
 

Abstract: Flexible electrodes are crucial for the growth of

modern flexible electronics or smart clothing. Their ability to

serve as sensing elements, deliver energy or transmit

electrical signals in different conditions is essential for the

evolution of wearables that will enrich our everyday life. In

this study, we focus our efforts on understanding the impact

of an additional protective layer on elongated and washed

roll-to-roll printed (R2R) conductive flexible electrodes of

various shapes. The electrical and morphological

examinations provide information on the performance of the

electrodes and materials during washing and elongation

cycles. The acquired results indicate propitious electrode

shapes as well as data concerning micro-scale cracking

mechanisms, which are responsible for electrode

performance degradation. The application of commercially

available pastes and R2R printing methods allow the flawless

utilization of the results and the fabrication of flexible and

more reliable electronic components.

I. INTRODUCTION

Compared to conventional “inflexible” electronics,

flexible electronics provides new, extraordinary

applications and novel integration methods, endorsing the

concept of smart clothing and the Internet of Things (IoT)

[1], [2].

The aspect of flexibility is especially attractive for sensing

applications and health monitoring, where the sensing

elements are placed directly onto the skin or embedded

into clothing [3]. The capability to embed conductive

sensing elements directly into textiles opens new

opportunities in the design of e-clothing that continuously

monitors the surrounding environment and notifies about

anomalies like radiation, illumination changes, toxic

chemicals and gases [4]–[6]. Flexibility is also attractive

for energy harvesting systems, enabling the application of

different energy harvesting methods (e.g., outdoor and

indoor photovoltaics, mechanical, and thermostatic) [7]–

[10]. Another important implementation is energy storage,

where supercapacitors or batteries, in addition to being

flexible, provide necessary energy to supply portable

systems [11]. Comprehensive wearable systems would

require several different sub-systems equipped with

different elements of identification, visualization and

communication [12]–[17]. A genuinely portable system
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would be built of flexible elements connected with rigid

conventional electronic parts like processors, ICs, memory

and radio transponders. The more flexible elements in the

system, the more autonomous, auspicious, and user-

adaptable the system is, fulfilling the objectives of smart

clothing applications [18].

Regardless of the application, all systems need conductive

elements either for sensing, data transmission, or to

provide energy [19]. Hence, it is crucial for flexible

electronics development to advance reliable conductive

electrodes and interconnections [20], [21].

Among the many techniques of manufacturing conductive

elements, printing is one of the most promising due to the

easy and inexpensive implementation, variety of materials

and substrates, and thanks to R2R compatibility, high

upscaling potential [22], [23]. The ability to utilize various

materials is crucial from the sustainability perspective,

where rare earth materials and plastics can be exchanged

by eco-friendly substitutes such as graphene or

nanocellulose [24]–[26].

There have been numerous studies to identify, explain and

diminish the breaking mechanisms that are responsible for

the reduced reliability of flexible conductive lines [27]–

[29]. Existing research recognizes three main schemes

aiming to increase the reliability and performance of the

conductive electrodes [30]. The first one incorporates a

material composition-oriented methods where conductive

nanoparticles/nanowires, combined with elastomers, offer

the anticipated level of elasticity, usually at a cost of

higher resistivity due to the reduced conductivity of the

elastic compounds [31]. The second scheme incorporates

various structural configurations with the conductive lines

of different shapes providing the capability to elongate the

line without breaking the conductive path [32]. The third

scheme utilizes an idea of protecting the electrodes with

the protective encapsulation layer by embedding them in

supportive elastomeric materials [33], [34]. Many

researchers combine different strategies to reach the most

reliable flexible elements [35].

In this investigation, we focused our efforts on

comprehending the influence of an additional

conductive/protective layer on the performance of various

shaped R2R-printed electrodes during elongation and

washing. To ensure that the results can be used by printed

and flexible electronics engineers, the presented testing

framework includes different conductive inks and

electrode shapes (Figure 1a). Since the ultimate objective

of this study was to develop a system that can be used for

EEG and ECG monitoring (Figure 1b), one of the
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requirements was that the electrodes had to be embedded

in the textiles and in contact with skin surface. Therefore,

to allow the acquisition of vital signals, the protective

layer needed to be conductive. During the elongation

cycling, we used resistance as the main indicator of the

conductive line performance (Figure 2 & 3).

Consequently, we conducted a Scanning Electron

Microscope (SEM) assessment of the printed electrodes to

identify the breaking process and impact of elongation on

the electrode’s performance. Finally, we compared our

results with the single-layer electrodes and explained these

results.

To extend the applicability of the results, in addition to

elongation processing, we studied the influence of

washing on the behavior of the printed electrodes.

Washing cycling is crucial because it involves several

mechanical factors that influence the electrodes (i.e.,

stretching, bending, abrasion, shearing, flexing, and

soaking) [36]. Also, the presence of detergents and water

accelerates the process of degradation [37]. There have

been numerous studies to investigate the influence of

washing on printed electrodes [38]–[42]. Nonetheless,

there is a number of gaps and shortcomings, especially

related to understanding the electrode electrical and

surface degradation that occurs during washing.

Figure 1. a) R2R-printed electrodes on the TPU substrate. b) Double-layer
electrode printed on TPU and attached to the fabric belt prior to the
washing tests. c) The electrode resistance changes during the elongation
test. d) Surface morphology of the printed electrode.

II. METHODS

Due to significant web tension during R2R printing, the

thermoplastic polyurethane (TPU) substrate needed to be

supported with an inelastic carrier. We selected PET due

to its suitable mechanical properties and thermal stability.

The aspect of thermal stability was especially important

for the annealing and plasma-cleaning processes, where

the substrate is exposed to excessive thermal stresses.

After transferring the TPU (UO73) to the PET carrier, the

surface was plasma treated to remove contamination and

improve the printing properties [43]. Rotary screen

printing was used to print the electrodes of various

patterns (Figure 1a). Two different pastes (ECM CI-1036,

ECM CI-4040) were utilized to print the first layer of

conductive electrodes. Whereas ECM CI-1036 is a silver

conductive paste, ECM CI-4040 is a silver/silver chloride

conductive paste. After printing, hot air annealing was

performed in a convection oven with a temperature of 120

°C for 120 seconds. This step was followed by another 120

seconds at 120 °C to assure appropriate curing.

Consequently, the second conductive/protective layer of

the same pattern was printed using ECM CI-2051, which

is a stretchable carbon-based paste. The same annealing

steps were applied as for the first conductive layer. The

layers were printed using a rotary screen - Stork with steel

mesh 305/in. with a rate of 2 m/min.

The resistance during the elongation was measured

employing the four-probe measurement system. 10,000

cycles of elongation of 10 % and a speed of one cycle per

2 seconds were applied to each sample. The system used

an Agilent 34401A multimeter linked to the computer for

control and data acquisition.

For the washing analysis, the electrodes were printed on

the TPU substrate and consequently attached to stretchable

textile belts (Figure 1b). A standard home washing

machine (Siemens WD14H540DN) and the mixed fabrics

(40 °C & 1,000 rpm spinning) program were utilized

during tests. The washing cycle was repeated 10 times.

During washing, the belts were in a washing bag. A

NeoScope JCM-5000 system was used to acquire SEM

images. The surface morphology measurement of the

electrodes (Figure 1d) was performed using an optical

profilometer (Bruker ConturGT).

III. RESULTS

We used resistance to evaluate the quality of the

conductive lines and their performance during elongation

and reliability in washing. The initial measurements

provided evidence on how the resistivity of the electrodes

varies during a short period within the elongation cycle

(Figure 1c). The distinct elongation cycle is composed of

two main phases: – where the resistance increases due to

the electrode stress (elongation), –  where the resistance

decreases because the electrode returns to its initial state

(relaxation). Importantly, with each cycle, the resistance

slightly increases. This continuous trend of the increasing

resistance and its origins have been elaborated in the

previous studies of Liang et al. [44].

Before initiating the elongation cycle, we measured the

resistance of the electrodes that were printed with ECM

CI-1036 and ECM CI-4040 pastes, and protected with

printed ECM CI-2051 paste (Table 1 – untreated samples).



Figure 2. ECM CI-1036 - elongation cycling of various shaped electrodes
without (blue) and with a (red) protective layer of ECM CI-2051 paste.
The left images refer to the respective shape of the electrode.

Figure 2 shows a comparison of the elongation reliability

of single-layer (ECM CI-1036 (blue)) and double-layer

(ECM CI-1036 + ECM CI-2051 (red)) conductive

electrodes. The single-layer electrode behavior is provided

for reference. A similar logic was applied in Figure 3,

where the single-layer of ECM CI-4040 (blue) electrodes

was compared with a double-layer of ECM CI-4040 +

ECM CI-2051 (red).

In the case of ECM CI-1036 (Figure 2), the full coverage,

straight lines, and large shape electrodes benefit greatly

from the second protective layer, and indicate lower

resistance and more stable behavior throughout cycling. At

the same time, the small shapes seem to suffer because of

the additional protective layer, having higher resistance

and less stable behavior. Furthermore, the small-shape

double-layer electrodes have larger difference in resistance

between elongation and relaxation states, compared to the

remaining electrodes.

Figure 3. ECM CI-4040 - elongation cycling of various shaped electrodes
without (blue) and with a (red) protective layer of ECM CI-2051 paste.
The left images refer to the respective shape of the electrode.

For ECM CI-4040 (Figure 3), the positive influence of the

protective layer is visible for all shapes of the electrodes –

reduced resistance compared to single-layer electrodes. In

this case, the full coverage and large shapes benefit the

most from the protective layer, demonstrating significantly

reduced resistance and more stable behavior.

The comparison of ECM CI-1036 and ECM CI-4040

shows that the first has better endurance, regardless of the

presence of the protective layer. Consequently, we

conducted SEM assessment of the electrodes that had

undergone the washing and elongation cycling, and

compared the images with the pristine, untreated samples.

For ECM CI-1036 (Figure 4), the surface of the single-

layer (unprotected) sample after elongation does not

change considerably. For the double-layer (protected)

sample, small inconsistencies in the surface morphology

are visible in the form of protruding chips. For the washed

samples, while the cracks for the unprotected surface are

visible, the protected one demonstrates a rather smooth



surface, without voids and cracks. However, the signs of

washed away material are visible.

SEM images of ECM CI-4040 (Figure 5), show that for

the single-layer elongated sample, the surface is

reasonably smooth without cracks and void. At the same

time, the double-layer elongated sample show signs of

cracking on the surface. For the washed samples of ECM

CI-4040, while the single-layer sample has cracks and

voids, the protected one looks smooth with insignificant

signs of a washed-off surface. In terms of washing

reliability, ECM CI-4040 behaves similarly to ECM CI-

1036.

Finally, the results shown in Table 1 demonstrate the

disparity between washed and unwashed electrodes. In

case of full coverage electrodes, washing causes a drastic

increase of the resistance. We assume that the increase of

the resistance is caused by the accelerated washing of

conductive carbon particles from the protective layer.

Table 1. The resistance of various shaped electrodes (horseshoe and full
coverage) before and after the washing cycles

Unwashed Washed Unwashed Washed

CI-1036
CI-2051

1.55 ± 0.68 Ω 53.1 ± 23.3 kΩ 25.44 ± 4.38 Ω 221.0 ± 25.8 kΩ

CI-4040
CI-2051

3.12 ± 0.82 Ω 123.4 ± 46.3 kΩ 31.86 ± 1.13 Ω 234.0 ± 25.8 kΩ

Figure 4. ECM CI-1036: SEM images of untreated electrodes – top row,
elongated electrodes – middle row, washed electrodes – bottom row.

Figure 5. ECM CI-4040: SEM images of untreated electrodes – top row,
elongated electrodes – middle row, washed electrodes – bottom row.

IV. DISCUSSION AND CONCLUSIONS

The main aim of this experimental research was to

comprehend how the additional layer of conductive

material protects the electrodes of various shapes and inks,

and provide a guideline that can be used for creating

flexible ecosystem for humans’ vital signs measurements.

Hence, as a protective layer, we used a material that has

conductive properties, ECM CI-2051.

The resistance variation acquired during experiments

points to a few aspects that need further explanation.

The additional protective layer printed on top of the

electrode serves a double purpose: it protects the layer

beneath and enhances the electrical properties of the

electrodes. As seen in Figures 2 & 3, in most cases the

resistance of the double-layer electrodes decreases, and the

reliability increases. SEM images indicate a presence of

cracks and voids on the surface of the protected electrodes

that underwent the elongation cycling. After considering

the resistance values, we attribute the increased amount of

cracking on the surface to the electrodes’ increased

thickness. Although the cracks are visible, most probably

they affect only the top layer, protecting the layer beneath.

The shape analysis suggests that larger structures better

withstand the elongation. One of the reasons is the reduced

width and radius of the smaller patterns, which are more

significantly affected by the same degree of elongation.

These results are in agreement with the previous research

[45], [46].



The washing tests show how important are the aspects of

detergent and water. The SEM images of unprotected

electrodes indicate that water rinses away the conductive

material leaving voids and cracks that contribute to the

electrodes’ higher resistance. The results shown in Table 1

imply that washing is more destructive for the unprotected

electrodes, regardless of shape or material. The results

indicate the necessity for more research concerning the

washing of flexible electronics elements, as this process is

particularly destructive.

To conclude, this research provides evidence regarding the

influence of the protective conductive layer on the

performance of R2R-printed electrodes subjected to

elongation and washing cycling. The results indicate the

positive impact of the protective layers and suggest shapes

and patterns that are optimal for implementation in smart

clothing applications.
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