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ARTICLE INFO ABSTRACT

Keywords: Most formulations of metal inks comprise of a suspension of nanoparticles however, these suffer when printed by
Inkjet the formation of unwanted agglomeration. The exploration and optimisation of particle-free silver-complex ink is

Silver causing a strong demand for inkjet printing of these formulations over nanoparticle-based suspension inks. This is
Particle free . . . . . L . . .
Conducti due to the enhanced printability and rapid conversion via thermal reduction into a conductive material, which
onductive oy . . . N . . .
Fabric can be utilised in electronics manufacture. We developed a silver-complex ink for ‘smart-clothing’ through inkjet
Polyester printing. The high-quality printing - characterised by no satellite droplet formation and fast speed - is demon-

Ink strated upon polyester fabric by the formation of electrical circuitry using a thermal reduction process. Fabric
printing is limited by good metal coverage and adhesion, which we demonstrate and improve on in the work by
the application of a low temperature, atmospheric air plasma pre-treatment to the polyester surface, which
improves printed silver density and coverage using a plasma device which is easy to operate and economic.
Printed silver layer reduction and film crystallinity is characterised from high resolution scanning electron mi-
croscopy, and spectroscopy (Ultraviolet-visible and Raman) detailing growth mechanisms for high track feature
conductivity, producing a low sheet resistivity of 1.378 + 0.001 Q/[] and by the lighting of a 1.9 V, 250 mA Light
Emitting Device, highlighting its application for conductive features processing.

1. Introduction and vacuum deposition [7] show disadvantages such as high cost of
equipment, multistage processing requirements and a large degree of
environmental waste. Alternative, economical printing techniques

include screen printing, roll-to-roll printing, gravure printing, flexo-

Within the last decade considerable developments have occurred in
the fabrication of wearable electronics. This includes electromechanical

devices such as sensors for activity monitoring, memory devices,
portable displays and self-powered devices [1]. Polyester or poly-
ethylene terephthalate (PET) is an economic, versatile fabric applied
extensively in clothing. Its properties enable chemical treatment of
metal ions into its surface, to produce high strength conductive elec-
tronic features [2]. PET has high melting/glass transition (dependent on
it having semicrystalline or amorphous structures, respectively) and
combustion temperatures relative to nylon or polycarbonate, indicating
that it is a good material of choice to survive the thermal processing
conditions used in micro-track feature fabrication [3] and for the
development of wearable electronics.

The existing methods for fabric microelectronic fabrication tech-
niques include photolithography [4], electroless plating processes [5,6]
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graphic printing and inkjet printing [8]. Inkjet printing is becoming a
widely established method for the manufacture of electrical devices, due
to the low equipment costs and wide range of printable metallic inks
[1,2].

Popular formulations of metal inks comprise of a suspension of
nanoparticles however, these suffer when printed by the formation of
unwanted agglomeration, which can contribute to nozzle blocking, a
reduction in printed feature resolution [9] and poor uniformity from
‘coffee-stain’ effect [10]. Particle free inks are an alternative formula-
tions addressing all of these issues, whose examples include organo-
metallic platinum (Pt) [9] and silver (Ag) [8], which have been printed
with lower processing temperature requirements compared to their
agglomerated-ink alternatives. As such, particle-free inks are highly
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suitable for large-scale manufacturing processes due to their increased
printability, high versatility, and quality.

Recently, a novel particle-free formulation for the formation of Ag
ink for screen printing has been introduced by the authors [11], which
comprises of a stable silver complex formed from the addition of
ammonium carbonate to silver oxide [12]. Silver complexes are ideal
substitutes to particle dispersions for the formation of conductive fea-
tures on textiles [13]. Here, we present the evaluation of ink print
properties for inkjet printing applications for fabric. The formation of Ag
metal features from printed ink is possible by reduction, which can be
achieved either chemically, optically, by high energy radiation, or
thermally [4,7]. Thermal reduction is particularly suitable to Ag
particle-free inks due to the relatively low temperatures, 180 °C and fast
processing times (10 min) [3,14].

The choice of PET fabric thicknesses differs dependent on their
application and use. When printing onto PET fabrics of different density
ink spreading varies dependent on the weave pattern, thread size and
thickness of the PET substrate [15] and so, two PET samples of differing
size were evaluated within this study to determine the printability on
each.

To improve the Ag metal reduction and printed quality, pre-
treatment of the substrates either chemically [7], acoustically or opti-
cally [16] can be applied. Plasma treatment of PET has been shown to
increase its surface energy and wettability leading to increased Ag up-
take, however this can require low pressures and selective gasses, (0x-
ygen, argon and helium) [17]. An economic, more environmentally
friendly and accessible pre-treatment is the use of low temperature, at-
mospheric pressure air plasma [18], which can provide enhancements
for silver deposition onto PET [19]. Atmospheric plasma offers addi-
tionally a more economic, portable less cumbersome setup where a
vacuum chamber or a gas flow is not required. Air plasma has also been
shown to be more efficient at wetting PET than oxygen-containing argon
or helium plasma treatments, due to the more rapid reactions occurring
between the oxygen species and the created radicals on the surface [17].
For these reasons, an investigation was performed looking to improve
the wettability of the reduced particle-free Ag printed ink using an at-
mospheric air plasma treatment of the PET fabrics.

In this work the printability of the Ag particle-free ink was assessed
from evaluations of its surface tension and contact angle, using pendant
drop equipment, which highlighted the printability of the ink - its Z
number [20] - and optimisation of the plasma corona treatments from
evaluations of fabric surface energy, which led to evaluations of opti-
mum printer driving conditions. The evaluation of thermally reduced
printed Ag quality and crystallinity on different thickness PET samples
was conducted using electron and optical microscopes, and spectro-
scopic techniques (Ultraviolet-visible (UV-vis), Raman); and deposit
composition and uniformity by Energy Dispersive X-ray (EDX). The
deposit adhesive and electrical properties due to the application of
plasma treatment were evaluated using the so-called “Scotch tape” test
[16], four-point probe measurements and the demonstration of the
lighting of a light emitting device (LED) using the printed features.

2. Experimental
For complete details of experimental see supplemental information.
2.1. Ag ink formulation, testing and jetting

The particle free Ag-based ink was formulated as described previ-
ously [11], which comprises of a stable silver complex formed from the
addition of ammonium carbonate to silver oxide along with ethyl-
methylamine and ethylene glycol [12]. The dynamic viscosity (1) of the
ink was evaluated using a Cannon-Fenske Viscometer, at 25 °C as 12 +
0.5 mPa.s. The Z-number for the ink was evaluated using:
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Where a is the diameter of the drop-on-demand printer nozzle (21.5
pm); p is the density of the ink (1141.5 kg/m%); and 7 is the surface
tension of the ink (26.96 + 0.15 mN/m) evaluated using the Kruss
EasyDrop™ software [9].

The contact angle was measured using the Kruss EasyDrop™ and the
surface energy evaluated using the Wu method [21] using contact angles
obtained from DI water and diiodomethane.

2.2. Ink printing onto PET

Two 100% PET fabric samples of thicknesses 0.75 + 0.05 mm (110
g/m?), and 0.07 + 0.01 mm (41 g/m?) were printed onto using a Fuji-
Film Dimatix DMP-2831 [10]. For print details see supplemental section
A2, fig. Al.

An atmospheric air plasma treatment was applied to the PET using a
5-30 W, 230 V BD-20 AC 50/60 Hz (electro-technic) Laboratory Corona
Treater for treatment times between 30 and 1800 s. The plasma treat-
ment power (TP) was estimated at between 7 and 400 kJ/m?, from:

_nP

TP =—
Iy

(2)
where n is the number of passes (equivalent to the treatment time), P is
the output power (~ 15 W), L is the electrode length (6.75 cm) and v is
the average velocity of the electrode across the fabric surface (~ 1 m/s)
[22] .

2.3. Print characterisation

Effect of the plasma treatment on the Raman response of the PET
fabric samples were examined using an in-house built Raman micro-
probe system.

For testing adhesion and quantifying thermal reduction, 5 cm? PET
samples were dipped into a solution of the Ag ink and thermally reduced
in an oven for 10 min at 180 °C from settings chosen from within [4,14].
Reduced-Ag feature adhesion to the PET was tested using the so-called
‘Scotch tape’ method on the 0.75 mm sample (0.07 mm unsuitable for
testing) and afterwards, the tape samples were then placed onto white
paper for inspection where optical images were obtained and contrast
enhancement performed using ImageJ. Sample wash performance was
investigated on both fabrics by testing within an Ultrasonic bath (Jen-
scon) with a DI water rise for 30 min after Ag thermal reduction onto
PET. The bending and stretching electrical performance was also tested.
Thermal reduction was quantified on PET samples using a UV-Vis
spectrophotometer (Jasco, V600) operating in absorption mode.

After printing, the samples were thermally reduced at 180 °C and
printed features evaluated from the electrical sheet resistivity using a
(Ossila) four-point probe station. To demonstrate the electrical con-
ductivity of the printed Ag, the lighting of a 1.9 V, 250 mA green Light
Emitting Diode (LED) (supplied from RS) was demonstrated by con-
structing a series circuit with a 9 V battery and a 1.5 kQ, 250 mW
resistor.

Cross sections of the printed fabric were obtained by cutting the
fabric with a knife. High resolution images of the surface were obtained
using an optical microscope (Spectrographic, NMM-800RF) and a Field
Emission Scanning Electron Microscope (SEM) (JSM-7400F, JEOL). EDX
analysis was performed on the printed surface using the SEM equipment.

3. Results and analysis
3.1. Evaluated ink printing characteristics

Before printing the properties of the ink were evaluated from
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measurements of a droplet of ink of area 10 + 0.5 mm? suspended from a
syringe including its surface tension, as see Fig. 1A. The surface tension
of the fluid was evaluated as 26.7 + 0.3 mN/m. This value indicates that
the ink is suitable for rapid jetting as values beyond 25 mN/m show good
printing properties for rapid printing [9].

The viscosity and density of the ink was measured as 12 mPa.s and
1.1415 g/mL, respectively and using these values the Z number of the
ink was evaluated as 2.14, which is within an acceptable range for inkjet
printing (1-10) [20].

The printing voltage waveform settings for the ink were optimised
from observations of the jetting of the ink within the Dimatix printer
head. Highlighted in Fig. 1B, is an optical image taken from a high-speed
camera within the Dimatix printer setup, of three 10 pL ink droplets
shown as the dark dots by the blue arrow. They have been ejected
downwards and a stationary image captured with a 100 ps refresh rate.
Using this knowledge and the position of the droplets relative to the
nozzle (800 pm), a drop velocity of 8 m/s was evaluated. Values of 1 to
20 m/s are regarded as acceptable, as values lower than this produce
poorer drop positioning or provide insufficient kinetic energy for the
droplet to escape the nozzle; and higher values induce non-uniform
splashing upon substrate. The measured value is within this range
indicating a good velocity. A high droplet quality was identified as
displayed in the supplemental section B, along with the determined
optimal voltage waveform setting.

3.2. Ag inkjet printing onto PET

Particle-free Ag ink printing was characterised on the 0.75 mm, 110
g/rn2 PET fabric with the printed results displayed in Fig. 2. Shown in A
and B is the surface after twelve layers printing for before and after
thermal reduction, respectively. Thermal reduction changes the
appearance of the surface from a dark colour to a lighter shade, which
corresponds to the modification of the Ag* ions to the Ag® metal via the
thermal reduction process [23].

Highlighted in Fig. 2C is a top-down SEM image of the thermally
reduced PET surface with Ag metal. The image displays the edge of the
track feature showing divided by the dashed line, non-printed and
printed regions at top and bottom, respectively. The Ag pattern forms on
the PET fibres as a matt deposit. A well-defined interface between the
printed and non-printed regions is observed which indicates good
feature resolution after printing. EDX scans of the surfaces reveal that
the printed and non-printed regions contain 68 wt% and 0 wt% Ag,
respectively, highlighting further the fine feature definition. Other ele-
ments detected were C, O and Al. The C and O were present within the
PET fibre and the Al is likely the metal base of the SEM sample holder.

The penetration of the printed ink into the fabric was characterised
in Fig. 2D, from cross-section analysis of the fabric under SEM/EDX. The

Ag droplet

10 £+ 0.5 mm?
34+0.1uL

Density: 1.1415 g/mL

Surface tension:
26.7 £ 0.3 mN/m
Z number: 2.14

Dynamic viscosity 12 mPa.s
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top of the image shows the region where the fabric was printed onto.
From the top of the fabric to the backside where it was not printed, EDX
was obtained over five-regions, highlighted in D, each covering an area
of approximately 0.225 mm? The elemental distribution for the
different regions was plotted in Fig. 2E, showing the Ag composition
reduce from 47 wt% at the top printed side to 27 wt% at the backside.
This indicates that for the twelve printed layers the Ag ink had absorbed
through the PET and formed metal deposit throughout, however with a
thinner deposit toward the back side.

Thermal reduction process was captured from the PET for treatment
with Ag, before and after thermal reduction, see supplemental section C,
highlighting peaks characteristic of Ag nanofilms after reduction.

3.3. Improvements to print wettability and electrical durability

The 0.75 mm, 110 g/m? PET fabric was treated with a plasma torch
of powers 0 kJ/mZ, 27 kJ/rnz, 67 kJ/rnz, 130 kJ/m? and 400 kJ/mz, to
alter its surface. Highlighted in Fig. 3A and B are SEM images of its
before and after treatments, respectively. Without the plasma torch the
individual threads of the PET surface can be seen within the weave. The
plasma torch was applied for 27 kJ/m? exposure and showed little
change in the outward appearance of the PET threads, as observed in
[24] for similar treatments. For a prolonged exposure of 400 kJ/m? to
exaggerate its influence, the PET fabric thread structure can no longer be
seen, replaced by a melted surface structure which has also been re-
ported for highly localised plasma discharging onto PET [25]. The
changes to PET surface morphology expected include surface roughness
increases [24] and structure oxidation of the PET surface breaking ester
bonds and forming radicals which react with the plasma gas generated
to form hydroxyl, carbonyl, and carboxyl groups, see supplemental
Fig. Al.

The adhesion of Ag deposited onto the PET by dipping was evaluated
as shown by the tape test results of the 0.75 mm sample (Fig. 3C).
Contrast enhanced optical images of the tape produced after the testing
is displayed showing in dark Ag deposit removed after test. For
increasing treatments O kJ/mz, 27 kJ/m? and 67 kJ/mz, the amount of
Ag removed successively reduced indicated by the lighter shade of the
image, showing potential improvements to adhesion of the deposit with
the PET. This highlights that owing to greater ink penetration by the
application of plasma, the Ag removal was reduced as typical losses of
silver occur on fabric surfaces [26].

The sheet resistivity was measured on the samples after tape testing
indicating that conductivity could still be obtained and that it increased
by approximately a factor of 10 (2.28 to 21.1 Q/[]) for the increasing
plasma treatments, which was likely due to an increased fabric rough-
ness induced by the plasma [27], resulting in an increase to the numbers
of scattering centres for the conduction electrons.

Fig. 1. A) Pendant Drop testing of the ink. B) Optical image of the jetting of three 10 pL, 8 m/s, ink droplets (blue arrow) by high speed camera within Dimatix
printer. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Twelve-layer Ag inkjet printed 0.75 mm thick, 110 g/m? PET surface, non-plasma treated. A) and B), optical images before and after thermal reduction for 10
min at 180 °C, respectively. SEM images showing C) top-down view, and D) cross-sectional views of printed surface. E) plot of EDX elemental wt% composition across

the cross section of the fabric for locations highlighted in D).

C.  O0kJm? 27 kJ/m? 67 kJ/m?
0.75 mm 0.75 mm 0.75 mm
6.41+0.01 Q/o 21.1+ 0.3 Q/0

2.28+ 0.01 Q/o

1cm
—

1cm
—

1 cm
—

Fig. 3. Atmospheric Plasma treatment of 0.75 mm, 110 g/m?, PET fabric. A) & B) SEM images of none and with exposures, respectively. C) Tape test adhesion results
of applied and reduced Ag on plasma treated and non-treated 0.75 mm, 110 g/m? surfaces. Contrast enhanced images.

The influence of plasma on the PET was analysed from Raman scans
of the 0.07 mm, 41 g/m? fabric, see supplemental section D, and changes
to the PET surface chemistry were observed induced by the plasma
treatment.

A good conductivity stability was indicated from successive tape
tests applied to a 24-layer printed 0.75 mm thick sample, with 27 kJ/m?
and 0 kJ/m? treatments (see supplemental section E). The wash per-
formance was also conducted on both PET thicknesses dip-treated with
Ag, and with/without plasma treatments (see supplemental section E) to
display a good electrical durability after washing.

The bending and stretching performance were tested, see supple-
mental section H. The results show good bending performance and
stretching up to 20% strain. For applications relating to flexible sensors
on clothing this indicates increased longevity of the print feature
conductivity.

The optimal plasma treatments required for wetting of the two PET
samples were evaluated see supplemental section F, highlighting that for
TP of 27 kJ/m? no further improvements to wetting were obtained.

The Ag formation was quantified on the 0.07 mm thick sample using
six layers of Ag printing and TP of 27 kJ/m? Highlighted in Fig. 4 are
SEM images of the thermally reduced surfaces showing top-down images
of the printed surfaces. For the non-plasma treated surface (Fig. 4A), the
deposit is looser and flakier than its plasma treated equivalent (Fig. 4C).
The samples were both conductive showing similar sheet resistivities of
1.26 + 0.07 Q/[] and 1.22 + 0.42 Q/[], accordingly. On closer in-
spection of the deposit, without plasma an SEM image (Fig. 4B) taken
from a region where the Ag deposit was not flaky, shows a uniform,
polycrystalline isotropic Ag deposit whereas, for the plasma treated PET
(Fig. 4D) Ag rich (57%) hexagonal, anisotropic crystals of sizes ranging
from 0.7-1.3 pm are observed. Ag hexagonal crystalline phase can form
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6 —layers
A 0.07 mm thick
0 kJ/m? Plasma
2.79 £ 0.04 Q/o

C.  6-layers : 27 kJ/m?Plasma C [36%
0. mmﬁck °

27 k¥/m’ Plasma o 6%
2.89+0.03Q/ 4

Ag |57 %

Fig. 4. SEM image of 0.07 mm thick PET after six layers Ag printed and thermal reduction for A) & B) no plasma and C)&D) with 2 min plasma. Inserts, EDX
elemental data.

[28], and their formation as nanoplatelets has been attributed to the combination of inhomogeneous growth conditions, induced by the
combination or growth via Ostwald ripening of smaller less thermody- corona stream due to electrical grounding between the PET threads, as
namically stable triangular Ag nanoplatelets [29]. Their here is likely a witnessed in [25]. This effect would be more prevalent on the thinner

B.

Six layers Twelve Twenty four
layers layers

No current 24+0.2 Q/o 27+5Q/o

e

1cm

C. 15k0250mw

20 mA, 1.9 V LED, Green

Sheet resistance (Q/0)

D. Nunibers of 0.75 mm 0.07 mm
printed layers ¢ 5/ 27 k¥/m? 0 kJ/m? 27 kJ/m?

4 Unable to 256+ 5 ) )
measure

6 Unablerto ; 2794004  2.89+0.03
measure

12 24402 i 1.378 +0.001 :

24 27+5 24+3 . )

Fig. 5. Electrical resistivity of printed and thermally reduced Ag on non-plasma treated A) 0.75 mm thick PET for increased printed layers and B) twelve layers, 0.07
mm thick PET. C) Demonstration of lighting of 1.9 V, 250 mA, LED from twelve layer printed, 0 kJ/m?, 0.07 mm thick fabric. D) summary of sheet resistivity
measurements.
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less dense 0.07 mm sample due to an increased likelihood of electrical
grounding, which is a possible reason why the hexagonal deposit for-
mation was not observed on the thicker 0.75 mm sample, see supple-
mental section G.

Surrounding the hexagonal deposits is an Ag deposit of lower con-
centration (19 wt%) which is nodular, uniform and more randomly
oriented. The texturing of the PET surface is also different compared to
the non-plasma condition (Fig. 4C). Plasma treatment can increase
surface roughness of PET fabric [27] and so the texturing of the plasma
treated surface here is likely influenced by this.

SEM scans of the 0.75 mm thick PET with TP 27 kJ/m? and four
layers of Ag were shown within supplemental section G. Here the sheet
resistance was lower owing to its lower wettability (see section F, sup-
plemental) and larger number of printed layers. Unlike the thinner
material it was not possible to obtain an electrical measurement without
the application of the plasma.

The printed performance was further investigated on non-plasma
treated PET surfaces to highlight the relationship of print layers on
sheet resistivity. Highlighted in Fig. 5A are images of 0.75 mm thick PET
surface after Ag printing of six, twelve and twenty-four layers with
thermal reduction. The surfaces show qualitatively a change in
appearance with a lighter colour on the application of greater layers
along with a loss of feature definition, corresponding to an increased
uptake of silver and spreading (see supplemental section F). The
spreading was additionally due to a misalignment of droplet placement
onto the PET caused by droplet build-up on the dimatix cartridge head
which had dried with prolonged use, deflecting the ejected droplets from
the cartridge head nozzles. Further optimisation of printer cleaning
cycles could improve on this unwanted effect. The sheet resistivity was
measured across the twelve layer and twenty-four-layer printed samples
as 24.0 + 0.2 Q/[] and 27 + 5 Q/[], respectively, indicating that for
increased printed layers beyond twelve no further reduction of re-
sistivity was measured. For the six-layer printed sample, it was not
possible to measure the resistivity as no current could be drawn. This
was likely due to the Ag being too thin as shown when printing four
layers onto 0.75 mm (see supplemental section G).

Twelve layers of Ag-lines were inkjet printing on top of a thinner
(0.07 mm) PET sample and thermally reduced, as shown in Fig. 5B.
Spreading of the ink had occurred across the PET surface highlighted by
a dark-brown periphery around the printed track. The increased surface
energy of the thinner sample (see supplemental section F) meant that
increased spreading occurred across the fibre surface and a lower
defined feature resolution was obtained than for the 0.75 mm thick PET.
However, the electrical sheet resistivity of the printed features on the
0.07 mm substrate was significantly lower than the 0.75 mm substrate
for twelve printed layers, 1.378 Q/[] verses 24.0 + 0.2 Q/[], respec-
tively. This was likely due to the thinner fabric showing increased
wettability and smaller thickness, and so a greater percentage of its in-
ternal structure absorbing the ink to produce a more uniform conductive
feature after thermal reduction.

To demonstrate the conductivity of the twelve-layer printed 0.07 mm
thick substrate, a 9 V, 20 mA LED was lit by placing the printed features
within a series circuit with the LED, see Fig. 5C using track feature from
5B. The successful lighting indicates that the printed tracks have a suf-
ficient conductivity to light an LED regardless of whether plasma
treatment was applied, although the numbers of printed layers required
to achieve conductivity is higher. A table summarising the different
samples printed and their numbers of layers is highlighted in Fig. 5D
showing reduced electrical sheet resistance on application of layers and
by increasing the surface energy via plasma and thinner substrate
choices. The measured sheet resistances match other reported values for
printed particle-free Ag on PET fabric(0.9 + 0.02 Q/[] [2], 1.387 +
0.001 Q/[] [this work]), also see supplemental section I. With the two
fabric samples a trade-off between electrical conductivity and feature
resolution is made due to the differing surface energies and print
performances.

Micro and Nano Engineering 14 (2022) 100103

4. Conclusions

A particle-free, Ag-complex ink's printability was demonstrated for
applications to microelectronics fabrication on PET fabric substrates of
different thickness and surface treatment. Ink printing quality was
demonstrated from measures of its surface tension, which showed suit-
ability for rapid printing, highlighting the ink's applicability to high
volume printing applications. Print jetting conditions were determined
and demonstrated by the successful printing of the ink onto PET fabric
surfaces. Thermal reduction techniques were applied and measured,
transforming the printed ink from ionic form to silver features of high
feature definition, good adhesion, washability, and low electrical re-
sistivity. Printed Ag film crystallinity was monitored and characterised
on different fabric densities, and fabric specific formation mechanisms
were highlighted showing localised regions of high density crystallinity.
High conductivity was demonstrated by the lighting of an LED utilising
inkjet printed tracks into a series circuit, demonstrating its use for ‘smart
fabric’ applications. The printed track conductivity was enhanced by
increasing the numbers of printed layers and reducing the PET material
density, although the track definition deteriorated for application of
these parameters, due to an increased spreading of the ink related to its
surface energy. Penetration of the ink into the fabric was monitored and
highlighted that the printed ink processed through ensuring greater
conductive durability.

Printed ink wettability and adhesion on PET fabrics was enhanced
and optimised by the application of atmospheric air plasma surface
treatment. An ideal treatment power was determined beyond which no
further enhancement to wettability was monitored. The treated surfaces
enabled the printing of Ag features showing improved Ag deposit
coverage and increased Ag volume for the equivalent number of printed
layers without plasma. This enables fewer numbers of printing layer to
be applied to the polymer's surface before a conductive surface is ach-
ieved. The atmospheric plasma treatment process provides a low-cost
rapid pre-treatment method to reduce the numbers of printed layers
on the fabrics and is suitable for improving the product lifetime of
printed microelectronics into clothing.
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