: chemical etching does not alter
surface profile of the substrate. Therefore, it may be concluded
that surface must be roughened to obtain better adhesion.

It may be observed that all of the ten fabricated samples of
each ink-substrate pair are not included in the graph. This is due
to the substrate imperfections, which cause ink removal from
the substrate, and thus cannot be compared to other results.
Therefore it may be concluded that molding process has a
significant effect on mechanical performance of inks.

On the other hand, another adhesion test would be required
to measure adhesion strength between inks and substrates, since
the crosscut test is only aimed at quick evaluation of initial
coating adhesion. In addition, number of fabricated samples is
rather small, and therefore more samples would be needed for
a more accurate adhesion classification. Furthermore, reliability
tests are needed to inspect the aging tendency of the material
interfaces. However, this test has provided a directional
estimation of ink adhesion and surface treatment effects.
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IV. CONCLUSIONS

In this paper, printability and performance of two
commercial silver inks were evaluated on a PPE based polymer
substrate. The purpose was to inspect surface treatment effects
and to compare ink performance. This substrate is aimed at HF
applications and therefore it is essential to find such conductive
materials, which provide low sheet resistance and therefore
enable sufficient HF performance in printed electronics
applications.

In this study, obtained sheet resistances were between 10-20
mQ/o, which indicates good conductivity. However, printed
lines were rather rough, and therefore process optimization is
needed to obtain good quality conductors. In addition, further
characterization of HF properties is required. Even though
suitable conductive material and surface treatment was found,
more surface treatments and materials should be studied to find
alternative ink-substrate combinations for wide variety of HF
applications. In addition, long-term reliability of substrate-ink
interfaces should be studied.
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Keywords: Otherwise attractive substrate materials for printed electronics may have such surface characteristics that make
Printed electronics patterning challenging. This article focuses on the printability and performance characterization of conductive
PPE o patterns on a low surface energy substrate. Surface characteristics of a hydrophobic polyphenylene ether (PPE)
Surface modification substrate and the effects of surface modification using chemical and physical pre-treatments were studied. In
Adhesion e . . . PR, .

N addition, silver ink performance and its reliability on this substrate were evaluated. The surface was char-
Environmental stress . . .
Reliability acterized by surface energy measurements and surface profile analysis. Screen-printed test patterns were

characterized to evaluate print quality and electrical and mechanical performance. A further inspection of
substrate-ink interactions was conducted using environmental reliability tests. It was observed that ink adhesion
could be significantly promoted by choosing a suitable surface pre-treatment method. Low sheet resistances were
obtained, and thus, suitable inks for further characterization were found. In addition, it was observed that

environmental stress has a significant impact on ink-substrate interactions.

1. Introduction

Printed electronics (PE) make it possible to fabricate intelligent
applications with the potential to revolutionize the future electronics
market. The importance of printed electronics is emphasized in various
sensing and monitoring applications, where thin and wireless devices
on flexible and stretchable platforms enable device integration into an
everyday environment, and are thus one of the key applications on the
path towards the Internet of Everything (IoE) [1-6].

Since many sensing applications operate at high frequencies, it is
necessary to find materials enabling sufficient functionality in this area.
Proper functionality of printed high frequency (HF) structures places
requirements on both the coating and substrate materials. For example,
conductive material should be selected so that DC sheet resistance is as
low as possible. In addition, printed conductors should be smooth to
enable fast signal transmission. On the other hand, basic substrate re-
quirements include low relative permittivity and dissipation factor to
prevent signal attenuation via the substrate material [1,7,8].

Furthermore, materials should be selected so that ink-substrate in-
terface interactions enable proper wetting of the substrate and suffi-
cient ink adhesion on the used substrate material. These properties may
be enhanced by, for example, surface modification prior to printing.
Thus, the substrate surface is altered by modifying the chemical com-
pound and surface profile [9,10]. In addition to the initial performance
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characterization of the printed structures, a reliability study is neces-
sary in the development of printed electronics. For example, relatively
thin and soft printed lines can easily be scratched. Additionally, struc-
tures have to endure plenty of stress during product lifetime. By using
accelerated reliability tests, the long-term reliability of the applications
may be inspected efficiently, without the need to wait until the end of
product lifetime during normal usage [11]. With these tests, such ma-
terial interfaces can be found that make printed structures better able to
endure environmental stress and remain reliable, even in harsh en-
vironments [12].

In this study, the authors continue their earlier benchmark study of
silver ink performance on a PPE-based HF substrate material [13]. This
polymer compound is designed for GHz applications, with a dissipation
factor below 0.001 and a dielectric constant of 2.60 [14]. Therefore, it
is an attractive substrate material for applications operating in the GHz
range and could be used as a platform for printed large-area antennas
and other wireless applications, such as molded interconnect devices.
The variety of studied silver inks has been broadened and the effects of
new surface pre-treatments on substrate material are studied. En-
vironmental stress tests (85% relative humidity (RH)/85 °C test, cyclic
salt mist test) are used to evaluate the effect of elevated temperature
and salt exposure in humid conditions on long-term reliability.
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Fig. 1. Test matrix including all variables and process steps.

2. Experimental section

Fig. 1 introduces the reader to the process steps and test variables
included in this survey. A detailed discussion of both materials and
methods is included in the following sections.

2.1. Materials

The purpose of this study was to continue the authors' benchmark
study of silver ink printability on PPE, and therefore, an injection-
molded PPE substrate (10 cm X 10 cm) with 3 mm thickness was used.
In addition, an extruded PPE substrate (10 cm X 10 cm) with 1 mm
thickness was studied to compare the effects of the molding process and
substrate thickness on the surface parameters and final performance.
These substrates are relatively thick for convenctional printed electro-
nics applications. However, since our purpose is to find HF applicable
materials, which are suitable for fabrication of three-dimensional (3D)
objects, like molded interconnect devices, or large area devices, sub-
strate dimensions are considered sufficient for our purposes.

In our earlier study [13], SunChemical CRSN2442 and DuPont
5064H screen printing inks were used. Since low sheet resistances were
obtained, research was continued to inspect the effects of substrate
surface pre-treatments further. In addition, three other silver inks were
selected for further comparison of the conductive materials. The most
critical ink parameters obtained from the datasheets are listed in
Table 1.

All of the selected inks have high silver contents, which helps de-
crease the sheet resistance of the printed structures. In addition, inks
with different viscosities were selected to inspect their effect on print
quality, and thus, on conductor performance. Furthermore, inks with
different solvents were selected to compare their properties. HPS-
021LV differs from other inks because it is aqueous. This aqueous ink is
more environmentally friendly than other inks, and is therefore an at-
tractive choice. In the extant literature, this ink has been studied, for
example, in works by Sipild [15] and Bjorninen [16], where it was
successfully used to print HF structures on challenging substrates, such
as plywood and textiles.

Other studies on the selected inks include, for example, a work by
Happonen [17], where 5064H was compared to LS411AW via sheet
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Table 1
Material parameters of the used conductive inks [20-24].
Ink Ag [%]  Solvent Viscosity [cP] Sheet
resistance
Manufacturer [mQsq '@
thickness]
CRSN2442 69-71 Propylene 2000-3000 10@25 pm
SunChemical diacetate
5064H 63-66 C11-ketone 10,000-20,000 < 14@25um
DuPont
LS411AW 65-75 Butyl cellosolve  20,000-30,000 < 40@10 pm
Asahi acetate,
isophorone
HPS-FG32 75 Butyl carbitol 8000 25@25 im
Novacentrix
HPS-021LV 75 Water 2600 =14@25 um

Novacentrix

resistance and bending abilities. The results indicated that excellent
electrical performance could be obtained with both inks, but they were
not successful with the cyclic bending tests. LS411AW was also in-
cluded in studies by Jansson [18] and Voutilainen [19], where it was
used to fabricate more complex structures, such as moisture sensors
[18] as well as inductors and capacitors [19]. The results indicated that
low sheet resistances could be obtained and that the structures can
endure environmental stress well.

2.2. Methods

2.2.1. Surface pre-treatment methods

The authors observed previously that oxygen plasma treatment is a
sufficient surface treatment for enhancing the adhesion of a substrate-
ink interface [13]. Therefore, it was used in this survey to see if it would
also work with other inks. However, etching with sulfuric acid (H>SO4)
or potassium hydroxide (KOH) did not improve the performance re-
sults.

Since sulfuric acid had an increasing effect on the substrate surface
energy, though, it was nevertheless used in this survey as a base for
chemical coating with ethyltriglycol. To inspect the effect of prior acid
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Table 2
Chemical coating parameters.

Substrate Coating layers Curing conditions
Native PPE 3 100 °C/15 min
PPE with 5min. H,SO, etching 1 100 °C/15 min

etching on coating behavior, ethyltriglycol was also applied to the na-
tive PPE. Since the native PPE was not wetted as well as the pretreated
substrate, three layers of coating were applied. All coated samples were
cured in an oven at 100 °C for 15 min after each coating layer had been
applied. A summary of the chemical treatment parameters that were
used is provided in Table 2.

In addition, physical flame-pyrolytic silicating via a Nanoflame
pistol [25] was used. With this technique, surface is modified via for-
mation of silicon dioxide layer on the treated surface. This surface
treatment has been used successfully in prior studies to modify sub-
strates and as an adhesion promoter, for example in a study by Pek-
kanen [26]. A Polytec Nanoflame pistol was used to heat the substrate
surface and, at the same time, the heated pistol gas formed silica oxides
on the substrate surface. Due to the large surface area and rapid heating
of the substrate, substrates were first treated from one direction, after
which the substrate was rotated 90° and the treatment was repeated to
ensure an even treating of surface. The extruded, 1 mm thick PPE
substrate was used without any additional surface pre-treatment.

2.2.2. Screen printing and post-treatment

When all substrates had been prepared, test patterns were printed in
cleanroom conditions with a semimanual single sheet screen printer
SCF300. An aluminum screen with NBC UX79-45 polyester mesh
(opening 81 pm, theoretical wet thickness 27.7 pum) [27] was used.
After printing, the samples were cured in an oven according to data-
sheet recommendations: HPS-021LV was cured at 150 °C for 30 min,
HPS-FG32 at 140°C for 10min, CRSN2442 at 150°C for 30 min,
LS411AW at 150 °C for 20 min, and 5064H at 130 °C for 20 min.

2.3. Environmental reliability tests

In addition to the initial performance evaluation, accelerated re-
liability tests were executed to assess the effects of environmental stress
on mechanical performance. First, a JEDEC JESD22-A101C 500 h sto-
rage test (85 °C temperature and 85% relative humidity (RH)) was used
[28]. This test is widely used to evaluate product aging in normal
storing conditions. Samples were placed into a Weiss C340 chamber.

In addition, an IEC 60068 2-52 salt mist test was used to inspect the
aging effect of high relative humidity in a salty environment [29]. This
test is important for structures aimed at outdoor applications and
especially in a marine environment. For this test, the samples were first
exposed to sodium chloride (NaCl) mist for 2 h, after which time they
were kept in 93% RH for 168 h. This cycle was then repeated. The
samples were placed in an Ascott S450XP chamber during this test. To
minimize the effect of uneven salt spray in the chamber, the samples
were placed in random order into the chamber. After the test, the
samples were rinsed with deionized (DI) water to remove the excess salt
and, thus, to suspend any corrosive reactions.

2.4. Characterization

For comparison of the surface pre-treatment effects, an optical
profilometer Veeco Wyko NT1100 was used to measure the surface
profiles of the fabricated substrates. Roughness data was collected from
the measured profile range R,. Range is determined as the difference
between the highest peak and lowest valley of the surface profile as
follows:
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R =R, - R, I6))
where R, is the highest peak and R, is the lowest valley of the substrate.
In addition, RMS roughness R, was used for roughness data collection.
R, is calculated as follows:

)

where y is the deviation over the roughness mean and n is the number
of samples [30]. Since this parameter is greatly affected by deviations
from the surface mean line, it is a good data parameter for rough sur-
faces.

In addition, a set of Dyne pens with a surface tension range of
30-60mNm ' were used to measure the surface energies of all sub-
strates. With this method, surface energy is determined by drawing a
line on the substrate with a test pen. Ink either forms a continuous line
on the surface or withdraws back into droplets, depending on the sur-
face tension of the ink.

Printed line thicknesses were measured with an optical profilometer
using the roughness parameters R, and R,. A scanning electron micro-
scope (SEM) was used to inspect the surface topology of the cured ink
structures. In addition, an optical microscope was used to measure the
conductor line widths.

The electrical performance of the printed samples was evaluated
using a four-point probe (4PP) sheet resistance measurement and a
crosscut adhesion test. First, supply current I (10 mA) was fed to the
printed conductor pattern and the resulting voltage difference U was
measured with a Keithley 2425 sourcemeter. The obtained values and
conductor dimensions (width w = 1.3 mm, length [ = 32mm) were
then used to calculate sheet resistance Rg:

Uw
R=77 ©)

The electrical performance of the samples was not measured after
the reliability tests, since prior studies by, for example, Caglar [31],
Halonen [32] and Xie [2] have stated that the sheet resistance of silver
conductors is not altered significantly in similar environmental stress
tests, in comparison to the drastic adhesion degradation that was re-
ported after these tests. Therefore, only interface adhesion was eval-
uated here, and electrical performance characterization was left to
further stages of research, where possible effects on, for example, HF
performance will be studied.

Additionally, a square pattern (2cm X 2 cm) was used to evaluate
the initial mechanical performance of the substrate-ink interface after
curing and to inspect the effects of environmental stress. For this eva-
luation, a crosscut adhesion test was executed according to the ASTM-
D3359 standard [33]. This standard is widely used for adhesion rating
in the field of printed electronics, and it was therefore considered a
suitable test method for this study [34-38].

3. Results
3.1. Substrate surface characteristics

3.1.1. Surface energy

Table 3 shows the measured surface energies for each test substrate
type. The surface energies of the extruded PPE and injection-molded
PPE matched due to the similar chemical compound. We observed that
original surface energy value of the PPE substrate could be at least
doubled with oxygen plasma and Nanoflame surface treatments. These
results suggest that new functional groups were formed on substrate
surface. On the other hand, ethyltriglycol coating sprayed on the native
PPE did increase the surface energy partially. This result was mainly
due to the uneven wetting of the chemical-substrate interface. We ob-
served that ethyltriglycol could not wet native PPE even when multiple
coating layers were applied, whereas the acid-etched substrate was
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Table 3
Measured surface energies for each test substrate type.

Substrate Surface energy [mNm ']
Native PPE (injection-molded) 30-32

0, plasma treatment =60

Nanoflame treatment =60

Ethyltriglycol coating 33-39

H,S0, coating & ethyltriglycol coating 58-60

Extruded PPE 30-32

wetted extremely well even with one coating layer. We had observed
earlier in [13] that etching with sulfuric acid increased the surface
energy of PPE significantly (56-58 mN/m). Therefore, it is likely that
ethyltriglycol wetting is improved on acid-etched substrate, because
chemical surface tension and substrate surface energy are better mat-
ched.

On the other hand, the ethyltriglycol coating did not seem to affect
the surface energy of the acid-etched PPE significantly, only an incre-
ment of 2-4mN/m was observed in Dyne test pen measurements.
However, since the test accuracy was limited to 2 mN/m, it was hard to
confirm whether the surface energy had been changed.

3.1.2. Surface profile

Fig. 2 presents the surface profile measurement results. Plasma
treatment results, which the authors obtained earlier [13], are used
here as a reference for comparison with the other treatments. We ob-
served that all of the chosen surface treatments alter the substrate
surface profile. Applying chemical coating to the native PPE increased
the surface roughness, and chemical coating of the acid-etched sub-
strate led to significant alteration of the surface profile. In addition, a
rather rough surface was obtained with the Nanoflame treatment, al-
though modification was not as significant as with the plasma treat-
ment. The results obtained from the extruded PPE are presented in a
separate graph, since the roughness parameters of the extruded sub-
strate are an order of magnitude higher when compared to the other
results.
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3.2. Print quality

Fig. 3 shows the measured line widths of the printed traces. A
comparison was made between the traces printed with all the inks on
native PPE samples and the traces printed on significantly altered
substrates: plasma treated, acid etched + ethyltrigycol coated, and ex-
truded PPE. Here, the line widths 1300 pm and 1400 pm were used as
reference lines to improve the readability.

We observed differences between the inks that were used. We also
observed significant spreading from the target width of 1300 um with
almost all ink-substrate combinations; best control over line width was
obtained with aqueous HPS-021LV ink, whereas other inks spread sig-
nificantly on similar substrates. Water surface tension (approximately
72mN/m) [39] is high compared to the measured PPE surface energy,
30-32mN/m, and wetting was thus more controlled. According to
manufacturer information, the surface tension of other solvents is si-
milar or even lower than PPE substrate surface energy, and thus they
are more likely to spread.

Furthermore, we noted that the substrate surface parameters affect
the line spreading of the inks. The measurement data in Fig. 3 indicates
that both increased surface energy (plasma and combined chemical
treatment) and increased surface roughness (extruded PPE) enhanced
line spreading compared to results measured on native PPE substrates.
Since the measured lines were even 100 um wider than the targeted
values, it might be necessary to consider alternative surface modifica-
tion methods whenever finer features of printed patterns are required.
It has been demonstrated earlier that these pastes can be used to fab-
rifcate relatively fine features by screen printing: Kujala showed in [40]
that both DuPont 5064H and Asahi LS411AW inks can be used to print
50 um wide vias, and conductive traces with line width below 500 pm.
Additionally, SunChemical CRSN2442 and Novacentrix HPS-021LV
inks have been succesfully used to fabricate narrow lines with screen
printing [41,42]. Above-mentioned features are close to the limits of
screen printing processing, even though they are still coarse in com-
parison to, for example, laser-shaped LTCC conductors [43]. However,
our aim is for large area electronics, and therefore, screen printing is
considered a sufficient fabrication method for our purposes.

We observed abnormally narrow lines and deviation in the
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Fig. 2. Measured surface profiles of the native, injection-molded PPE and of the substrates with surface pre-treatments.
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Extruded substrate results are included in a

separate graph. Measured RMS roughness R, is presented as a function of the profile range R,.
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Fig. 3. Measured line widths for all inks on native PPE, plasma treated PPE, acid-etched and coated PPE, and extruded PPE.

measured widths in the CRSN2442 data on plasma-treated substrates
and on ethyltriglycol-coated, acid-etched substrates. This behavior was
most likely caused by variation in the ink volume on the screen during
printing and simultaneous screen clogging. Therefore, no conclusions
can be made regarding CRSN2442 ink spreading abilities on those
substrates.

In addition to variations in line spreading, we noted differences in
both line thickness and roughness between the inks that were used. The
measured line thicknesses and conductor surface roughnesses are pre-
sented in Fig. 4a, where the line thickness was obtained from the
measured profile range value R,, and the conductor surface roughness
was obtained from the measured RMS roughness R,.

We obtained approximately 25% thinner lines with the HPS-FG32
than with other inks. On the other hand, this ink tended to spread more.

81 e CRSN2442 IN
o HPS-FG32 N
74 © LS411AW
® 5064H °
6/l & HPS-021LV 22 A

RM S-roughness Rq (pum)
IS

20 25 30 35

a)

Line thickness Rt (um)

Significant deviation in the measured thickness data of the HPS-021LV
and Asahi LS411AW inks was observed. All of the inks were printed
using the same screen, and it is likely that the parameters of those inks
caused the variations. Asahi LS411AW viscosity is significantly higher
than the viscosities of other inks (Table 1), which may have a negative
effect on process control. In contrast, HPS-021LV viscosity is the lowest
of the used inks (Table 1), and the ink tends to try rapidly during
printing due to water evaporation. Therefore, the ink volume is harder
to control.

We observed differences between the used inks in the roughness
data. Normalized surface roughness by line thickness is presented in
Fig. 4b. The line roughness of HPS-FG32 can be partially explained by
flake composition: the SEM image (Fig. 5b) indicates that ink flakes
form a rather loose structure, increasing surface roughness. On the

030
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020

0,15

RM S-roughness/thickness

CRSN2442  HPS-FG32 LS411AW 5064H HPS-021LV

b)

Fig. 4. a) Measured conductor RMS roughness R, as a function of measured conductor line thickness R, with the used silver inks; b) RMS roughness R,, normalized by

measured conductor line thickness R.
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Fig. 5. SEM images of the conductor surface of a) CRSN2442 ink, b) HPS-FG32 ink, c¢) LS411AW ink, d) 5064H ink, and e) HPS-021LV ink. Magnification 15k, EHT

voltage 1.00kV.

other hand, the formed lines are widely spread and thin, which may
have a negative effect on the surface roughness.

On the contrary, LS411AW flake size varied (Fig. 5¢), thus enabling
a relatively smooth conductor surface compared to the obtained
thickness values. Furthermore, comparison of the HPS021LV roughness
data (Fig. 4b) and flake composition (Fig. 5e) indicates that the com-
pact flake structure of cured ink enables a relatively smooth conductor
surface. The lowest relative roughness was obtained with 5064H ink,
with the conductor surfaces being rather smooth compared to the other
inks, even though more variation in the results could be observed.

We observed significant variation in CRSN2442 line roughness in
relation to the obtained thickness, with the mean value being close to
the overall average roughness obtained with the used inks. The cured
structure appears to consist of spherical particles and flakes (Fig. 5a),
and variations in the roughness were most likely related to printing
parameters, such as screen pressure. It is also possible that ink rheology
affected the results. In total, measured roughness values are rather
convenient, considering that the particle size of these inks is on the
micrometer scale, and particles are overlapping in the cured structure.

3.3. Electrical performance

Sheet resistances calculated by (3) from the measured currents and
voltages are presented in Fig. 6. In Fig. 6, 10 m€2/sq and 20 m€/sq are
used as reference lines, since the lowest measured values were ap-
proximately 10 mQ/sq and a sheet resistance of 20m</sq was still
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sufficient, when considering future research.

The measured HPS-FG32 sheet resistances were more than two
times higher than the measured values of the other inks, indicating poor
conductivity. After analyzing the first sample set, we fabricated new
HPS-FG32 samples on a few selected test substrates with doubled curing
time. These experiments were conducted in order to investigate the
effect of curing conditions on sheet resistance. The test parameter and
result summary are given in Table 4. We observed that a longer curing
time provided better electrical performance, but the sheet resistance
values were still high in comparison to other inks. Even though narrow
lines with higher thickness could be produced, resistance would still be
high, according to manufacturer information. Therefore, it may be
concluded that this material is not competitive with other inks.

Comparison of other inks indicated that the lowest sheet resistances,
between 10 and 20 mQ/sq, are obtained with HPS-021LV, 5064H, and
CRSN2442, whereas LS411AW sheet resistances are a little higher,
approximately 15-25 mQ/sq. However, these values are still sufficient
for our purposes. In general, the obtained sheet resistance values match
the datasheet information when the measured line thickness values are
considered. However, we did observe significant deviation in the
measured values. To improve sheet resistance stability, decreasing
variation in both the line thickness and roughness through better pro-
cess control would be necessary. In addition, better control over var-
iations in line spreading would be required.

Furthermore, process optimization would provide benefits at high
frequencies. Even though the measured sheet resistances are suitable
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Fig. 6. Measured sheet resistances with each ink/substrate combination.
Table 4 likely that new functional groups have been formed on PPE surface,

Measured HPS-FG32 sheet resistances with different curing conditions.

Substrate Sheet resistance: Sheet resistance:
Curing 140 °C/10 min Curing 140 °C/20 min
Native PPE 56.53 + 11.08 mQ/sq 43.54 + 2.52 mQ/sq
0, plasma treated PPE 41.31 + 2.21 mQ/sq 40.63 + 1.62 mQ/sq
acid etched and coated PPE 53.47 + 11.11 mQ/sq 54.95 + 5.52 mQ/sq

for HF applications, as stated earlier by, for example, Halonen [32], it
has been observed [7,32,44] that many other parameters, such as
substrate surface and conductor roughness, affect HF performance
greatly. Therefore, process optimization is required in order to produce
high-quality HF conductors. For example, the current density is packed
to the conductor surface due to the skin effect at high frequencies, and
thus a rough conductor surface lengthens the signal path, increasing
signal losses [7,44,45].

3.4. Mechanical performance

3.4.1. Adhesion after curing

The results of the ASTM-D3359 crosscut adhesion test are presented
in Fig. 7. A few samples had to be discarded from the analysis since ink
adhesion failed due to imperfections in the substrate surface caused by
the injection-molding process. Therefore, those results are not com-
parable to results obtained on a smooth substrate surface.

These results indicate that the adhesion of LS411AW, 5064H, and
HPS-021LV inks was excellent, even on the native PPE substrates. On
the other hand, as observed already in [13], CRSN2442 adhesion was
poorer (ink removal 5-15%) on the native PPE substrates. However, the
surface treatments that were used seem to have improved the adhesion
of this ink, and ink removal could be reduced to 0-5%. Therefore, it is
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enhancing ink adhesion. Furthermore, effect on adhesion has been most
significant with those treatments that caused both increment in surface
energy and in surface roughness.

On the other hand, chemical coating on native PPE had no effect on
ink adhesion. Even though ink removal seems to have increased with
few inks using this treatment, more experiments would be needed to
confirm if this treatment has any effect on adhesion level. It is also
possible that poor wetting on native PPE prevents this chemical from
adhering well to substrate, and thus, this coating layer might be re-
moved with ink in the crosscut test. Additionally, it should be noted
that since chemical coating was first cured at 100 °C, and inks printed
on top of this coating were annealed at higher temperatures, it is pos-
sible that interaction of chemical coating with printed pastes is ex-
cessively enhanced. Therefore, it would be beneficial to determine,
whether different results would be obtained using ink annealing tem-
peratures not exceeding chemical curing temperature.

In addition, we observed that printing on the extruded substrate led
to significant variation in the adhesion level. LS411AW and HPS-021LV
adhesion was excellent even on this substrate, whereas significant ad-
hesion failures were observed with the 5064H and CRSN2442 inks. This
difference was most likely caused by the extremely rough surface,
which prevented the interlocking of the latter inks. These results em-
phasize the importance of balance between the substrate surface
chemistry and roughness: surface roughness may have a positive effect
on ink bonding on a hydrophilic substrate, but a rough surface of a
hydrophobic compound may weaken the bonds between the ink and
substrate, consequently weakening the adhesion [46].

The HPS-FG32 results were not included in this analysis, since we
noted that the first sample batch of HPS-FG32 ink had not dried
properly: ink cohesion of all the samples failed in the crosscut test.
Further inspection revealed that the remaining ink layer on the
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Fig. 7. ASTM-D3359 test results for each ink/substrate combination.

substrate was conductive, whereas the removed ink layer was not.
Furthermore, since the sheet resistance of the second batch was still
insufficient for further research, the ink was discarded from further
analysis, and thus ink adhesion was not evaluated.

3.4.2. Effect of environmental stress

Based on both the sheet resistance measurements and the initial
adhesion evaluation, we chose the best material combinations for the
environmental reliability tests. Since both the electrical and mechanical
performance of the LS411AW, 5064H, and HPS-021LV inks were ex-
cellent, they were selected for further experiments. We selected an
oxygen plasma treatment and the combined treatment of acid etching
and chemical coating as substrate treatment methods. These treatments
had the most significant effect on surface roughness and energy, and
their effect on ink adhesion was positive. A native, injection-molded
PPE was used as a reference substrate for evaluating these pre-treated
substrates. The fabricated sample sets are presented in Table 5.

Fig. 8 shows the effects of environmental stress on the ink-substrate
interface behavior. Further discussion of different failure types is

Table 5
Fabricated sample sets for reliability tests with chosen inks and substrates.

Set Ink Substrate 85% RH/85°C Salt mist
1 LS-411AW Native PPE X X
2 LS-411AW Plasma treated X X
3 LS-411AW Acid etched & coated X X
4 5064H Native PPE X X
5 5064H Plasma treated X x
6 5064H Acid etched & coated x x
7 HPS-021LV Native PPE X X
8 HPS-021LV Plasma treated X X
9 HPS-021LV Acid etched & coated X x
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provided as supplementary information. Adhesion of the samples re-
mained excellent in high relative humidity and elevated temperature of
the 85% RH/85 °C test, since the adhesion of only three samples printed
with DuPont 5064H ink failed, and therefore, no degradation of the
adhesion level could be observed. These results are in line with work
done by Putaala et al. [3], where RFID tags printed on different polymer
compounds and reliability in the 85% RH/85°C test was evaluated.
Their samples did not fail until over 1000 h exposure to these condi-
tions.

We observed several cohesion failures with HPS-021LV ink. The
removed ink layer was extremely thin, indicating that moisture had
penetrated the outer surface of the samples during the test, but that the
corrosive effect was not severe. Additionally, the substrate cohesion of a
few samples failed, indicating that the PPE-based compound was af-
fected by the test conditions. The least number of failures occurred with
the native PPE samples, where a 0-5% failure rate was observed.

On the other hand, more substrate failures occurred with the surface
pre-treated samples, where we observed substrate cohesion failures
even in 20% of the samples. Therefore, it is possible that these surface
pretreatments decrease the moisture resistance of the PPE compound.
Still, these results are promising considering the fact that common PE
substrate materials, such as polyimide (PI) and polyethylene ter-
ephtalate (PET), typically have severe issues related to moisture ab-
sorbance, and are thus susceptible to environmental stress [47,48].

In contrast to results from the 85% RH/85 °C test, exposure to NaCl
mist in a humid environment lowered the adhesion level significantly.
In addition to adhesion failures, a significant number of ink cohesion
failures occurred with all inks, and substrate surface cohesion failed as
well.

After conducting the salt mist test, we observed areas with color
alterations in the silver surface of the samples fabricated with LS411AW
and 5064H inks. The 5064H alteration was more significant and its
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Fig. 8. Ink-substrate interface: adhesion and cohesion failures after a) 85% RH/85 °C test and b) salt mist test. Sets 1-3 were printed with Asahi LS411AW ink, sets
4-6 were printed with DuPont 5064H ink, and sets 7-9 were printed with Novacentrix HPS-021LV ink. Sets 1, 4, and 7 were printed on a native PPE substrate, sets 2,
5, and 8 on a plasma treated PPE substrate, and sets 3, 6, and 9 on an acid-etched and chemically-coated PPE substrate.

Fig. 9. SEM images obtained from a) the middle of the 5064H ink surface

effect on ink cohesion was more severe. The SEM images obtained from
our samples with dark areas indicate that new crystal particles formed
on top of the silver layer. These results are presented in Fig. 9. Prior
studies have found that in highly humid conditions, silver tends to react
with NaCl, creating silver chloride (AgCl) crystals on a silver surface
[49-51]. Therefore, it is possible that the crystal particles observed in
this study consisted of AgCl. On the other hand, it has been observed
that in a salt spray chamber, it is possible that the AgCl that forms
dissolves in NaCl, and that new, big Ag particles may form [49-51].
Additionally, other corrosion products, such as oxides and other
chlorides, have been observed. In our study, the size of the detected
particles varies from tens of nanometers to several micrometers, sug-
gesting that several corrosion products may have formed on the sam-
ples.

We also observed that these particles had formed particularly at the
edges of the silver-coated area, whereas the center of the samples was
not significantly corroded. Since we also observed that the flake
structure is more compact in the middle of the samples, it can be
concluded that reactions causing silver surface darkening could not
take place in the middle due to the surface composition. It is also
possible that the printing process made the sample edges rougher.

During the crosscut test, we observed that only the thin, darkened
silver layer was removed from the top of the LS411AW and 5064H
samples, whereas the rest of the silver coating remained intact, in-
dicating that corrosive reactions affected only the surface area of the
silver layer. However, we could not classify the adhesion of these
samples since cohesion failures have not been included in the ASTM-
D3359 standard.

In contrast, we could not observe visual alterations in the HPS-
021LV samples. This difference was most likely caused by the flake

b) the edge of the 5064H ink surface. Magnification 917; EHT voltage 3.00 kV.
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topologies (Fig. 5e): HPS-021LV flakes seem to form a more compact
structure than other ink flakes, possibly because there are less solvent
residues left after curing in low temperatures, since the water boiling
point is reached below those temperatures. Therefore, the sprayed NaCl
cannot interact with printed silver that easily. It is also possible that the
corrosion products later dissolved into the NaCl solution in the salt
spray chamber, but Ag corrosion still took place [49].

The classification results for the remaining samples without cohe-
sion failures are presented in Fig. 10 for the 85% RH/85 °C test and the
salt mist test, respectively. Since the 85% RH/85 °C test did not affect
the ink-substrate interface properties, adhesion remained excellent.
LS411AW survived both tests extremely well, even the salt mist test did
not degrade its adhesion on any substrate. In addition, 5064H adhesion
degradation was not significant, since ink removal was still 5% or less,
even after the salt mist test.

In contrast, HPS-021LV adhesion degraded even from 0% ink re-
moval to > 65% removal after the salt mist test. Additionally, we ob-
served both ink cohesion and adhesion failures in several samples, and
no samples survived this test without any failures. Therefore, it may be
concluded that this test was extremely severe for this ink type, even
though no visual signs of corrosion could be observed. Therefore, it is
possible that even though HPS-021LV composition after curing seems
more compact than the composition of other inks, residues of the sol-
vents and binders in other inks provide better protection against en-
vironmental corrosion.

Additionally, we noted that the effect of the substrate surface pre-
treatment on adhesion was significant in this test, since ink removal on
acid-etched and coated samples was only 5%, compared to 65% re-
moval on native PPE. Adhesion on plasma-treated samples also seemed
to remain tolerable, but since ink cohesion failed on all samples, the
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Fig. 10. Ink-substrate interface: adhesion and cohesion failures after a) 85% RH/85 °C test and b) salt mist test. Sets 1-3 were printed with Asahi LS411AW ink, sets
4-6 were printed with DuPont 5064H ink, and sets 7-9 were printed with Novacentrix HPS-021LV ink. Sets 1, 4, and 7 were printed on a native PPE substrate, sets 2,
5, and 8 on a plasma-treated PPE substrate, and sets 3, 6, and 9 on an acid-etched and chemically-coated PPE substrate.

adhesion could not be classified. This result indicates that strong che-
mical bonds are necessary for reliable printed structures, and it likewise
suggests that organic components would be beneficial for this ink
composition, too.

Again, an effect on the substrate cohesion after exposure to en-
vironmental stress was observed, with a failure rate of 5-20% occurring
in several sample sets. Even though the exposure time in this test was
rather short compared to the 85% RH/85 °C test, we still observed al-
most as many substrate failures. These results emphasize the harshness
of this kind of environment. However, as concluded in, for example
[49-51], in a standard salt chamber environment there are less reactive
species, like sulfides or ozone, in the air, and therefore, the corrosion in
a salt chamber is negligible in comparison to a real marine environ-
ment. Therefore, intense protection of the printed structures is required
in marine applications.

Here, we observed that environmental stress can cause drastic ad-
hesion degradation of printed silver on a polymer substrate. These
findings are similar to those of Xie, Caglar and Halonen [2,31,32]. As
mentioned earlier, we did not measure in-situ sheet resistance of the
samples during the reliability tests or the sheet resistance after relia-
bility tests, because it has been stated before for example in [2,31,32]
that effect on silver resistance is not significant even after the salt fog
test, in comparison to adhesion degradation. Even though resistance
increment up to 6-21% may occur [2,31,32], this change is considered
negligible in comparison to the observed adhesion degradation. Ad-
ditionally, severe demalination of conductive traces eventually leads to
system failure, independent on electrical performance. Therefore,
electrical performance optimization will be beneficial only after adhe-
sion issues have first been solved, as emphasized in [32], where a
protective layer was applied, and no change in sheet resistance oc-
curred in any conditions. Still, adhesion degradation was significant,
even though similar protective coating was used. Of course, main-
taining sufficient conductivity level is important, and in further stages,
it would be beneficial to confirm electrical performance after exposure
to environmental stress, especially to investigate both the possible ef-
fect of protective coatings, and the impact of environmental stress on
HF performance [32]. Sheet resistance determination can be made both
in situ and consequently, as demonstrated for example in [43].

3.5. Discussion

A comparison of the line widths measured with an optical micro-
scope revealed that surface treatments tend to increase the conductor
line width. Based on these results, it may be concluded that both in-
creased surface energy and a roughened substrate surface clearly
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promote ink spreading on this low-surface energy substrate.

In addition, we found differences between the inks that were used.
Inks with organic solvents resulted in wider lines than originally de-
signed, whereas the spreading of lines printed with aqueous HPS-021LV
was more controlled.

Significant line spreading is often problematic in such applications,
where the downscaling of printed features is necessary. Additionally, in
some other application consider areas, narrower structures would be
crucial and alternative methods should be considered. However, the
aim of our work was to find solutions for such antennas and base station
structures, where the miniaturizing of electronics is not essentially re-
quired. Therefore, wide lines and line spreading are not a significant
issue for future work, especially when taken into account in feature
design.

Several of the inks chosen seem suitable for HF applications based
on the obtained low sheet resistance values. Still, further investigation
is required in order to confirm the effects of conductor surface rough-
ness on the final performance.

In addition, we observed that the surface treatments that were used
could improve adhesion significantly. In particular, the Nanoflame
treatment and chemical coating on the acid-etched substrate improved
the results and ink removal was reduced to 0%, even when the removal
was originally 15%. The authors also observed that the oxygen plasma
treatment had a similar promoting effect on adhesion, which is in line
with previous findings [13]. These results indicate that both an incre-
ment of surface energy and surface roughening are needed to promote
ink adhesion on this substrate material.

In addition to the initial adhesion strength, the surface treatments
had a positive effect on the sample reliability. However, as observed
after the salt mist test, sufficient protection of the printed structures is
necessary in harsh conditions to prevent both adhesion and cohesion
failures in the used materials. Second, such protection would help
maintain electrical performance at the required level.

The significance of the ink composition in regards to reliability was
emphasized in these tests. Furthermore, the results indicate that surface
pre-treatments might damage the substrate by, for example, increasing
moisture absorption. Additionally, the possible effects of the surface
treatments on high frequency characteristics of the used PPE substrate
are still unknown, and they require further investigation before these
treatments can be utilized in printed HF applications on this substrate.

4. Conclusion

In this study, we studied the performance of five commercially
available silver inks on a PPE-based substrate. We inspected the effect
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of surface pre-treatments on test substrates by analyzing both the sur-
face properties and final performance of the printed structures. In ad-
dition, we used environmental stress tests to evaluate the long-term
reliability of the printed structures.

The results indicate that such commercial inks are able to provide
both low sheet resistance and excellent adhesion on the test substrates.
On the other hand, by choosing a suitable surface treatment, the sub-
strate-ink interface performance may be improved significantly, and
thus the variety of suitable inks may be widened.

The environmental reliability test results indicate that the test
structures were able to withstand even rather harsh conditions.
However, in extremely harsh conditions, such as a marine environment,
it is important to provide sufficient environmental protection, such as
barrier layers, to ensure the long-term reliability of applications.

Our results indicate that PPE is a sufficient substrate material for
large area printed electronics. In this study, we concluded that both the
materials and process parameters affect the final print quality, and thus,
also the conductor performance. Therefore, further research is needed
to optimize both the material parameters and fabrication process. Other
recommendations for future work include HF characterization for both
the test substrates and inks. In addition, protection methods against
environmental stress should be studied.
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ABSTRACT: In recent years, additive manufacturing of polydimethylsilox-

ane (PDMS) has gained interest for the development of soft electronics. To DR e v

build complex electrical devices, fabrication of multilayered structures is yridet Sier B

required. We propose here a straightforward digital printing fabrication J ' |

process of silicone rubber-based, multilayered electronics. An inkjet-printable ‘- = s = 7
PDM:

PDMS solution was developed for the digital patterning of elastomeric

structures. The silicone ink was used together with a highly conductive silver

nanoparticle (Ag NP) ink for the fabrication of all-inkjet-printed multilayered

electrical devices. The application of the multilayered circuit board was successful. The sheet resistances were below 0.3 /[, and
the conductive layer thickness was less than 1 ym. The electrical insulation between the conductive layers was done by printing a
20—25 pm-thick dielectric PDMS layer selectively on top of the bottommost conductive layer.

KEYWORDS: polydimethylsiloxane, elastomer, dielectric, inkjet printing, multilayer, printed electronics

H INTRODUCTION

Polydimethylsiloxane (PDMS) is a widely used silicone
elastomer because of its biocompatibility, low cost, and optical
transparency. Properties such as nontoxicity, chemical inert-
ness, and high elasticity make it suitable for both in vitro and in
vivo applications, including, for example, tissue mimicking,
electronic skin (e-skin) applications, and microfluidics.' ™

In order to fabricate 3D-shaped PDMS structures conven-
tionally by means of lithography or mold casting, several
process steps and tools, such as mask aligners, evaporation or
sputter deposition tools, and etching equipment, are required.
In addition, the fabrication process may require using
hazardous chemicals.”® To address the inconvenience of
these PDMS fabrication processes, several approaches of
additive manufacturing have been presented in recent years,
including 3D printing of PDMS using supportive baths and
gels,”® and curing with either heat or UV light.”™"" Additive
manufacturing enables more rapid prototyping and iteration
rounds at a low cost, and even complex shapes imitating
human hands or blood vessels can be fabricated.'’

Digital drop-on-demand (DOD) printing is a great example
of additive manufacturing techniques. These digital printing
techniques, such as inkjet printing, can be used both in
laboratory prototyping and on an industrial scale.'”"> The
main benefits of these techniques include low material
consumption and contactless printing. Sturgess et al. presented
an approach'® where PDMS was DOD inkjet-printed to
produce ziggurat-shaped 3D objects. They used the two
components of Sylgard 184 silicone as inks, and these
components were printed sequentially. Thus, the elastomer
was cross-linked in the process.

© 2020 American Chemical Society

~7 ACS Publications

In addition to the abovementioned benefits, the inkjet
printing technology is also compatible with large or irregularly
shaped substrate materials. Therefore, DOD printing is a
promising technology for the manufacturing of soft, large area,
flexible, and stretchable electronics. Examples of inkjet-printed,
wearable devices include tattoo-like devices,"” piezoelectric
devices,"”'” and other skin-conformable systems.'*'” To apply
the inkjet printing of PDMS in electronic fabrication, McCoul
3D inkjet-printed commercial silicone elastomer foils were
used for dielectric elastomer actuators.”” In the approach of
Peng et al, an inkjet printable PDMS was used to make
microlens arrays for pressure sensors.”’ In order to fabricate
printed functional systems from passive components to the
final devices, deposition of more than one material is
required.”>">” Mamidanna et al.*® fabricated a PDMS-based
microfluidic mixer by inkjet printing, including the fluid
channels and sensing electrodes.

This work presents a straightforward fabrication strategy for
multilayered, all-inkjet-printed soft electrical systems in an
elastomeric matrix. In contrast to the previous approaches,m'zu
we printed the whole functional structure, including the
conductive material and the dielectric material, with a single
material printer. The key component of this approach is our
PDMS (Sylgard 184) ink, which is used as a dielectric between
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the conductive tracks. The work herein includes the character-
ization of silicone ink properties, such as viscosity and surface
tension measurements, and printing trials for optimization of
jetting stability and patterning of the dielectric ink. The ink was
tuned to be compatible with the Fujifilm Dimatix DMP inkjet
printers, which are widely used to print patterns for printed
electronic applications.” ™

Printing of our PDMS ink was allowed at 30 °C temperature
for at least 2 days with one cartridge, when stored in a
refrigerator overnight, even though the polymer was mixed in
advance. This is a significant improvement to the previous
work, where the ink with a premixed PDMS component was
reported to remain printable for only 2 h.** Even though the
reactive printing strategy, where the two PDMS components
are printed separately and mixed in situ, would allow an even
longer shelf-life for the inks, using more than one ink cartridge
to print one material will add steps to the fabrication process
and make it both slower and less convenient.

Together with a highly conductive Ag NP ink, the optimized
dielectric ink was used to print conductive lattice structures as
a demonstration of an all-inkjet-printed, multilayered system.
The results indicate that the printing of the elastomeric
dielectric layers enables the additive and digital manufacturing
of complex electrical devices. This is a great benefit in
comparison to the processes, which are based on a PDMS
casting process, where the fabrication of multilayered
electronics will require using stencils, via structures and
punching tools.”*** With sufficient patterning geometry and
material selection, this process is easily applicable to the
manufacturing of soft, biocompatible, and skin-conformable
electrical devices entirely by inkjet printing, with only a few
process steps.

B RESULTS AND DISCUSSION

Herein, two ink solvents were used. Isobutyl acetate (IBA) was
selected as a less hazardous substitute for toluene used by
Mamidanna et al’® Peng et al.”' used n-butyl acetate
successfully with a 50 ym nozzle diameter in a Microfab jetlab
Il-printer. Here, the performance of the solvent was studied
using a Dimatix DMP 2800-printer with a 21 um nozzle
diameter. Octyl acetate (OA) was selected as a slower-
evaporating, nonhazardous alternative. It has been previously
found to be a promising PDMS solvent by Sturgess et al.'* The
mixed Sylgard 184 (1:10) was diluted in both OA and IBA.
The objective was to produce a well-working ink for the DMP-
2800 inkjet printer, and therefore, the target viscosity was set
to 10—20 mPa-s and the target surface tension to 20—35 mN/
m.
First, the viscosities of different silicone inks were measured
as a function of the shear rate from 1 to 1000 1/s (Figure la)
to estimate inks’ jettability at the printing frequency. The shear
rate of the liquid in the nozzle is dependent on the
piezoelectric actuator’s motion and may reach values up to
40 kHz.** Therefore, the ink viscosity’s response to higher
shear rates is crucial to understand, when the ink jettability is
estimated. Ink viscosities were also measured as a function of
increasing temperature from 25 to 70 °C (Figure 1b). Even
though the cartridge temperature is set to a low value,
information on the viscosity at elevated temperatures is
beneficial. When the height distance between the nozzles
and the substrate is only 0.8 mm, heating of the substrate (60
°C) will also elevate the cartridge temperature (approx. S °C)

PDMS-OAT
PDMS-OA-IBA 1:1:1
20 PDMS-BA 1:2
PDMS-OA 1:3
PDMS-OA 1:4

Viscosity (mPa-s)
3
Viscosity (mPa's) &
&

o Too 1600 2 30 40 5 60 70

Shear rate (1/s) Temperature (°C)

Surface tension (mN/m)

Figure 1. Summary of the fluid characteristics of all the ink solutions;
the data labels are the same for both (a,b). (a) Measured viscosities of
different ink compositions as a function of the shear rate (1—1000 1/
s). One measurement per ink is given. (b) Measured viscosities as a
function of the temperature (25—70 °C). One measurement per ink is
given. (c) Measured surface tensions (15 measurements, confidence
interval CI 95% for the mean).

during printing because there is no cooling element in the
cartridge.

All viscosities remained rather stable during the shear rate
tests, indicating Newtonian behavior. Some differences were
observed in the temperature tests: the viscosities of all inks
decrease with increasing temperature; a deeper slope is
observed with the OA-diluted inks, whereas the IBA solvent
leads to a moderate decrease in the viscosity. Additionally, a
moderation of the slope can be observed at the higher end of
the temperature range (50—70 °C), and even an increment of
the viscosity is observed. The significant viscosity slope
moderation of the IBA-containing solutions and their clear
viscosity increment at higher temperatures are suspected to be
an outcome of the accelerated solvent evaporation of this
relatively volatile solvent (vapor pressure 20 hPa at 20 °C and
low boiling point 120 °C), resulting in a higher PDMS
concentration, when the solution is heated. With lower
polymer concentrations (20—25% by weight), the moderation
of the viscosity slope is less significant at elevated temperatures
or is not observed at all.

In addition to the viscosity measurements, the surface
tensions of the ink solutions were measured (Figure 1c). We
observed that only the surface tensions of the OA-based inks
were in the theoretical printable range (y > 20 mN/m) and
that the ink surface tension increased with higher OA-content.

The results of viscosity and surface tension measurements
were clearly observed in the ink-jetting trials: Either of the
IBA-containing inks could not be jetted successfully, which is
most likely due to both the inadequate surface tension and the
relatively high evaporation rate of the solvent, in comparison to
the OA-diluted solutions. Droplets could be jetted for a short
time, but the nozzles were clogging too quickly, preventing a
reliable and reproducible jetting. Interestingly, the Z-numbers,
which are commonly used to evaluate the printability of the
inkjet inks,”%” were all in the range of 1 < Z < 3 for our inks
(Table S1).

However, it has been argued in the literature that there are
many other parameters affecting the final jetting behavior and

https://dx.doi.org/10.1021/acsami.9b19632
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printability, especially in the case of polymer inks. These
parameters include, for example, the solvent vapor pressure,
the molecular weight, and the concentration of the
polymer.’w_40 Nevertheless, Peng et al. used n-butyl acetate
successfully to dilute PDMS for inkjet printing in a 1:3 ratio
(PDMS to solvent).”’ To investigate IBA jetting further, we
prepared a 1:3 PDMS—IBA solution for jetting trials. The
droplet firing was better than that with the 1:2 solution, but the
nozzles still clogged very quickly. Only a frequent cleaning
cycle could keep the nozzles firing, but even then, the droplets
were heavily misdirected. Therefore, this ink was declared to
be not stable enough for printing. A 1:4 solution was not
prepared because the measurement results (Figure la—c)
indicate that the viscosity will decrease far below 10 mPa-s, and
the surface tension of the ink will not increase significantly with
a higher solvent concentration, meaning no improvement in
the ink’s properties. The main difference between our
approach and that of Peng et al. is the ink volume in the
printhead: our nozzle diameter is only 21 um, whereas their
nozzle diameter was 50 ym.”" Therefore, the ink volume in our
printhead is significantly smaller, and the ink is likely to be
more sensitive to the effects of surface tension, viscosity, or
solvent vapor pressure.

The jetting of the octyl acetate-based inks was found to be
sufficient for further trials. However, because the two
components of Sylgard 184 were mixed in advance to the
printing, it was necessary to keep the cartridge temperature as
low as possible, thus hindering the cross-linking of the PDMS
component. The 1:2 PDMS—OA solution required heating the
cartridge to temperatures above 35 °C, and therefore it was
discarded before further experiments. Both the 1:3 and 1:4
PDMS—OA solutions could be printed without heating the
cartridge above 30 °C. To maximize the PDMS-content of the
ink, we chose to use the 1:3 PDMS—OA solution instead of
the 1:4 PDMS—OA solution. This solution remained printable
for at least 2 days without the need to modify the cartridge
settings, when the ink cartridge was stored in the refrigerator
overnight.

The contact angles of the 1:3 PDMS—OA solution were
measured on the spin-coated PDMS and on the printed silver
surface to estimate its printability as a dielectric layer. The ink
contact angles were 46 + 1 and <15° respectively. In the
printing trials, it was observed that the droplet size on the
substrate, which is equal to one pixel of a raster image, was
approximately 45 pym, and that the well-defined, continuous
lines could be printed on the PDMS substrate using a drop
spacing (DS) of 20 um. In Figure 2a, the measured line widths
are presented for 2-pixel (2px), 4-pixel (4px), and 6-pixel (6px)
lines from top to bottom, respectively.

The Raman data on the prints against the spectra of the cast
reference PDMS and octyl acetate are shown in Figure 2b. In
both the printed and cast reference PDMS spectra, strong
characteristic peaks can be seen at 2904 and 2965 cm™’,
indicating CHj stretching.*' Other strong PDMS peaks can be
seen at 1410 and 1264 cm™’, indicating asymmetric and
symmetric CH; bending.*' A PDMS peak at 862 cm™'
corresponds to symmetric CHj rocking, whereas a peak at
786 cm™" indicates asymmetric CHj rocking and asymmetric
Si—C stretching. Another characteristic peak of PDMS can be
found at 710 cm™', corresponding to Si—C symmetric
stretching. Finally, a peak at 490 cm™" indicates the symmetric
stretching of Si—O—Si. These peaks are visible in the spectra of
both the ink-jetted PDMS and the reference PDMS. The
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Figure 2. Properties of the printed PDMS. (a) Lines (width: 2 pixels
(px), 4 pixels (px), and 6 pixels (px)) on a PDMS substrate, DS 20
pum. (b) Raman spectra of the printed sample (8 layers, DS 20 ym,
120 °C/20 min) against the cast reference PDMS and octyl acetate.
(c) Thickness as a function of the pattern width, one to eight layer
square patterns printed on the spin-coated PDMS. (d) Left: dielectric
ink depinning from the silver surface, direct printing, right: dielectric
ink covering the bottom trace, an improved printing strategy.

strong peaks in the octyl acetate spectrum can be found at
2859—2941 cm™', where a wide peak is shown. Additional
peaks are at 637, 660, 1129, 1307, and 1743 cm™. Even
though the background signal adds some noise to the spectrum
of the thin printed PDMS sample, none of these octyl acetate’s
characteristic peaks are clearly visible. Therefore, it can be
concluded that the final printed and cured PDMS is free of
solvent residues and resembles the cast PDMS. Thus, similar
curing conditions as in the traditional casting process can be
used.

Printing with the 1:3 PDMS—OA solution led to an
approximately 5 um dry layer thickness, and printing with
eight passes led to a 25 um thickness, when printed on the
PDMS substrate (Figure 2c). Ink spreading is well controlled
on a hydrophobic PDMS substrate, and when small enough
volumes of ink are added on top of the existing layers (Figure
2¢: 1 layer and 2 layers), the pattern will not spread and the
thickness can be built effectively. When the volume of the wet
ink is high enough, the pattern will spread and only a moderate
increment in thickness is observed, as shown in Figure 2c with
four layers. When more layers are printed, the thickness is
again built effectively, but the pattern does not spread
significantly (Figure 2c, six layers and eight layers).

On the other hand, printing the PDMS ink on silver was
prevented as such due to ink depinning and uncontrolled
coalescence (Figure 2d). To control the ink coalescence on the
silver surface, the PDMS ink was first printed next to the silver
track to form borderlines and to act as contact points. After
drying the ink, we filled the enclosed silver surface with the
PDMS ink (Figure 2e). Printing five to eight layers of the
PDMS resulted in uniform lines, insulating the underlying
silver. To ensure the best possible electrical insulation between
the conductive tracks, eight-layer PDMS prints were used in
further printing trials.

To demonstrate the functionality of the developed PDMS
ink, we fabricated a silicone elastomer-based two-layered
conductive lattice structure with an electrically insulating
PDMS layer. The hydrophobicity of the PDMS surface
prevented printing of the Ag NP ink on top of the native
PDMS substrate as such. As reported in the literature, it is

https://dx.doi.org/10.1021/acsami.9b19632
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necessary to treat the hydrophobic PDMS surface at least with
plasma or UV-ozone before coatings can be applied.””™** We
chose nitrogen plasma for the pretreatment for conductive
track printing. Previously, it has been found to enable slower
hydrophobic recovery of the treated PDMS in comparison to
the oxygen plasma treatment.**"” Here, the nitrogen plasma
treatment also provided better wetting of the Ag NP ink on the
PDMS substrate in comparison to the oxygen plasma. Because
the printed PDMS’s hydrophobicity was observed to be similar
to that of the cast PDMS, an additional plasma treatment was
applied to the structure after printing the dielectric layer.

In addition to the ink-wetting challenges, the interface
behavior between the PDMS layers and the silver tracks at
elevated temperatures proved to be another challenge. The
silver tracks tended to wrinkle and crack (Figure 3a—c). This

layer12)

A ke

m“-[_ayer 1(3)

A

Figure 3. (a) Wrinkling of the bottommost silver track after curing
[Layerl (1)]. (b) Cracking of the wrinkled area after the dielectric
printing and curing [Layer 1(2)]. (c) Crack propagation of the
previous area after the topmost silver track printing and curing [Layer
1(3)]. (d) Ink flooding into the intersection of the conductive tracks,
one printing pass. (e) Well-defined intersection of the conductive
tracks, improved patterning strategy. Scale bar 200 ym.

behavior is most likely caused by the mismatch of the material
coefficients of thermal expansion (CTE) and the Ag NP
densification upon curing."*™>" Another challenge was the
flooding of the Ag NP ink at the intersection of the silver
tracks, when the topmost track was printed in one pass (Figure
3d).

The optimized curing conditions for the Ag NP ink (120
°C/30 min) together with an improved printing strategy
enabled the fabrication of pristine conductive lines (Figure 3e).
We used here a similar patterning strategy as with the PDMS
layer: first, we printed the outlines of the conductive tracks, let
the print dry and settle, and followed it with pattern filling.
This strategy also enabled the printing of well-defined tracks
on top of the 3D surface formed by the insulated silver track
(Figure 3e).

Once both the surface treatment parameters and printing
strategy were optimized, we fabricated the final multilayered
lattice structures (Figure 4a,b). The cross-sectional images of
the topmost trace (Figure 4d), the intersection of the
conductive tracks (Figure 4e—g), and the encapsulated
bottommost trace (Figure 4h) show that the thickness of the
printed dielectric on the silver surface is approximately 20—25
pm in the middle of the dielectric layer. The cross-sectional
images revealed that the thickness of the dielectric was the
highest in the center of the line, and was found to decrease
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Figure 4. (a) Schematics of the fabrication process. (b) Photograph
of the fabricated multilayered structure. (c) Microscopy image of a
track intersection. Scale bar 200 ym. (d) Cross-sectional image of the
topmost silver layer. (e) Cross-sectional image of the track
intersection. (f) Cross-sectional image of the topmost silver layer at
the intersection. (g) Cross-sectional image of the bottommost silver
layer at the intersection. (h) Cross-sectional image of the bottommost
silver layer. (i) Measured sheet resistances of the bottommost silver
tracks after silver ink curing [Layer 1(1)], after dielectric curing
[Layer 1(2)], and after topmost silver ink curing [Layer 1(3)] and the
sheet resistances of the topmost silver tracks after curing [Layer 2(3)].
24 measurements, confidence interval for the mean is 95 %.

toward the side, where the dielectric thickness was only
approximately 10 um, leading to a dome-like profile. The
thickness of the conductive tracks was 500 nm™ um at the
bottom conductor layer (Figure 4e—h) and 100—S00 nm at
the top conductor layer (Figure 4d—f). A partial delamination
of the bottom silver layer from the substrate was observed in
some cross-sectional images (Figure 4g/h). This is suspected to
be a combination of the stresses from the cross-section sample
fabricated by focused ion beam (FIB) and adhesion issues of
the Ag NP—PDMS interface, making it more vulnerable to the
stresses caused by the FIB process.

On the other hand, the printed PDMS layer seems to adhere
better to the porous Ag NP structure above (Figure 4gh). This
finding is in line with previous literature reports, which suggest
that casting the liquid PDMS over conductive Ag structures
(NPs, flakes, nanowires, etc.) with a consequent curing step
can provide better adherence of the metal layer to the
elastomer in comparison to the metal coating of the hard-cured
PDMS, 34355254

In the resistance measurements, the inevitable degrading
effect of the CTE mismatch during the repeated heat-curing
steps was observed (Figure 4i). We observed that the
annealing of the conductive tracks continues when the
dielectric is thermally cured; whereas the sheet resistances of
the tracks still continued to decrease. Additionally, the cracking
of the tracks starts to affect the measured resistances in a few
samples. After the printing and curing of the topmost silver
tracks, the resistance increment of the bottommost tracks is
more significant due to the crack propagation.

Despite the structural degradation, over 80% of the tracks
were still conductive after curing the topmost silver tracks, and

https://dx.doi.org/10.1021/acsami.9b19632
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the mean sheet resistance was only 8% higher than the initial
value. Out of the 96 measured track intersections, only five
short circuits were detected in total. This result confirms the
effective electrical insulation ability of the dielectric PDMS ink
1ayer.

The resistances of the topmost silver tracks (Layer 2) tend
to be slightly higher, which is most likely due to the thinning of
the topmost track in the intersections. As shown in the cross-
sectional scanning electron microscopy (SEM) images, the
thickness of the topmost track was only 100—400 nm at the
intersections (Figure 4f), which not only increases the
resistance but also makes it vulnerable to the mechanical
stresses. Nevertheless, most measured sheet resistance values
were still under 0.3 Q/[].

Further studies of metal cracking mechanisms would be
beneficial because track cracking was observed after the
repeated curing steps, even though it was decreased
significantly through optimization of both the plasma
parameters and ink curing conditions. When the metal NP-
based systems are heated, the conductive particles form a
dense, sintered structure, enabling very high conductivity at
relatively low temperatures, in comparison to a bulk metal. The
disadvantage of the sintered nanoscale features is that they are
more vulnerable to the thermal and mechanical stresses in
comparison to, for example, flake inks, where the particle size is
on a macroscale.”® To improve the stability of our ink-jetted
system under stresses, the substrate could be stretched in
advance to the grinting steps™® or the pattern geometry could
be adjusted.””” A primer layer between the elastomeric
substrate and the conductive tracks could enable the
deposition of crack-free metal films on PDMS, as shown
recently by Ryspayeva et al.**

When aiming for stretchable electronics used in, for example,
e-skin applications, the conductive interconnects should also
be stretchable. Even though the metal tracks in our work are
not stretchable as such, several, directly applicable strategies for
improved conductor elon&ation have been presented before. In
the work of Xiang et al,”” it was shown that the optimization
of the adhesion strength of the metal film to the PDMS can
improve the stretchability of the devices up to 30%.
Additionally, it has been reported in the literature that by
simply changing the pattern geometry from a straight line to a
horse shoe-like meander line, the stretchability of the inkjet-
printed nanoparticle features will increase further by 10%.%
Recently, Abu-Khalaf et al.*> showed that inkjet-printed
meander lines on PDMS are able to withstand 19% strain,
even when a radial stretching load is used. To improve the
stretching of the interconnects even further, inkjet printable
silver nanowires could be used instead of spherical nano-
particles.” Inkjet printing of silver nanowires has been shown
to be possible with the Dimatix printers.®’

Because all of these strategies demonstrate either pattern
geometries or materials for inkjet-printed electronics, they are
directly applicable to our approach, highlighting the applic-
ability of the proposed multilayered fabrication process. Other
compatible functional materials include, but are not limited to,
inkjettable graphene, poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate), and polyvinylidene fluoride—trifluoroethy-
lene.*”®® These materials can be used to replace metallic
conductors or to add sensing functions. Printed PDMS itself
has shown interesting performance as a dielectric in, for
example, actuators and pressure sensors.”””' Therefore, the

proposed multilayer process holds a great promise to the future
printed electronics applications.

W CONCLUSIONS

Herein, an approach for all-inkjet-printed PDMS—based
electrical multilayered structures was proposed. Optimization
of the solvent type and concentration was shown to have a
significant effect on the PDMS printability and the shelf-life of
the ink. Herein, the ink cartridge remained functional for at
least 2 days, even though the silicone elastomer was mixed in
advance with the cartridge filling.

The outcome was an inkjet-printable PDMS solution, which
is compatible with the widely used commercial printers. Thus,
a single material printer can be used to print all the functional
material layers of a soft multilayered electrical system,
including both the elastomeric dielectric and other functional
material layers, here, the highly conductive Ag NP tracks.

We have shown that not only the fabrication of elastomer-
based devices by printing is possible, but also it outstandingly
simplifies the fabrication process of multilayered devices, in
contrast to the conventional lithography and mold-casting
processes used for PDMS patterning, which often require
additional equipment, such as punching tools or stencils.
Furthermore, the digital nature of inkjet printing enables the
fabrication of elastic interconnects simply by modifying the
patterning geometries. Therefore, this approach has great
potential for any biocompatible or skin-conformable applica-
tion, where selective additive patterning of silicones is
desirable.

B EXPERIMENTAL METHODS

Silicone Ink Preparation. Sylgard 184 (Dow Corning) was used
here both as the substrate and the dielectric material. The PDMS base
and the curing agent were mixed in a 10:1 ratio (base to catalyst) in
all experiments. The ink solvents were IBA (98%) and octyl acetate
(OA, >99%) (Sigma-Aldrich). The PDMS was diluted in the solvents
at various weight ratios, and the solutions were stirred for 15 min at
1500 rpm before injecting them into the ink cartridges.

Silicone Ink Characterization. The viscosities of the ink
components were studied using a rotational rheometer (MCR301,
Anton Paar). A concentric cylinder geometry, which is suitable for
low-viscosity fluids, was chosen for the measurements. The viscosity
of the ink components as a function of shear rate was measured at a
constant temperature of 25 °C by increasing the shear rate in
logarithmic steps (6 steps/decade) from 1 to 1000 1/s. The effect of
the temperature on the viscosity was studied by temperature sweep
measurements, where the shear rate was a constant 10 1/s, and the
temperature was increased linearly from 25 to 70 °C at a rate of 1 °C/
min.

The surface tensions of the ink components were measured by the
pendant drop method (Drop Shape Analyzer DSA100, Kriiss GmbH).
First, ultrapure water was used as a reference substance for all
measurements. Surface tensions were measured using the software’s
Young—Laplace equation for the extracted droplet profile. Measure-
ments were repeated for all the prepared inks.

The composition of the printed and cured elastomer inks was
determined using a confocal Raman microscope (532 nm, inVia
Qontor, Renishaw). An optical interferometer (Wyko NT1100,
Veeco) was used to measure the thickness of the printed silicone
ink, when printed on the spin-coated PDMS substrate (Sylgard 184).
A thin carbon coating was sputtered onto the surface (JEOL-530,
JEOL) to improve the imaging of the otherwise transparent samples.

Device Fabrication. Glass slides were cleaned by ultrasonication
in a deionized water bath for 15 min, followed by an acetone bath for
15 min at 50 °C. Then, the samples were placed in a 2-propanol bath
for 10 min. Finally, the slides were rinsed with deionized water, dried
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with compressed air, and exposed to UV light for 15 min. We then
spin-coated the samples (2000 rpm, 60 s) with a 1% (by weight)
polytetrafluoroethylene (PTFE) solution in Fluorinert FC-40 (Sigma-
Aldrich) and cured the samples at 150 °C for 10 min. Teflon coating
was used to enable peeling of the PDMS samples from the glass
carrier after the fabrication process was completed.

To fabricate the PDMS substrates, we first spin-coated an
approximately 20 um-thick PDMS layer on a PTFE-coated glass
slide (60 s, 1600 rpm) and cured it at 120 °C for 25 min. After that,
the substrate was surface-treated with nitrogen plasma (exposure
power 100 W, duration 1 min, pressure 0.6 mbar, and gas flow 700
sccm) in a plasma chamber (Diener Atto, Diener electronic GmbH).

We then inkjet-printed the first conductive pattern with an Ag NP
ink (Silverjet DGP-10LT-15C, Advanced Nano Products) on the
substrate directly after the surface pretreament with a commercial
inkjet printer (Dimatix DMP-2800, Fujifilm). The printer platen
temperature was kept at 60 °C to let the inks dry and settle before
curing in the oven. This two-layer print was then annealed at 120 °C
for 30 min, followed by the printing of the PDMS ink on the PDMS
substrate and on top of the conductive tracks, sealing the conductors.
Up to eight layers of the dielectric ink were printed directly on the
underlying surfaces, without any additional surface treatments. The
printer platen temperature was again kept at 60 °C to prevent
excessive spreading of the wet ink. When all layers had been printed,
we used a hot plate to cure the elastomer ink at 120 °C for 20 min,
allowing the solvent to evaporate properly and to cross-link the
PDMS.

After the dielectric printing, our device was again treated with the
nitrogen plasma. To prevent the plasma exposure of the nonsealed
measurement pads at both ends of the cured conductive tracks, a
polyethylene terephthalate (PET) foil was used as a temporary
protective mask during the surface treatment.

Then, we printed an additional set of Ag tracks on top of the
PDMS layer. The topmost tracks were printed perpendicular to the
first silver layer, thus making the PDMS an electrically insulating layer
of the multilayered lattice structure. After that, the whole system was
again cured at 120 °C for 30 min to anneal the topmost Ag NPs.

Device Characterization. An optical microscope was used to
measure the line widths of the printed PDMS and the silver tracks and
to detect the possible cracks. The resistances of the conductive tracks
were measured using a 4-wire sensing mode of a source measure unit
(Keithley 2425). The sheet resistance of each track was then
calculated by dividing the total resistance by the ratio of track length
(36 mm) to track width (0.5 mm). These resistance measurements
were repeated after printing and curing of (1) the bottommost silver
tracks, (2) the dielectric PDMS ink, and (3) the topmost silver tracks.
A high-resolution scanning electron microscope with a FIB (Cross-
beam 540, Zeiss) was used for the cross-sectional imaging of the
devices.
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Abstract— In this paper, we report our recent work with an
inkjettable polydimethylsiloxane (PDMS) solution, which is
intended for multilayer printing of soft electronics. Here, we
present optimized printing parameters for the PDMS ink, and
the surface treatment modification methods of PDMS for
conductive track printing are discussed in further detail. In this
paper, processing parameters are described for successful
multilayer printing of soft electronics, such as sensors.
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I. INTRODUCTION

PDMS is known as an inexpensive, optically transparent
and biocompatible soft elastomer. For these reasons, it is
widely used in applications like tissue mimicking, electronic
skin (e-skin) and microfluidics [1-3]. Unfortunately, the
traditional manufacturing methods (lithography, mold
casting) make PDMS fabrication both time-consuming and
inconvenient.  Therefore, approaches for  additive
manufacturing of PDMS have been presented in the recent
years [4-6].

An example of additive manufacturing methods is inkjet
printing. This digital technique is already utilized in the
printed electronics fabrication, where it can be used to build
soft, large area flexible and stretchable electronics, such as
piezoelectric devices, and skin-conformable systems [7,8].
Combining inkjet printing of soft materials with other jettable
materials would simplify building of these complex devices,
when less process steps are required.

Earlier, we presented an approach for multilayer printing
of PDMS based soft electronics [9]. This paper reports our
recent work with the printed PDMS. In addition to PDMS
jetting parameters, alternative surface modification methods
of PDMS for silver printing were studied.

II. MATERIALS & METHODS

A. inkjettable PDMS

Here, a two-component PDMS (Sylgard 184, Dow) was
used in a 1:10 ratio (catalyst to base). To create a jettable
solution, it was mixed in a 1:3 ratio with octyl acetate. The
details of the solvent selection have been discussed in [9]. The
solution was stirred for 15 min at 1500 rpm before injecting it
to an ink cartridge. A Dimatix DMP 2800 inkjet printer was
used to print the PDMS ink solution, using 10 pl-volume
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liquid crystal polymer (LCP) cartridges. The ink was cured at
120 °C temperature for 25 min.

B. PDMS surface treatments

Spin coated (1600 rpm, 60 s), 20 um thick Sylgard 184
(1:10 ratio) layers were used as substrates for silver printing.
The PDMS surface was treated before silver printing with
several surface modification methods: First, with a flame-
pyrolytic surface silicating method (NanoFlame, Polytec PT
GmbH), where a thin silicon oxide layer is formed on the
substrate surface. The precursor particles are separated
thermally, dividing the tool’s flame to a reducing inner part,
and an oxidizing outer part.

Another method was a chemical modification with a (3-
mercaptopropyl)trimethoxysilane (MPTMS) solution that was
spin coated on a plasma treated PDMS surface (1600 rpm, 2
min) and baked for 30 min at 120 °C. These methods were
compared to the nitrogen plasma modification (Diener Atto,
Diener Electronic GmbH) reported in [9].

C. Conductor printing

An inkjettable silver nanoparticle (Ag np) ink (Silverjet
DGP-40LT-15C, Advanced Nano Products Co., Ltd.) was
used to print the conductive tracks with the Dimatix printer.
A 10 pl standard DMP cartridge was used. The cartridge
temperature was 40 °C, and the substrate temperature was
kept at 60 °C. After printing, all samples were cured at 120
°C for 30 minutes.

III. RESULTS

A. PDMS printing

As discussed already in [9], it is necessary to minimize
the temperature during PDMS printing. Lower temperature
will help to prevent elastomer crosslinking and thus, to
increase the cartridge’s shelf life. Here, we studied the printing
parameters further.

It was concluded that a waveform, where a strong and long
firing pulse is used, improved ink jetting significantly from the
previous results. This waveform shape is typical for high
viscosity inks, and it was clearly enhancing the jetting
stability, when the cartridge was used on several days in a row,
in comparison to other waveforms. The nozzles could be kept
firing by simply elevating the cartridge temperature by a few
degrees at the time. Thus, small temperature increments allow
printing for several days, if the cartridge is stored in a
refrigerator overnight. summary of the printing parameters for
the PDMS ink is given in Table I.



Test substrates with each surface treatment were prepared
for Ag np inkjet printing. A summary of the optimized
treatment parameters is given in Table II. The alternative
treatments were studied and compared to the nitrogen plasma,
as it has been reported that the plasma treatment may not
provide a permanent surface modification of PDMS, causing
it to recover its native hydrophobicity over time, even though
differences between plasma gases have been reported [10].

TABLE L PDMS PRINTING PARAMETERS
Parameter Value
Substrate temperature 60 °C
Cartridge temperature 30 °C (elevated over time)
Max. jetting frequency 2.0 kHz
Jetting pulse duration 69.76 ps
Firing voltage 24V
Firing pulse level 100 %
Slew rate 0.54 (Rising and falling edge)
Non-jetting time 89.024 ps

TABLE IL. SURFACE TREATMENT SPECIFICATIONS

Method Specifications

Exposure power: 100 W, time: 1 min,
chamber pressure 0.6 mbar, gas flow 700
scem [1]

A 6 % solution in ethanol, spin coat for 2

Nitrogen plasma

MPTMS min at 1600 rpm on plasma treated
PDMS, bake for 30 min at 120 °C

Pyrolytic Treat substrate with a steady back-and-

coating forth movement for 4 times

B. Surface treatments and Ag np printing

Once the substrates had been prepared, the printing trials
were started by drop matrix printing, to determine the suitable
drop spacing for each ink-substrate combination. When the
drop spacings were calculated from the droplet diameters, we
tried line printing on each substrate. Smooth, well-defined
lines could be printed on the nitrogen plasma-treated substrate
(Fig 1b), whereas the line prints on both PDMS with pyrolytic
coating, and MPTMS-coated PDMS had rougher edges (Fig.
1d & Fig. 1f).

The MPTMS-coated PDMS was observed to be rough,
and it seems that the substrate’s surface roughness affects the
print quality on this substrate. Kirikova et al found in [11] that
this treatment type is well suited as an ink primer for improved
wetting and adhesion of screen printed silver patterns on
PDMS. Since the inkjet printed lines tend to be an order of
magnitude thinner than the screen printed lines, it is likely that
the Ag np ink is more sensitive to the variations in the surface
roughness.

In addition to the wetting experiments, we did a simple
peeling test of the printed lines with each ink-substrate
combination using a scotch tape. Some ink was removed from
the nitrogen plasma- and MPTMS-treated samples, but the
samples with the pyrolytic coating could withstand these
peeling tests outstandingly (Fig. 2).

Fig. 1. a) A drop matrix on plasma treated PDMS, b) a line on plasma
treated PDMS, ¢) A drop matrix on PDMS with pyrolytic coating, d) a
line on PDMS with pyrolytic coating, d) a drop matrix on MPTMS-
coated PDMS, d) A line on MPTMS-coated PDMS. Scale bar: 50 um.

Fig. 2. Peeling test results of Ag np ink on a) plasma treated PDMS, b)
PDMS with pyrolytic coating, c) MPTMS-coated PDMS.

Based on the results of line printing trials and peeling tests,
the pyrolytic coating was selected for the multilayer printing
experiments. The process flow for the multilayer printing is
illustrated in Fig. 3. First, the PDMS substrate is modified with
the chosen surface treatment method. Secondly, a layer of
conductive tracks is printed with the Ag np ink, followed by
the elastomeric dielectric printing. After that, the PDMS
surface is modified again, including the printed elastomer.
Then, the second layer of conductive tracks is printed. Each
layer is cured after printing.

In comparison to the previously used, nitrogen plasma-
based process, a pyrolytic coating process is both faster and
simpler, since only a handheld tool and gas refill are required.
On the other hand, since this treatment is more dependent on
the user, it is harder to achieve a repeatable surface
modification process. For example, the distance of the flame
to the sample may vary between samples, and the treatment
time is hard to control with the manual back-and-forth
movement.



However, we managed to fabricate similar 2-layer
structures as before in [9] with the nitrogen plasma, as
illustrated in Fig. 4. Furthermore, we observed that despite the
challenges with the pyrolytic coating stability, less cracks and
wrinkling of the conductive tracks were observed than before,
when the treatment was successful (Fig. 4). This is assumed to
be due to the silicon oxide layer that is formed on the PDMS
surface, protecting the underlying elastomer from the
chemical exposure and making it more stable during the
thermal curing phase.

F’ 120 °C/30 min
N —— s

o

‘ 120 °C/

25 min

R

Fig. 3. Process flow of PDMS based multilayer printing.

Fig. 4. A multilayer print on PDMS with pyrolytic coating, including
two layers of conductive tracks, and a printed PDMS layer as a
dielectric between them. Scale bar: 200 pm.
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Fig. 5. The measured sheet resistances of the nitrogen plasma samples
and the samples with pyrolytic coating (NanoFlame). 16 measurements,
confidence interval for the mean is 95 %. The nitrogen plasma results
are adapted from [9].

To compare the electrical properties of the samples with the
previous results from [9], the sheet resistances of the samples
were measured. The results are illustrated in Fig. 5. The
measured sheet resistances of the samples with the pyrolytic
coating were approximately 40 % higher than the previous
results. Still, the sheet resistances are well below 0.5 Q/o.

IV. CONCLUSIONS

In this paper, we reported our recent work towards all
inkjet printed, PDMS based soft electronics. Here, PDMS
jetting parameters were discussed, and alternative surface
treatments for plasma were studied. The results show that a
silicon oxide layer, which can be formed on the PDMS surface
by a straightforward and fast, flame pyrolytic silicating
method, improves the adhesion of the conductive inks
significantly in comparison to the previously used plasma
treatment.

Our process is designed for the widely used Dimatix
material printers, and thus, the results are readily applicable.
Therefore, these findings could be used in electronics
manufacturing to build, for example, soft sensors and other
complex devices, where multilayer printing of more than one
material is required, in order to achieve the desired
functionalities.
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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~"') at low

Mesh electrode

< y

Microstructured dielectric

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

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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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

Load cell

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.

Fig. 2.
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Fig. 3. Sheetresistances 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.

1. 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 = R7 (D

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—Co
C=—1—, 2
C (2
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
S=—, 3
AP @
where P is the applied pressure.

Il. 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 um).

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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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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