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Reliability of R2R-printed, flexible electrodes for e-clothing
applications
Rafal Sliz 1✉, Olli-Heikki Huttunen 2, Elina Jansson2, Juhani Kemppainen3, Jyrki Schroderus3, Marika Kurkinen 2 and
Tapio Fabritius 1

Conformable electrodes are essential for the development of flexible electronics or functional clothing, regardless of their
application. Their reliable ability to transfer electric signals or serve as sensing elements in various conditions is vital for the
advancement of wearables that will enhance our everyday life. In this research, we concentrate our efforts on the understanding of
the influence of elongation and washing on roll-to-roll printed conductive electrodes of various shapes and materials. A large
sample set provides data on the breaking mechanisms and how these affect the electrical properties of the electrodes. In addition,
the physicochemical analysis offers insights into the electrodes’ and materials’ behavior in extreme conditions during elongation
and washing cycles. The achieved results indicate auspicious nanoparticle shapes and sizes as well as evidence regarding micro-
scale breaking mechanisms responsible for electrodes degradation. Utilization of commercially available materials and roll-to-roll
printing techniques allow the seamless application of achieved results and the creation of more reliable, flexible electronic devices.
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INTRODUCTION
In the era of ubiquitous electronics devices, their flexibility and
adaptability to our everyday life is becoming critical1. Flexible
electronics creates a new paradigm where one of the elements of
the system is exposed to stress conditions as elongation, bending,
or squeezing2. Compared to conventional “rigid” electronics,
flexible one offers extraordinary applications and new ways of
integration strongly supporting the concept of e-clothing and
Internet of Things (IoT)3.
The concept of flexibility is especially appealing for sensing

applications in health and environmental monitoring4–7. Health
monitoring, where the sensing elements can be placed directly on
the skin or implemented into clothing and move together with
the measured subject without limiting its maneuverability is one
of the ultimate goals supporting the research and development in
this field. The ability to embed sensing elements directly into
wearables opens a new avenue in the creation of “smart” clothing
that monitors the surrounding conditions and informs the owner
about abnormalities like illumination, radiation, toxic chemicals, or
gases8–11. The flexibility is also appealing for energy-harvesting
applications12,13, allowing the implementation of various energy
harvesting methods like indoor and outdoor photovoltaic13–17,
thermoelectric18, or mechanical19 methods. Another important
aspect is the energy storage systems20,21, where batteries or
supercapacitors, besides being flexible, provide sufficient energy
storage to supply the desired portable sub-systems. Also,
envisioned advanced wearable systems would need to be
equipped with various elements of identification and commu-
nication, starting from very simple displays and indicators22–24,
through identification schemes such as RFID25,26, and ending in
diverse methods of wireless communication and antenna
systems27. A truly portable system will consist of several flexible
elements interconnected with silicon-based rigid electronic
components like processors, memory, and transponders, to name
a few. The more flexible the elements, the more independent,

wearable and user-adaptable the system will be, fulfilling the
purpose of the e-clothing28–31.
Regardless of the implementation, almost all systems require

conductive wires either for sensing purposes, to transmit signals,
or to deliver electrical energy32. Therefore, the role of reliable
conductive elements and interconnections is substantial for
further development of flexible electronics33,34. Electrically con-
ductive lines can be produced by several methods: creating
pastes/inks of conductive particles and elastomers that can be
further printed or dispersed on the surface of the fabric;
depositing carbon or metallic coatings onto fiber surfaces;
incorporating hydrophilic comonomers; and by fabricating fibers
from aluminum, stainless steel, or other metals35–38.
Among the many methods of fabricating conductive compo-

nents, printing emerges as one of the most promising methods
due to the relatively easy implementation, various materials and
substrates compatibility, the low cost of fabrication and immense
upscaling possibilities thanks to the application of roll-to-roll (R2R)
printing techniques39,40. Compatibility with various materials is
especially important from the perspective of sustainability, where
plastic or rare earth elements can be replaced by environmentally
friendly materials such as nanocellulose or graphene41–45.
A significant amount of research has been conducted to

identify, understand, and mitigate the breaking mechanisms
responsible for low reliability of printed flexible conductive
lines46–49. Among many promising concepts and ideas to improve
the reliability of the conductive lines, three main strategies have
been recognized50. The first strategy involves a material
composition-oriented approach where carbon or metal nanopar-
ticles/nanowires are mixed with elastomers, providing the desired
level of flexibility, often at a price of lower performance due to low
conductivity of the elastomers51. The second approach includes
different structural configurations where the conductive lines are
realized in different shapes and structures, providing the ability to
elongate without breaking the circuit52. The third strategy involves
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a concept of protecting the conductive lines with the encapsula-
tion layer, where the conductive lines are embedded in the
supportive elastomeric materials53,54. Many advancements involve
the combination and interconnection of various strategies to
achieve the most reliable results55.
To ensure full applicability of the fabricated electrodes, besides

elongation cycling, we investigated their ability to withstand the
washing cycling. This is especially important because washing
involves a number of mechanical factors that affect the electrodes
such as abrasion, stretching, shearing, bending, flexing, and
soaking56. In addition, the presence of water and detergents
accelerates the degradation process57. Although some reports
examine the effect of washing on the printed electrodes’ behavior,
more research is needed to fully understand the impact of the
electrode shape and material on the phenomena occurring during
washing58–62.
In this research, we concentrated our efforts on understanding

the influence of elongation and washing on various shaped
electrodes, R2R printed on flexible substrates. The variety of the
electrode shapes (Fig. 1a) in combination with four different,
commercially available conductive pastes R2R printed on flexible

substrates (Fig. 1b) resulted in a testing framework that can be
utilized by scientists and engineers in the field of flexible
electronics. Importantly, the ultimate goal of this research was
to create an outstanding system of conductive electrodes that can
be used for precise electrocardiography (ECG) and electroence-
phalography monitoring (Fig. 1c, Supplementary Fig. S8), where
the electrodes can be implemented into clothing and are in direct
contact with skin.
During the reliability testing, we utilized the resistance as the

main factor indicating the performance of the electrodes (Fig. 2).
In addition, we conducted a washing testing where the electrodes
were embedded into the fabric and underwent washing
procedures, finalized with performance testing. Finally, we
performed a physicochemical analysis of the printed electrodes
to understand the breaking mechanism and significance of both
elongation and washing on the performance of the electrodes.

RESULTS
Resistance is one of the most typical indicators of the quality of
the electrodes, and, therefore, it was used to estimate the

Fig. 1 Various shape electrodes R2R printed on the flexible substrate (thermoplastic polyurethane). a Eight different shaped electrodes
(115 × 20mm). The designed endings allow easy incorporation with the cycling measurement system as well as the integration with the fabric
belt for ECG measurements. Panel b depicts one of the printing trials where the electrodes were R2R printed on a flexible TPU substrate with a
supportive carrier. c An exemplary electrode implemented into the stretchable belt used for washing testing and ECG measurements.
d Profilometric analysis of R2R-printed electrodes.
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electrode performance during the reliability cycling (see Fig. 2a
and the elongation video in the Supplementary Information). The
initial tests provided data on how the resistance changes during a
single elongation cycle (Fig. 2b) as well as during an extended
amount of time. As seen in Fig. 2b, the single elongation cycle can
be divided into two main phases: elongation and relaxation.
During elongation, the electrode is under stress and the resistance
increases. During relaxation, the electrode comes back to its initial
length; however, the resistance increases insignificantly with every
cycle. This behavior has been recognized and elaborated on by
Liang et al.63.
Before starting the elongation cycling, we measured the initial

resistance of the electrodes printed with Asahi SW1400 and ECM
CI-1036 pastes (Fig. 2c) as well as their thicknesses, which were
10.4 ± 0.8 and 8.6 ± 0.25 µm for Asahi SW1400 and ECM CI-1036,
respectively. The tests provided a set of data for various pastes
(Asahi SW1400, ECM CI-1036, ECM CI-4040, PPG XCMB-590) and
shapes (Fig. 1a). After completing the measurements, we selected
the most promising two pastes for further testing and analysis
(Asahi SW1400 and ECM CI-1036). Importantly, the results for the
remaining pastes and tests of additional annealing treatment are
available in the Supplementary Information document. ECM CI-
4040 and PPG XCMB-590 pastes were excluded from the main
manuscript file due to their poor performance during this study
and to ensure the clarity of this document. As evaluation criteria
for excluding some of the pastes, we utilized the increase of the
resistance during the elongation cycles. The material was
considered as well-performing if at least 50% of the measured
samples survived the elongation cycling without exceeding the
resistance of 10 kΩ. Figure 3 depicts the resistance change of the
flexible electrodes of eight different shapes printed with two of
the most promising materials.
Regardless of the shape, after 10,000 (10% elongation) cycles,

the ECM CI-1036 paste demonstrated more stable behavior in

both instances: during elongation and relaxation periods. Also, the
resistance of the electrodes printed with ECM CI-1036 was lower
than Asahi SW1400, both at the beginning and throughout the
cycling. In terms of the influence of the pattern size of the
electrode on its reliability, the large shapes exhibited better
endurance. Furthermore, for the large shapes, the difference
between the resistance during elongation and relaxation was the
lowest. For the full coverage electrodes, the resistance remains
low in both cases. However, for Asahi SW1400, after approximately
17,000 cycles, the resistance during elongation starts to peak
notably, indicating the beginning of the breakage. In terms of the
impact of the pattern shape on the electrode performance, we did
not find considerable differences.
To better understand the reasons for the increased resistance

and breaking mechanism of the electrodes, we performed a
scanning electron microscopy (SEM) analysis of the electrode
surfaces and compared the results to the untreated ones (Fig. 4).
Regardless of the SEM magnification, the best two pastes do not
reveal any significant changes on the surface of the electrodes.
Importantly, larger-scale images (×40) illustrate that the surface of
the electrodes remains smooth and cracks-free after the elongation
process. At the same time, the remaining poor-performing pastes
depicted in Supplementary Fig. S5 show small dents and cracks
that could be attributed to their poor performance. SEM images
also disclose the size of the Ag particles/flakes that the pastes are
composed of—Asahi SW1400 ~4 µm and ECM CI-1036 ~7 µm.
To understand better the influence of the pattern size on

electrode behavior, we compared the SEM images of the
elongated electrodes after the full elongation cycle. To highlight
the differences, the electrodes were elongated by 5% and the
images acquired (details in the Methods section). SEM images (Fig.
5, Supplementary Fig. S6 and S7) reveal that, compared to the small
patterns, the large ones are more resilient to cracks and voids’
formation during elongation cycling, regardless of the paste used.
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Fig. 2 Resistance measurements. a Four-probe resistance vs. elongation measurement system with 30 Hz sampling rate. b An exemplary plot
of the electrode resistance variation during the elongation cycling. c The initial resistance of the various shaped electrodes for Asahi SW1400
and ECM CI-1036 screen-printing pastes.
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Supplementary Figures S6 and S7 show that the cracks in the
small pattern electrodes range from 4 to 5 µm, while, in the large
pattern electrodes, the cracks are from 1 to 2 µm, at the same level
of elongation. Regarding the impact of the pattern shape on
electrode performance, as in the resistance measurements, the
SEMs images do not indicate significant differences.
Consequently, we attached the fresh set of printed-on TPU

electrodes to a stretchable belt as in Fig. 1c and conducted
washing cycles. After washing, we performed the physicochemical
analysis of the electrodes with an SEM microscope. As seen in Fig.
6, regardless of the electrode material, the images point out the
existence of cracks within the electrode structure, as opposed to
the unwashed samples where the cracks are not present. Higher
magnification images reveal more information about the density
and size of the cracks.

After imaging, we utilized the SEM microscope, equipped with
EDS functionality to analyze the chemical composition of the
electrodes before and after washing. The results of the SEM-EDS
analysis are presented in Table 1. The elemental analysis discloses
an insignificant change in the amount of oxygen and chlorine and a
more recognizable decrease in the amount of silver and an increase
of carbon in the washed belts, for both pastes. However, the
elemental composition changes are more notable for ECM CI-1036.
In addition, we analyzed the impact of the washing on the

surface roughness (Ra—arithmetic average and Rq—root mean
squared) of the electrodes. The results presented in Table 2 show
that washing increases the roughness of the surface by
approximately 38% and 170% for Asahi SW1400 and ECM CI-
1036, respectively.

Fig. 3 The resistance of various shaped electrodes for two best-performing pastes. The plots depict the change of resistance during the
elongation and relaxation cycle. The full cycle consisted of 10,000, 10% elongation cycles, at speed 0.5 Hz. The resistance axis scale varies, and
it is adapted to each resistance range to illustrate the behavior of the electrodes better. The plots for the remaining pastes (ECM CI-4040 and
XCMB-590) are available in the Supplementary Information.
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Finally, we measured the resistance of the electrodes after the
washing cycle. The results in Table 3 illustrate the difference
between unwashed and washed belts—after washing, the
resistance of the full coverage electrodes increases approximately
520 and 1100 times for Asahi SW1400 and ECM CI-1036,
respectively. At the same time, the horseshoe electrodes lose
their conductive properties, regardless of the paste used.

DISCUSSION
The ultimate goal of this work was to test various shapes and
pastes and create a framework that can be utilized for printed and
flexible systems measuring human vital signs. Therefore, the

electrode surface was not protected by any encapsulation. The
reliability cycling that used the resistance as the primary indicator
pointed out a few important aspects related to the pattern size of
the electrode and the material used for printing. The data indicate
that Asahi SW1400 and EMC CI-1036 significantly overperformed
the remaining pastes in terms of the resistance and the reliability
during elongation and washing cycles. After physicochemical
analysis, we realized that one of the main reasons for such
behavior might have been the size of the conductive particles/
flakes used in the paste formulation. Asahi SW1400 and ECM CI-
1036 are composed of Ag particles of a size of ~4 and ~7 µm,
respectively, while PPG XCMB-590 and ECM CI-4040 consist of
particles of a size above 10 µm. Although larger conductive
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Fig. 4 SEM images of the two best-performing pastes before and after the elongation cycles—full coverage electrodes. The figures
illustrate no substantial changes on the surface of the electrodes before and after the cycling. The large area figures (MAG ×40) demonstrate a
smooth surface, free from cracks or dents, regardless of the paste used.
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Fig. 5 SEM analysis of the influence of elongation on electrodes of various size patterns for Asahi SW1400 and ECM CI-1036 pastes. SEM
images at ×170 magnification show a large number of wide cracks for small patterns. Although the larger patterns also show the presence of
cracks, their size is notably smaller. This behavior occurs regardless of the paste used. Broaden SEM analysis for large and small patterns at
various magnifications is available in the Supplementary Information document (Supplementary Fig. S6 and S7).
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particles keep the resistance of the electrodes lower, they are
more prone to flake off and/or create larger voids due to
elongation cycling and washing. Smaller particles used in Asahi
SW1400 and ECM CI-1036 provide better mechanical properties at
the price of lower conductivity, especially during elongation.
The analysis of the influence of the pattern size on the

electrodes’ performance suggests that the large patterns with-
stand the elongation process better and provide better con-
ductive properties. Figure 5 and Supplementary Figs. S6, and S7
show a similar number of cracks for both sizes of the patterns.
However, the cracks and voids in the small patterns are
approximately 2–3 times larger. The main differences between
the large and small patterns are the radius and the width of the
conductive lines. These two factors have been recognized as
important aspects affecting the performance of the electro-
des64,65. Even the cracks’ distribution on the surface of the
electrodes implies an equal distribution of the strain along the
elongation axis, pointing at the width of the conductive lines as
the main reason for their different behavior. In essence, the wider

lines, in the larger patterns, are more resistant to mechanical
stress. Also, the wider lines reduce the probability that the
conductive path in the electrode line is damaged permanently by
the increasing amount of cracks. Importantly, although the full
coverage electrodes showed the best performance regardless of
the paste, the elongation video in the Supplementary Information
demonstrates a tremendous number of cracks occurring during
the elongation process. Noteworthy, the resistance and SEM
results imply that the pattern shape (within the same pattern size)
affects the resistance of the electrodes but is not critical for the
stable operation of the electrodes.
Additional annealing performed on Asahi SW1400 paste

indicates that additional heat treatment is not beneficial and
increases the degradation of the printed electrodes, represented
by resistance spikes after 10,000 s of an elongation cycle
(Supplementary Fig. S4). When compared, the single annealed
electrodes show more stable performance throughout the cycling
process. The exact reasons for such behavior need further
investigation.
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Fig. 6 Macroscopic comparison of washed and unwashed electrodes (Asahi SW1400 and ECM CI-1036) at various magnifications. SEM
images at ×500 magnification show the existence of cracks on the surface of the washed samples while the unwashed samples remain intact.
SEM image at ×1000 magnification points out the presence of cracks over the surface of the washed samples. The SEM images at
magnification ×5000 show the details of the cracks that are approximately 1–2 µm wide. Red arrows emphasize the location of the cracks at
various SEM magnifications.
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The applied washing tests reveal how critical the aspect of
water and detergent are during mechanical stress. The SEM results
point out that water washes away the material from the voids
caused by mechanical stress. At the same time, the SEM-EDS
results specify that the amount of silver on the surface decreases
while carbon content is increasing, indicating that silver particles,
especially the larger ones, are more prone to washing. The
roughness analysis shows that washing introduces substantial
mechanical stresses to the electrodes, and water and detergents
wash away any particles that are not fully immobilized, leading to
rough surfaces and cracks that increase resistance and contribute
to the breaking of the electrodes. The results presented in Table 3
point out that washing is destructive for electrodes, regardless of
the shape and only a full coverage electrode withstood the
washing process, maintaining the conductive properties. Although
the full coverage electrodes remained conductive, their resis-
tances were unacceptably high.
Finally, the applicability of the printed electrodes for heart rate

measurements was successfully verified—the electrodes pre-
sented outstanding data acquisition of the ECG signal from the
skin of the object under test (Supplementary Fig. S8).
To conclude, this work provides information regarding the

behavior of R2R-printed flexible electrodes exposed to stress
conditions during elongation and washing. The achieved results
indicate that pastes consisting of conductive particles of a size
below ~8 µm allow the fabrication of flexible and reliable
electrodes. It is noteworthy that the utilization of smaller
conductive particles might compromise the high conductivity of
the electrodes, which might be undesirable for some applications.
In addition, the results reveal the reasons why the large-size
patterns in the electrodes have better electrical properties,
compared to the small ones, regardless of the paste material.
Finally, the results also point out the need for more research
related to washing of the flexible electronic components as this
seems to be especially destructive.

METHODS
Platilon UO73 thermoplastic polyurethane was selected as the most
suitable base substrate. However, due to its stretchability, it required an

inelastic carrier film serving as a carrier in the R2R process due to
substantial web tension. Based on the experimental results (Supplemen-
tary Fig. S1) and vendor information, the pastes applied in this research
required annealing at temperatures of 120 °C or higher, making the PE
carrier (Platilon UO73) R2R incompatible. Therefore, prior to the printing,
the PE carrier was replaced with an inelastic and more thermally stable PET.
The electrodes of various patterns (Fig. 1a) were fabricated using rotary
screen printing. Printing was carried out using silver pastes (Asahi SW1400,
ECM CI-1036, ECM CI-4040 and PPG XCMB-590) and a rotary screen (Stork
steel mesh 305 in.−1) with a speed of 2m/min (Supplementary Fig. S9).
Then, hot air curing was carried out in a convection air oven with an air
temperature of 120 °C for 2 min, followed by a sequential 2 min in 120 °C
three times to ensure curing. For the double annealing test, the heat
treatment cycle was repeated.
The elongation was performed using the four-probe resistance

measurement system (Fig. 2a), introducing 10,000 elongation cycles of
10% at a frequency of 0.5 Hz. The system was composed of an Agilent
34401A digital multimeter connected to the computer with LabView
software for the data acquisition. The resistance of the electrode was
measured with a frequency of 30 Hz. The same system was used to
measure the initial resistance of the electrodes.
During the washing procedure, untreated electrodes on the TPU

substrate were attached to stretchable fabric belts (Fig. 1c), placed in the
washing bag, and inserted into a Siemens WD14H540DN washing machine
(Supplementary Fig. S10a). According to the producer, the energy
consumption when the device is connected is approximately 2,200W.
Approximately 10ml of washing powder—Ariel A+ (Supplementary Fig.
S10b) was added to the detergent compartment drawer. No bleaching
detergent was used. The Mixed Fabrics program, without additional
functions, was used for the washing cycle. The program is designated for
“textiles made of cotton and easy-care textiles, different types of textiles
which can be washed together”. The temperature and the spinning were
set to 40 °C and 1000 r.p.m., respectively. The washing cycle lasted for
approximately 63min. The washing was followed by the drying process on
a clothes drying rack, at room temperature. The washing and drying cycles
were repeated 10 times. The raw stretchable fabric belts exhibited ~50%
elongation when 10 N force was applied. In terms of mechanical
performance, the belts showed no degradation signs after 30,000 cycles
at 30% elongation (×3 cycling and ×3 elongation compared to the
electrodes).
SEM images were acquired using an SEM NeoScope JCM-5000 at various

magnifications as indicated in the respective figures. To emphasize the
difference in the behavior of various size patterns in the SEM images (Fig.
5, Supplementary Fig. S6 and S7), the electrodes were elongated by 5%
and attached to a double-sided carbon tape that kept the electrode
elongation during the SEM imagining. The EDS measurements of the area
of 0.05mm2 were performed with Zeiss ULTRA plus FESEM, equipped with
an EDS detector for elemental analysis of the surface. The roughness
measurements of the area of 0.3 mm2, as well as profile extraction, were
conducted using a Bruker ConturGT optical profilometer in VSI mode.

DATA AVAILABILITY
The data that support the findings of this study are available in the supplementary
document or from the authors.

Table 1. SEM-EDS elemental analysis of the surface of washed and
unwashed electrodes.

Asahi SW1400 ECM CI-1036

Element Unwashed
belt [%]

Washed
belt [%]

Unwashed
belt [%]

Washed
belt [%]

C 5.03 ± 0.22 6.69 ± 0.44 2.04 ± 0.61 6.79 ± 0.12

O 7.10 ± 0.15 7.54 ± 0.06 4.34 ± 0.55 4.33 ± 0.16

Cl 0.29 ± 0.10 0.02 ± 0.03 2.01 ± 0.28 2.18 ± 0.10

Ag 87.58 ± 0.08 85.48 ± 0.43 91.61 ± 0.87 86.70 ± 0.22

Table 2. Surface roughness comparison of washed and
unwashed belts.

Asahi SW1400 ECM CI-1036

Surface
roughness

Unwashed
belt [µm]

Washed
belt [µm]

Unwashed
belt [µm]

Washed
belt [µm]

Ra 1.38 ± 0.06 1.90 ± 0.27 0.51 ± 0.03 1.39 ± 0.09

Rq 1.72 ± 0.08 2.40 ± 0.30 0.69 ± 0.03 1.77 ± 0.02

Table 3. The resistance of the different shape electrodes (full
coverage and horseshoe) after the washing cycle.

Unwashed Washed Unwashed Washed

Asahi SW1400 0.41 ± 0.05Ω 212 ± 15.5Ω 10.71 ± 0.12Ω –

ECM CI-1036 0.31 ± 0.10Ω 344 ± 42.4Ω 10.80 ± 0.35Ω –
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