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Abstract

Smart textiles, known also as e-textiles, are of great interest for the development of healthcare and wellness applications

that require the embedding of electronic devices into the fabrics. Although many prototype proposals may be found in

the literature, the generalization and commercialization of e-textiles is limited by the lack of cost-effective, standard

fabrication processes that can be applied to a large variety of fabrics. In this contribution, we analyze the deposition of

silver and carbon pastes by screen printing methods on a wide selection of daily-use textiles, to gain insight into the main

features to be considered when developing cost-effective smart textiles. Results show the prospects offered by screen

printing to create conductive patterns over textile and flexible materials with sheet resistances lower than 1 X/sq and a

good repeatability in the dimensions of the patterns.
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The boom of wearable electronics has driven

the research on new materials applied to electronics,

focusing on flexible and biocompatible electronic

devices. As many wearable devices are meant to be

integrated in the clothing of the user, or even

the body, new electronic devices are required to adapt

to this environment and to place the focus on

user comfort. Contrary to traditional rigid electronics,

flexible electronics offer great advantages in this

situation.1,2

These technologies can be applied to several real-life

applications. One of the principal uses is the acquisition

of biosignals, such as the electrocardiogram3 or the

electromyogram, in this last case with applications for

different kinds of prostheses.4 Examples of clothing for

biosignal acquisition oriented to sport and health mon-

itoring can be found in the literature.5 This is not lim-

ited to the academic field, and commercial products

such as the socks developed by SensoriaVR 6 or the

smart hat from 2XU7 are already available. E-textiles

can be applied to other fields such as chemical analysis,

where applications for sweat analysis during physical
activity8 have been presented.

Within this framework, conductive textiles allow us
to create devices directly on the clothing of the user
instead of attaching them to the fabric, thus improving
integration and opening a wide range of new applica-
tions.9,10 Several methods for the development of these
materials can be found in the literature through the
fabrication of conductive fibers. These methods range
from the use of novel 2D materials based on graphene,
like carbon nanotubes or graphene derivates, to the
integration of conductive materials in the fibers of
the textiles.11–13 Conductive polymers, such as
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poly(3,4-ethylenedioxythiophene) polystyrene sulfo-

nate (PEDOT:PSS) have been also used to create this

kind of fiber.14,15 While these methods can provide

high levels of integration and conductivity, they are

expensive and not efficient when large-area elements

are needed. Printing techniques with conductive inks

and pastes can be much more efficient, as they are

able to overcome those drawbacks. Multiple techniques

are available, such as screen, inkjet, gravure, or flexo-

graphic printing, or by coating the substrates.16,17

Spray deposition of conductive coatings can also be

used for this purpose.18 However, screen printing is

the technique that best adapts to different textile sub-

strates. Furthermore, it requires fewer complex systems

than gravure, flexographic, or inkjet printing.

Compared with spray coating, the availability of inks

is also higher for screen printing. For these reasons this

technique is widely used to create conductive patterns

on textiles.19–21 It has been used in the creation of wear-

able antennas and transmission lines,22,23 or wearable

flexible electrodes.24–26

With all the above in mind, the use of screen print-

ing with a wide range of fabric substrates is studied in

this contribution, using carbon and silver pastes to

print the patterns. This study first covers the physical

characteristics of the patterns, such as thickness and

conductivity, with different pastes. After that, the influ-

ence of the substrate on conductivity is studied in dif-

ferent substrates, from latex gloves to sanitary napkins,

using silver chloride printed patterns for the

measurements.

Materials and methods

As detailed above, screen printing was selected for this

study due to its versatility to print on different sub-

strates. A manual screen printer from Siebdruck

Versand was used to deposit the pastes.27 To print

the conductive sections, the silver chloride paste

EDAG 6038E SS E&C from Loctite28 and the carbon

paste C220 form Applied Ink Solutions29 were selected.

Three different screens were used, depending on the

viscosity of the paste. To achieve the maximum print-

ing accuracy, the highest possible number of threads

per centimeter, or mesh, is needed. However, this

type of screen is not suitable for high-viscosity pastes.
For this reason, a 120 T/cm screen was used with the
silver chloride paste, whereas a 47 T/cm screen was
used for the carbon paste. Dielectric sections were
also printed using the 47 T/cm screen and the TD-
642 dielectric paste from Applied Ink Solutions.
Furthermore, the silver paste CI-1036 from
Engineered Conductive Materials, LLC with an 80 T/
cm screen was used for simpler lines.30 These pastes
were selected in order to cover a wide range of appli-
cations, and they were used without any modification
in their formulation. As they are biocompatible, they
are widely used in the fabrication of electrodes for bio-
signal acquisition. The application of these materials
directly on textiles could enable their use for long-
term monitoring.31

In this study different types of substrates were also
considered. The selection was done aiming to cover a
wide range of stretchable materials, flexible materials,
and non-stretchable porous materials, all of them usu-
ally present in industry or daily life, including some
non-textiles. The chosen materials are shown in
Table 1. This selection was intended to show a realistic
representation of the applicability of smart textiles and
the conversion of regular textiles into smart textiles.
The layer arrangement shown in Figure 1 was printed
over these substrates, including the conductive wiring
with a dielectric covering on top.

Table 1. Selected materials (non-textiles marked with *)

Stretchable Flexible Non-stretchable

Bandage Dishcloth (cross-linked cellulose and cotton) Bandage interior

Rubber glove* Kleenex* Diaper

Latex glove* PET*

Acrylic wool glove Sanitary napkin

Nylon tights

Figure 1. Cross-section scheme of the printed layers using the
example of the printing of a conductor made of silver chloride
with an overlying insulator.
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Two aspects were analyzed to study the created pat-
terns: first, the profile of a printed line, focusing on the
height, the roughness, and the reproducibility of the
pattern, and, additionally, the ohmic resistance of
the patterns printed over different substrates. For the
profile measurements, a Dektak XT surface profilom-
eter from Bruker was used, while microscope images of
the printed structures were acquired with a DinoLite
AM4115ZT microscope. For the roughness, the surface
parameter Ra of the printed line was analyzed. This
parameter is defined as:

Ra ¼ 1

l

Z l

0

jzðxÞj dx

where l is the length of the analyzed profile and z(x) is
the deviation from the average height of the measured
profile.

On the other hand, the sheet resistance was also
analyzed on the different substrates. This measurement
was carried out using a four-point probe head from
Jandel connected to a B2901A Keysight source mea-
suring unit. A constant current of 10 mA was sourced
for all measurements. The sheet resistance can then be
measured following the same method described by
Valdes.32 As the roughness of the substrate can affect
the sheet resistance and in order to have a reference, the
same patterns were printed over polyethylene tere-
phthalate (PET) films, where roughness is much
lower than on the rest of substrates. Thus, on PET,
the carbon paste exhibited a sheet resistance of 15
X/sq., while the silver chloride’s was 0.05 X/sq.

For stretchable materials, bending tests were carried
out in addition to static tests. The bending tests were
done with a custom-made setup as described by
Albretch et al.33 This bending test was thus started
with small strains of 0.1%, which were gradually
increased until the breaking point. For the materials
enduring more strain, the sheet resistance was mea-
sured after 10 consecutive bending cycles with strains
below the breaking point, to study how the mechanical
efforts in the substrate impacted the sheet resistance.

Results and discussion

Profile characteristics

The first study investigated the profile characteristics of
the printed lines. To avoid any influence in this regard
from the properties of the different substrates, several
sets of lines, as described below, were printed on the
reference PET substrate. It must be also noted that the
solid content of the silver chloride paste, according to
the manufacturer’s data sheet,28 is 66%, with a 9:1

ratio of silver and silver chloride, and a mixture of

diethylene glycol monobutyl ether and methoxypropyl

acetate as solvents. In the case of the carbon paste, the

solid content of graphite is 42%, with gamma-

butyrolactone and dimetyl glutarate as solvents.29

Figure 2 shows the thickness comparison between a

printed line of carbon paste and one printed with the

silver chloride paste. Black lines represent the average

thickness of these lines. In the case of the carbon paste,

this average refers to the thickness measured between

0.02 mm and 1.38 mm in the Distance axis of Figure 2,

while for silver chloride the average thickness covers

measurements from 0.054 mm to 1.33 mm in the

Distance axis of Figure 2. The thickness measured in

the carbon line was 5.18 mm, whereas the silver chloride

line thickness was 6.73 mm. The silver chloride paste

line was thus approximately 30% thicker than the

carbon paste one, which is mostly due to the lower

solid content of the carbon paste.
The roughness of the patterns was compared with

the Ra values of each profile. Thus, carbon ink printed

lines showed an Ra value of 1.19 mm, while for the silver

chloride it was 0.93 mm. Carbon lines were thus 22%

rougher than silver paste ones and, taking into account

that the carbon lines were thinner, this results in a

much irregular surface.
Comparing the line widths, silver chloride lines were

1.24 mm wide, whereas for carbon this width was 1.36

mm. Both differ from the 1 mm width of the mask by

approximately 0.3 mm, because the paste is pushed

slightly beyond the edges of the mask.
To compare the reproducibility of the lines, a pat-

tern with several adjacent lines was printed. In

Figure 3, the profiles measured with both carbon and

silver pastes are shown. The average line height was

calculated discarding the gaps between the lines, thus

calculating the individual thickness of the lines and

averaging all of them. The mean height of silver lines

was 6.86 mm with a standard deviation of 0.44 mm, and

for carbon lines the mean was 5.42 mm with a standard

deviation of 0.67 mm. From these values, it may be

noticed that the individual lines of both printed struc-

tures presented uniform thickness. However, the silver

lines showed higher thickness than the carbon ones,

being 1.44 mm thicker, which is consistent with the

results obtained above for single lines. The variability

of the lines was under 12% in both cases, although the

carbon lines were more variable than the silver chloride

lines, as expected from the roughness results.

Regarding the width of the lines, the carbon lines

were 1.40 mm wide on average with standard deviation

of 38 mm, and the silver chloride lines were 1.24 mm

wide with standard deviation of 34 mm. The variation

in both cases was 2.7% of the mean value.
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To create multilayer structures, dielectric layers are

required between consecutive conductive layers in

order to avoid short circuits. Thus, the profile of a

dielectric layer printed over a line of silver chloride,

as shown in Figure 4(a), was also studied. In this

type of structure, as the dielectric layer is the base for

the next conductive layer, the roughness of the printed

dielectric is key. A possible solution to reduce the

roughness of the dielectric is to print several layers of

dielectric over the silver chloride line. Figure 4(b)

shows the profile of such a structure. The average

thickness was studied in those zones that did not

have silver chloride under the dielectric. The results

showed a thickness of 4.85 mm for a single layer and

11.52 mm for the multiple-layer print.
The standard deviation of the measured values was

0.56 mm for a single layer and 1.95 mm for four layers.

The surface of the single layer was quite smooth with a

Ra value of 0.43 mm, while the four-layer structure

showed some roughness, with Ra of 1.42 mm, which

can be explained by the highest thickness measured

between 0.5 mm and 2.5 mm (in the Distance axis of

Figure 4(b)) and probably due to a lower pressure in

this zone during printing. Two elevations at the print-

ing edges are noticeable, as there is always more paste

at the end of the screen, i.e. at the transition from the

permeable to the impermeable part of the sieve, than in

the middle part of the screen. As this multilayer struc-

ture was printed several times and the squeegee was

thus drawn from right to left and left to right over

the screen, the increase found on both sides is higher.
The results of the bending test showed noticeable

differences between materials. The maximum possible

strain, i.e. the strain at the breaking point, for the ban-

dage was below 2%, whereas the maximum strain for

the acrylic wool glove and the nylon tights was up to

Figure 3. Comparison of the profile diagrams of several printed lines: (a) carbon, (b) silver chloride (profilometer measurements in
blue, mean values in black).

Figure 2. Comparison of the profile diagram of a printed line: (a) carbon, (b) silver chloride (profilometer measurements in blue,
mean values in black).
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12%. The rubber and latex substrates could bear even

higher strains, up to 32% and 35%, respectively.
Finally, preliminary manual rubbing tests were car-

ried out over the PET substrate with both pastes,

carbon and silver chloride. The different printings

were rubbed for 70 cycles using a microfiber cloth,

and the ohmic resistance was measured after every 10

cycles. With this, results showed two differentiated

behaviors: the silver chloride paste did not change its

resistance after 70 cycles, whereas the carbon paste

increased its resistance by around a 20% after 70

cycles. Even with wear beginning to be visually appre-

ciable in both pastes, only the carbon paste’s resistance

was altered.

Substrate influence on ohmic resistance

After the study above on the reference PET substrate,

silver chloride conductive lines were printed on the dif-

ferent substrates in order to measure printed sheet

resistances. As the silver chloride paste resulted in

smoother, more conductive and more durable patterns,

only silver chloride was considered on the different

substrates in Table 1 for this evaluation of the influence

of the substrate on the ohmic resistance. Microscope

images of the most representative substrates are shown

in Figure 5. These enable a closer examination of the

surface structures of the substrates, as well as of the

printed structures, in order to draw possible conclu-

sions regarding the respective conductivity of the print-

ing. The same magnification was chosen for all

substrates. The rubber glove (Figure 5(a)) presents a

very smooth surface compared with the other sub-

strates, as well as the layer printed on it. This means

that there are no irregularities, in the form of holes or

the like, recognizable in the layer. It is thus possible to

print a precise edge on this material. Apparently, there
are no indications of a reduced conductivity. The
images of the sanitary napkin (Figure 5(b)), the acrylic
wool glove (Figure 5(c)) and the nylon tights (Figure 5
(d)) reveal a thread-like structure, with a significantly
coarser fabric in the sanitary napkin and the acrylic
wool glove. These substrates are characterized by the
multi-layered nature of the material, i.e. the fact that
several fibers lie on top of and underneath each other,
which is confirmed by the partially blurred microscope
images.

The dishcloth textile (Figure 5(e)) is characterized by
a coarse-pored structure, so larger air gaps can be
observed and the surface is therefore uneven. The
printed layer, on the other hand, presents little uneven-
ness and few holes or other defects.

Table 2 lists all the measured sheet resistances of the
printed silver on the respective materials. The results
show that all printed structures were conductive but
presented different sheet resistances. Apart from the
values measured for the nylon tights, all values are
under 1 X/sq. It is striking that the printed silver
paste conducts best on the dishcloth, even better than
on the PET reference. This can be attributed to the fact
that the substrate material itself is slightly conductive,
as a resistance in the mega-ohm range can be measured
for this material without any deposited conductive
layer. In addition, the holes visible in Figure 5(e) are
filled with conductive paste and the sponge-like tissue is
able to absorb paste, thus resulting in many contact
points between the silver layers even deeper in the
tissue. Thin fabrics with a fine structure like the ban-
dage and the Kleenex also show low sheet resistances
when compared with the rest of the tested substrates.
These are comparable to the values on PET. Although
less paste can be absorbed here, the relatively smooth

Figure 4. Comparison of the profile diagrams of a printed silver chloride line with: (a) single-layer printed dielectric, (b) multiple-
layer printed dielectric (profilometer measurement in blue, mean in black).
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surfaces are a good prerequisite for a layer with few
holes, which reduces the resistance. In any case, as illus-
trated by the standard deviations of the measurements
in Table 2, measurement dispersion is observed for all
the materials when compared with PET, which is an
especially smooth substrate and ideal for printing
applications. These deviations could thus be reduced
by flattening the substrates with a preprint of a dielec-
tric layer.

Coarser materials, such as the diaper, the sanitary
napkin, or the acrylic wool glove, generate more and
larger holes (Figure 5(b) and Figure 5(c)), which could
be related to a higher sheet resistance. However, this is

not observed in all cases. For example, although the

fibers in the nylon tights are thinner than in the fabrics

just mentioned (see Figure 5(d)), the sheet resistance is

higher in this case. As more paste can penetrate deeper

into some of the fibrous materials that are more absor-

bent due to their purpose, such as the dishcloth and the

bandage, and, although the structure reveals holes

from above, they can still provide enough contact

points. The rubber and latex gloves also confirm the

effect of a smooth surface, as they show a comparative-

ly high sheet resistance.
Bending tests showed low influence of the mechan-

ical effort on the sheet resistance. For the latex gloves,

the variation in the sheet resistance was 10% and the

change in sheet resistance for the rubber ones was 8%.

This small difference is probably due to the lower

stretchability of rubber gloves. Finally, although no

deep study on the useful life of the patterns was carried

out, some surface oxidation was observed in some pat-

terns that were not encapsulated with dielectric. Thus,

a dielectric coating should avoid this effect.

Conclusions

Screen printing with conductive pastes over different

flexible and stretchable substrates was studied in this

work. First, thickness, roughness, and width of the

printed patterns were analyzed. The results show uni-

form and highly reproducible patterns for both of the

used pastes. In terms of thickness and width of the

Figure 5. Selected microscope images of different substrates with printed silver paste: (a) rubber glove; (b) sanitary napkin; (c) fabric
glove; (d) nylon tights; (e) dishcloth. The printed silver can be observed in the top half of the images, the unprinted substrate in the
bottom areas.

Table 2. Sheet resistance of printed silver on different materi-
als. Errors are calculated as the standard deviation of five dif-
ferent samples

Material R (mX/sq)

Dishcloth 100� 50

Bandage 320� 80

Kleenex 380� 70

Bandage interior 430� 50

Diaper 540� 50

PET 586� 5

Sanitary napkin 630� 60

Rubber glove 660� 30

Latex glove 790� 30

Acrylic wool glove 940� 10

Nylon tights 5000� 200

2716 Textile Research Journal 92(15–16)



patterns, printed variability was less than 12% in thick-

ness and less than 2.7% in width. Regarding the rough-

ness of the patterns, it was under 1.19 mm, with carbon

patterns the roughest. This all demonstrates how the

printings can be easily replicated with consistent

repeatability. Also, the capability to create multilayer

structures was illustrated through the use of the dielec-

tric paste TD-642 between conductive layers. The best

option to create this multilayer structure was to only

print a dielectric layer, as it resulted in a 30% smoother

surface.
In addition, the sheet resistance of the patterns was

studied over several textile materials using the silver

chloride paste, as it provided the most uniform pat-

terns. For all of the materials but for nylon, the resis-

tances were under 1 X/sq. The materials with lower

resistance were those able to absorb the paste, thus

creating a conductive surface that penetrates the mate-

rial. Materials with coarser fibrous substrates, such as

the acrylic wool gloves, were those with lower perfor-

mance, as the paste over those materials created a sur-

face with many defects and uneven surfaces.
With all of the above, we have demonstrated the

capability of screen printing to easily create conductive

flexible patterns over textile and flexible materials with

sheet resistances lower than 1 X/sq and with a good

repeatability of the patterns, even when created with

multiple layers of dielectric. With these results, the pos-

sibilities of creating circuits on textile and flexible mate-

rials have been illustrated, thus opening a wide range of

applications. Direct applications may include the

acquisition of biosignals through electrodes printed

on the clothing, or the use of textiles for interconnec-

tion with other developed patches, which can create a

complete body sensor network in the user clothing.

Furthermore, the combination of these conductive pat-

terns with sensitive substances could allow the develop-

ment of wearable sensors for chemical substances,

biomechanical analysis, or environmental variable

sensing.
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