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Abstract

This research focused on the application of conductive ink by the screen printing technique to
evaluate the potential of creating printed electrodes and investigating the effect of washing on
the values of electrical resistance and flexibility. Within the scope of this, two conductive inks
from Dupont, applied by conventional screen printing method, on four different textile
substrates, 100% cotton, 50/50 cotton/polyester, 100% polyester and 100% polyamide. The
inks were also applied on a multifibre fabric. Atmospheric plasma treatment was applied in
order to improve the adhesion to the samples, and the resistance values were compared with
non-treated samples on the different fibres. The values were measured before and after cleaning
and washing tests, performed to simulate home treatment for garments, in order to predict the
behaviour of the inks after a normal usage of the fabrics. Comfort properties like stiffness of
the fabrics were also evaluated after 5 and 10 washing cycles. It was observed that the PE 825
ink forms a thicker film on the fabric surface contributing to the loss of flexibility of the textile.
However, it also resulted in the best results in terms of durability and lower values of resistance
in general. PA fabrics lost their conductive property after 5 washing cycles due to a weak
bonding created between the ink and the fibres, whereas the cotton fibres presented the best
results.
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1. Introduction

Flexible electronic systems applied in textiles are an interesting method used for monitoring
position, posture, activity parameters, bioelectrical signals, etc. It is therefore indispensable to
obtain compatibility between electronics and fabrics, namely regarding the behaviour when
flexed or stretched [1].

There are applications and researches about different flexible materials as well as methods to
achieve flexible electronic systems. Transferring conductive pastes onto textile substrates is
one of the research topics in this area, with a significant range of studies exploring ways to
achieve this. Although there are several attempts by inkjet printing [2-4], most of the researches
have focused on screen printing [1, 5-16] due to its low cost. Systems capable of measuring
heart rate or breathing movement, or capable of accumulating energy from the body or the
environment (sun, rain), can be achieved by these methods [5]. In these systems, conductive
patterns are created in a predetermined area instead of coating the entire textile surface [7].
Different applications can be created depending on the final objective of the sensor such as
stretch [2], electrocardiography monitoring [6,7,12,16], pressure [10, 17], healthcare [8,9],
tribo-sensors [11], supercapacitors [13] and solar cells [14,15].

The durability, namely washability of these electronic systems are now outstanding issues.
Ankhili et al. [7] highlighted that the reliability and washability of electronic systems are the
key issues that have to be investigated in order to develop a commercial product. Therefore,
they have focused on developing textile electrodes to be wused for long-term



electrocardiography measurements, to sustain up to 50 washing cycles. Ran et al. [11],
evaluated the resistance change according to bending degree as well as the washing cycles. The
electrode was immersed in water for 10 times and 2 hours at each time. Yang et al. [8]
developed a user-friendly electronic sleeve for wearable healthcare and evaluated cleaning
methods to enable reuse after contamination during use. They have assessed the bacterial level
using wiping method with 3 different wipes and washing method simulating a quick daily
washing program.

The application of conductive ink by the screen printing technique described in this work is
intended to evaluate the potential to create electrical circuit networks to be used to carry
electrical signals in clothing or technical applications where pressure sensors, previously
developed [18, 19], were applied. In order to evaluate the efficiency of the application, Dupont
PE 828 and PE 825 inks were applied on different textile substrates. Atmospheric plasma
treatment was applied to the textile substrates before the application of conductive inks in order
to improve the adhesion between the inks and the substrate. The use of plasma treatment of
textiles is a dry, environmentally- and worker-friendly method [20], which is achieved via
surface alteration without modifying the bulk properties of the materials [21]. It is faster and
more environmentally friendly than chemical surface modification techniques [22].

This research also focused on evaluating the effect of washing on the values of electrical
resistance and flexibility of the material. The washing method used were 10 standard household
washing cycles and the parameters studied were measured before washing and after the 5" and
the 10" cycle. The existing researches about washability of printed electrodes are focused on
the durability after different counts of washing cycles. However, they have not concentrated
on comparing different textile substrates. Therefore, we believe this study will contribute to the
state-of-the-art.

2. Experimental

2.1. Materials

Fabrics

Commercial 100% polyester (PES), 100% polyamide (PA), 100% cotton (CO) and 50/50
CO/PES, plain weave fabrics with a weight per unit area of 110 g/m?, were used in this study.
The fabrics were pre-washed with 1 g/L of a non-ionic detergent solution at 60°C for 60 min,
in order to eliminate possible contaminations. Commercial SDCE multifibre DW fabric was
also used, a product acquired from SDC Enterprises Ltd (United Kingdom).

Conductive inks

Two conductive inks (DuPont PE 825 Silver Composite Conductor and DuPont PE 828 Silver
Conductor) were used as conductive material to create the electrical connections. DuPont PE
825 Silver Composite Conductor is used to fabricate low-voltage circuitry, on flexible
substrates including polyester film. It has a curing condition of 120°C-140°C during 2-10
minutes. The density of the original paste is 2,6 g/cc and the coverage is 180 cm?/g at 10 um.
PE 825 is presented as a highly efficient silver-bearing conductor that possesses excellent
abrasion resistance, adhesion and print resolution. DuPont PE 828 is a low temperature drying
Silver Conductor, designed to maintain low temperature substrate tolerances as this
composition can be applied between 60°C and 100°C, for 10-20 minutes. PE 828 has the
density as 2,5 g/cc and the coverage as 200 cm?/g at 10 um.

The inks were applied directly to the substrate without the addition of fixation elements
external to the original paste.

2.2. Procedures



Plasma treatment

Atmospheric plasma treatment was applied in order to improve the adhesion between the inks
and the substrate, through the creation of micro roughnesses on the surface of the textile
substrate, creating a larger contact surface for more effective adhesion of the ink [23]. The
plasma treatment was performed in a semi-industrial prototype machine (Softal
GmbH/University of Minho) at room temperature and atmospheric pressure, using a system of
metal electrode coated with ceramic and counter electrodes coated with silicone with 50 cm
effective width and a fixed gap distance of 3 mm. They produce a discharge of 10 kV at 40
kHz. A power of 1 kW was applied, with a speed of 4 m/min, each sample passing 5 times per
side. The total applied dosage was 5 kW min/m?2,

Screen print

The process for the application of the conductive inks was carried out in a Zimmer samples
stamping machine using a conventional screen printing method. Two passes were made (one
for each side), with maximum magnetic force used. The screen used was a 100 thread/cm
polyester mesh. Connections of 10 cm length by 0.5 cm width were made (Figure 1). After the
ink application the samples were cured at 120°C for 10 minutes for the PE 825 and at 80°C for
20 minutes for the PE 828 ink.

Figure 1 Conductive samples

Washing test

To assess the resistance to washing, 1ISO 105-C06 A2S tests were performed in a Roaches
washtec-p machine, to determine the resistance to all forms of domestic or commercial
laundering procedures. The samples were washed 10 times each, at a temperature of 40° C
during 30 minutes with 10 steel spheres for a single test.

2.3. Analytical Methods

Stiffness test

To test the influence of the conductive ink on the stiffness of the textile material, a stiffness
test was carried out on a Shirley TF113 fabric stiffness tester. The stiffness test is capable of
determining the bending height, flexural rigidity and bending modulus of fabric by simple
procedures and calculation. The method complies with ASTM D1388. The test was carried out
at 0 (Ows), 5 (5ws) and 10 washing cycles (10ws).

Electrical resistance test

The electrical resistance values were measured with a Fluke 45 multimeter with a measurement
range up to 100 MQ. The measurements were taken with a distance of 4 cm between the test
leads for the 100% CO, 50/50 CO/PES, 100% PES and 100% PA fabrics, and a distance of 1
cm in the multifibre fabric, due to the maximum size of the fibres in the multifibre fabric. The
tests were carried out at Ows, 5ws and 10ws and the change in electrical resistance after the
washing cycles were recorded.

Microscopic analysis

After the washing processes, the conductive track was evaluated using a Leica DM 750 M
optical microscope using 5x10 times magnification, so that it was easier to identify changes in
the surface of the applied material, like cracks and wear.

3. Results and Discussion



Stiffness test
After the screen print application of the inks, the fabrics were tested to evaluate the change in
flexibility in the fabric and then compared after 5 and 10 washes (Table ).

Table | Stiffness test

Samples produced with 825 ink presented a high rigidity after the application and it was not
possible to obtain a value on the scale for the pre-wash test. However, after the first wash the
stiffness value decreased, allowing to obtain measurable results. After 5ws the 825 ink still
presented higher values of stiffness then the 828, after the 10ws the values tended to be similar.
It is a fact that, coated fabrics behave much differently from uncoated fabrics during
deformation [24]. This explains the change in stiffness of printed substrates by washing and it
is possible to confirm a trend of decreasing stiffness throughout the application of the washing
for all the samples. Only the PA samples contradicted with this trend and showed a slight
increase or maintenance of the values. Application of plasma treatment to the samples resulted
in lower values of rigidity due to its increasing effect on adhesion of ink onto substrate.

Electrical resistance test

Resistance values were measured for each sample, before washing, after 5 and 10 washing
cycles, and are compiled in Table 1. When resistance values were out of range, the sample was
considered as non-conductive (NC).

Table Il Resistance value of conductive tracks on fabrics, in ohm

After the tests, the 825 ink presented the best results in terms of durability and lower values of
resistance. Patterns of behaviour within the different groups of fibres can also be found. PA
fabrics lost the conductive property after 5 washes due to a weak bonding between the ink and
the fibres. PES samples obtained the lowest value in resistance after 10ws for the 825 ink, (PES
plasma 825) but had a tendency to crack, as shown in Figure 2. The samples produced with
100% CO and 50/50 CO/PES continued to show conductivity after 10ws, for the 825 ink.
According to the results, neither ink adsorption on the samples nor the resistance values showed
a clear trend when plasma treatment was applied.

Figure 2 Cracked sample

Table 111 presents the results for the multifibre fabric. These samples were measured with a
distance of 1 cm. Acetate, Cotton, Polyamide, Polyester, Acrylic and Wool fibres were tested.

Table 111 Resistance value on multifibre fabrics Ink 825, in ohm
The inks showed good results in the capability to withstand the standard household washing

tests and retain the conductive properties after 10 washing cycles. The 825 ink lost the
conductive properties in the polyamide sample not treated with plasma.

The thicker structure of the multifibre fabric allowed a better fixation of the inks and at the
same time reduced the mechanical stress caused by the cleaning processes, increasing the
resistance to the washes.

Microscope analysis



As analysed before, depending on the ink used, the samples presented different values of
flexibility in the pre-wash fabrics. Microscope images were collected (Figure 3) and it was
observed that the PE 825 ink forms a thicker film on the fabric surface, contributing to the loss
of flexibility of the textile. Plasma treatment increased the penetration capacity of the inks in
the CO fabric resulting in an increase in the electrical resistance value of the sample.

Figure 3 Microscope image of the samples 5x magnified, before wash

After 10 washing cycles (Figure 4) the samples were re-evaluated and new images were
collected. The 825 ink still has a high surface coverage, with no ink faults visible in the space
between the yarn crossings. In the case of the 828 ink, a loss of conductive material is more
visible. Only the fibres that make up the fabric are covered. This leads to a smaller area
available for electrical conduction, increasing the resistance and causing the interruption of the
flow when the material is folded.

Figure 4 Microscope image of the samples 5x magnified, after 10 washes

Despite having a more uniform area coverage, the PE 825 ink shows greater tendency to form
cracks along the connection, as can be observed in Figure 5.

Figure 5 Cracks formation on CO plasma 825 sample 5x magnified

4. Conclusions

This study showed that it was possible to use DuPont conductive inks PE 825 and PE 828 to
create conductive connections in textile fabrics with conventional screen printing.

The PE 825 ink generally presented the best results in terms of durability and electrical
conductivity. The samples printed with the 825 ink presented a high surface coverage even
after 10 washing cycles, with no ink faults visible in the space between the yarn crossings,
whereas a loss of conductivity was appreciable in the 828 ink printed samples.

Cotton fibres presented the best results. The 100% CO and the 50/50 CO/PES samples printed
with the 825 ink were determined to work even after 10 wash cycles. Supporting this
conclusion, in the work conducted by Ankhili et al. [7], the textile substrates were chosen as
100% CO and 95/5 CO/Lycra and the authors concluded that pure cotton electrodes could be
embedded into garments for long-term ECG monitoring. PES samples with the 825 ink
presented the lowest resistance values after 10 washes but tend to break the circuit because of
the formation of cracks in the sample. PA fabrics lost their conductive property after 5 washes
due to a weak bonding created between the ink and the fibres. Also, in the test made with the
multifibre fabric the samples retain the conductive properties after 10 washes. The bulkier
fabric contributed to greater stamping resistance.

When a printed electrode is exposed to repeated washing cycles, there is a tendency to adhesion
failure between the textile substrate and conductive ink. In order to decrease this effect, Yang
et al. [8] used a plastic ball to minimize twisting of the fabric during the washing process. The
electrode was put in this plastic wash ball and they observed that, after 8 washing cycles,
without encapsulation layer the sample started to crack and lost conductivity while the
encapsulated sample remained undamaged.

Application of plasma treatment generated lower values of rigidity in the samples after the
washing procedures, but it did not have any encouraging effect on conductivity.



After the washing process, a stiffness decrease was measured for the acetate, cotton, polyester,
acrylic and wool fibres, in the samples tested. Only polyamide fibre didn’t follow this
behaviour.
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Figure 1 Conductive samples
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Figure 2 Cracked sample



Figure 3 Microscope image of the samples 5x magnified, before wash



Figure 4 Microscope image of the samples 5x magnified, after 10 washes



Figure 5 Cracks formation on CO plasma 825 sample 5x magnified



Table | Stiffness test

Before washing After 5 washing After 10 washing
Sample _ (Ows) _ _ cycles (5ws). .cycles (lOWS')
Without | With Without |  With Without |  With
plasma | plasma | plasma | plasma | plasma | plasma
PES + PE825 - - 3.20 2.90 2.50 1.50
PES + PE 828 3.10 3.45 2.75 2.85 2.70 2.15
PA + PE 825 - - 3.30 2.95 3.30 3.00
PA + PE 828 2.55 3.20 2.80 2.95 3.25 3.30
CO + PE 825 - - 2.85 3.40 2.60 2.65
CO + PE 828 3.45 2.95 2.70 2.80 2.60 2.50
CO/PES + PE 825 - - 3.00 3.20 2.65 1.95
CO/PES + PE 828 2.95 3.10 2.75 2.70 2.20 2.50




Table Il Resistance value on fabrics, in Q

Without washing

After 5 washing

After 10 washing

Sample (Ows) (5ws) (10ws)
Without |  With Without With Without |  With
plasma | plasma | plasma | plasma | plasma | plasma
PES + PE 825 90 80 126 43 45 NC
PES + PE 828 190 130 136 186 NC NC
PA + PE 825 70 75 NC NC NC NC
PA + PE 828 200 190 NC NC NC NC
CO + PE 825 90 100 76 105 140 70
CO + PE 828 80 100 109 160 160 NC
CO/PES + PE 825 90 100 160 125 50 76
CO/PES + PE 828 160 170 170 230 NC NC




Table Il Resistance value on multifibre fabrics Ink 825, in Q

Without washing

After 5 washing

After 10 washing

Sample (Ows) (5ws) (10ws)
Without |  With Without With Without |  With
plasma | plasma | plasma | plasma | plasma | plasma
Acetate + PE 825 40 40 45 42 75 52
Acetate + PE 828 40 60 40 52 52 80
Cotton + PE 825 50 55 42 41 50 56
Cotton + PE 828 50 60 43 51 47 46
Polyamide + PE 60 70 116 64 NC 89
825
Polyamide + PE 60 80 49 56 64 82
828
Polyester + PE 825 40 40 42 40 38 46
Polyester + PE 828 40 50 40 45 42 51
Acrylic + PE 825 50 50 41 43 98 100
Acrylic + PE 828 40 75 40 62 66 80
Wool + PE 825 50 45 42 43 40 90
Wool + PE 828 50 50 41 55 66 60




