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Abstract:

‘The smart textiles’ concept has to develop products based not only on design, fashion and comfort but also in terms
of functions. The novel electro-textiles in the market open up new trends in smart and interactive gadgets. ‘Easy to
care and durability’ properties are among the most important features of these products. On the other hand, wearable
electronic knitwear has been gaining the attention of both researchers and industrial sectors. Combining knitting
technology with electronics may become a dominant trend in the future because of the wide application possibilities.
This research is concerned primarily with the design methodology of knitted fabrics containing electrically conductive
textiles and especially in-use performance studies. The structural characteristics of the fabrics have been evaluated

to enhance the performance properties.
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1. Introduction

The term ‘smart textiles’ defines materials with advanced
responsive properties enabling them to sense, actuate and/or
control. The development of smart wear is a new challenge
for the textile and clothing industry: it has to develop products
based not only on design, fashion and comfort concepts
but also in terms of functions[14]. Moreover, these products
must be easy to care and durable[24]. Combining textiles
with electronics has become a promising realm in the future
development of textiles. A number of researches have been
conducted to exploit the potential applications, such as sports
[4,15,20], healthcare[11,23], and so on. However, the growth of
wearable electronic textiles in the market has been retarded.
The reasons may be attributed to the poor appearance
of current products and that consumers may consider the
products to be ‘technical’ rather than ‘garments’.

Development of electrically conductive textile materials is one
of the key issues in recent smart textile research. This is a
field of innovation that broadened the scope of the traditional
textile and apparel products to high-tech textiles, designed to
meet specific needs[14], involving different technologies[9, 3]
and produced according to required properties, like personal
protection [19, 17, 10], safety[14], leisure[7] or health wear[12].
Just as in classical electronics, the construction of electronic
capabilities for electrotextiles requires the usage of conducting
pathways on fabric constructions. Hence, the development
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of such hybrid products mainly depends on the conductive
pathways in terms of material selection and application.

Wearable electronic knitwear has recently been gaining the
attention of both researchers and industrial sectors. Combining
knitting technology with electronics may become a dominant
trend in the future[3, 9, 16]. The knitting, made with conductive
yarn, is one of the essential building blocks for textile-based
intelligent garments. Knitwear exhibits high flexibility and
comfort, making it a good candidate for applications in sports,
medicine, and other areas that incorporate electro-conductive
components[4]. Textile-based electronic circuits have become
a key element in recent developments in intelligent textiles.
The general methodology used to design this kind of flexible
electro-textile surfaces can be grouped into two major topics.
The first is to fulfill the needs of the comfort and appearance
properties of an ordinary textile product while the second is to
meet the functional requirements.

This approach has been focused to develop a fabric design by
using conductive yarns to create novel intelligent and functional
applications for dressing/garments. Previous experimental
studies [22, 13] revealed that the formation of electrical circuits
in textile structures can be performed in various ways such
as weaving, stitching, embroidery of conductive threads on
fabric substrates, knitting of conductive threads along with
non-conductive threads, printing or deposition and chemical
patterning of conductive elements on textile substrates. The
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knitwear could achieve better results in performance than other
methods[16]. The main advantages of producing conductive
knitted textiles for the purpose of establishing electronic circuits
are enormous owing to continuous conductive pathways without
any interruption. Also, by using kntting technology, large-area
structures can be produced quickly and cost-effectively [8].

2. Experimental

2.1. Material

In this study, stainless steel yarns have been used to form
conductive paths in the fabric construction. The textile-
based circuit formation has been produced in circular knitting
machine. The samples are in the form of simple fleecy fabric
with the dimensions of 20 x 20 cm. The cotton yarns are used
as base yarns while the conductive yarns have been knitted
as fleecy yarns. The in-use performance mainly depends
on the performance properties of textile-based conductive
pathways[1, 24, 25].

In this study, two-thread fleecy fabrics were produced. Ne 30/1
Co yarn has been used as base yarn and Ne 20/1 Co yarn as
fleecy yarn (Figure 1). Fabric samples were produced on single
bed circular knitting machine (E = 28 gauge, 32" diameter).

Also at the reverse side of the fabrics, the inox yarns (stainless
steel fibres) were used as conductive yarns. These yarns have
a yarn count of Nm 15/1 and 36 Q per 10 cm linear resistances.
The conductive yarns contain stainless steel fibre of diameter
8 p and the yarns were knitted at different systems as given
in Table 1, and also the front views of the fabrics are given in
Figure 2.
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Figure 1: Fabric construction

FLEECY YARN

Table 1: Knitting notation of two-thread fleecy fabric

Fabric code The systems having conductive yarns
The conductive yarns are knitted as
F1
fleecy yarn at every 24" system.
The conductive yarns are knitted as
F2 0
fleecy yarn at every 48" system.
The conductive yarns are knitted as
F3
fleecy yarn at every 96" system.
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Figure 2: General views of sample fabrics

The fabric densities and yarn tensions were set to the most
appropriate levels in order to avoid problematic cases during
production. The course and wale densities of conductive
knitted fabrics are given in Table 2.

Table 2: Fabric properties

Faiccode | Coursedonsly | Wl denly
F1 18.7 12.2
F2 17.3 13.6
F3 18.7 12.7
2.2. Method

In order to investigate the effects of various physical and
chemical processes on the electrical performances of
conductive yarns that is placed in to the fabric structure, dyeing
process, washing cycles and pilling tests have been performed
on the samples.

All fabric samples were bleached before dyeing process.
Bleaching of the samples were carried out according to
following recipe: 1 g/l wetting agent, 4 g/l NaOH (Ak-Kim,
Istanbul-Turkey), 2 g/l H,0, (Ak-Kim, Turkey, 50%), 3 g/l
detergent (Solay DLM-K, Busan A.$.-Bursa-Turkey). After the
bleaching process, the samples were rinsed two times for 2
minutes; 1 g/l catalase (Terminox Ultra Novazyme) was applied
for 10 minutes and then treated with 2% of cellulase enzyme
(VESPIL328) for 25 minutes then rinsed two times with cold
water. The dyeing process is described in Figure 3. After the
dyeing process, all fabric samples were rinsed three times for
2 minutes with cold water, neutralised with acetic acid for 3
minutes. After rinsing with cold water, the samples were soaped
at 60° for 2 minutes, rinsed two times for 2 minutes. Fixation
washing was applied for 10 minutes. The samples were rinsed
with cold water two times for 2 minutes and softened with 5%
softening agent for 5 minutes. All wet processes were achieved
in drum type dyeing machine (Arda Makine, Istanbul-Turkey).
All chemicals were used without purification.
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Figure 3: Stages and recipe of dyeing process

Pilling tests were performed according to Standard ISO 12945-
1 [6] by using SDL-Atlas M227 test device (ICI Pilling Box).

Five washing cycles were carried out by using a domestic
laundry machine with a detergent without optical brightener at
40°C according to Standard EN I1SO 6330 [5]. Finally, all fabrics
were laid in the free form on a flat surface for drying procedure.

Before and after each process (dyeing, pilling, washing
cycles), resistance values of the conductive yarns within the
fabric structure have been measured. Arithmetic means of 10
individual measurements of the conductive lines tested have
been presented as measured values.

The values of resistances were measured by using 2-probe
method with a digital multimeter DM-6016 produced by
Lutron with a range of 0.001 Q to 20 MQ and an accuracy
of £ 1%. The device selected the voltage automatically to
measure resistances depending on their magnitude. The
values measured were taken after 15 s from the beginning
of measuring. The samples consist of several conductive
yarns in the fabric structure but the whole fabric surface was
not a conductive structure completely. Therefore, instead of
surface resistivity, this study focuses on the influences of some
physical and chemical processes on the resistivity of individual
conductive yarns in the fabric surface. For this reason, the
2-probe method has been performed to measure yarn resistivity.
The appropriate grasp-type probe for yarns has been used.
Ten conductive lines in the fabric structure have been taken
into account respectively and the probes have been placed
into both ends of conductive lines with a distance of 10 cm.
Hence, the unit of the results has been presented as Q/10 cm.
The measurements were carried out in a standard conditioned
room in order to provide the equality of the masurement

3. Results and Discussions

The conductive yarns have been knitted in different structures
as fleecy yarns within the fabric structure as shown in Table
1. At the starting phase of the study, the resistance values of
raw fabrics (prior to first process) were measured. The initial
resistance values of the raw fabrics are given in Table 3.

First of all, the dyeing process has been carried out. The

resistance values of the conductive yarns were measured after
the dyeing process. The results are shown in Table 4.
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To observe any possible effects in conductivity due to fibre
breakage and abrasion, pilling tests have been performed after
dyeing processes. The results of the resistance measurements
after pilling tests are shown in Table 5.

After pilling tests; five washing cycles were carried out. Before
and after each washing cycle, the samples were investigated
about the effects of each cycles on the resistance values of
the conductive yarns. The resistance values of the conductive
yarns were measured as shown in Table 6.

In order to compare the resistance levels of the conductive
pathways, the results were evaluated as given in Figure

5. As seen in the results, the resistance values increased

Table 3: Resistance values of raw fabrics (Q/10 cm)

F1 F2 F3

Avr. 34.90 33.40 33.60

Table 4: Resistance values of the yarns after dyeing process (/10 cm)

F1 F2 F3

Avr. 73.90 81.50 80.10

Table 5: Resistance values after pilling tests (Q/10 cm)

F1 F2 F3

Avr. 84.70 85.60 94.20

Table 6: Resistance values of the yarns after each washing cycle (/10 cm)

F1 F2 F3
st
After 1 190 161 158
cycle.
nd
After 2 205 155 147
cycle
rd
After 3 216 131 116
cycle
After 4hcycle 21 116 116
th
After 5 174 125 96
cycle
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significantly after the dyeing process and also after pilling
tests. Dyeing process, as a chemical reaction, increases
the resistance levels of the conductive yarns. The fibres are
affected in negative way because of the conditions of dyeing
process. The resistance values increase more then two
times after dyeing. Also, pilling test has a negative effect on
resistance values and causes a slight increase. One of the
possible reasons for this increase in the resistance values
of the pathways after pilling is the loss of some metal fibres
due to abrasion impacts during the pilling tests. One way to
ensure that stainless steel fibres do not slide from the yarn
could be to give extra twists to the yarn[24].

First washing cycle also has a great impact, as observed in
dyeing process. It is observed that the resistance values of the
conductive pathways is doubled after first washing cycle. The
increasing tendency continues till the end of the third washing
cycle for the sample F1. But for F2 and F3, the resistance
values showed a slight decrease during washing cycles. For
F1, the resistance levels are approximately the same values
for the beginning and the final stage of washing cycles (after
first and fifth cycle).

The results showed that washing cycles do not have a deep
impact to the resistance levels for F1. The washing cycles have
affected F2 and F3 more. When we examine the construction of
the samples in terms of conductive yarn layout, it can be seen
that the conductive yarns are much more close to each other
in F1, comparing to F2 and F3. The negative effects decrease
as the distance between the conductive pathways increases.

As stated above, the pathways in the fabric construction are
made of conductive yarns containing stainless steel filaments.
The surface of stainless steel materials are pleated. in a
characteristic manner, by using chromium(lll) oxide (Cr,O,)
layer, to protect the material from oxidation when it is exposed
to air. Even though the layer is impervious to water, it might
get damaged due to mechanical actions during physical
and chemical processes. The increase in resistance can be
explained through the damage of the metallic yarns, whereby
electrical current flow is obstructed[18]. The corrosion, called
crevice corrosion[2], is promoted and the electrical resistance
increases.

Finally, if we evaluate the general influence of physical and
chemical processes and tests, the results showed that the
resistance levels were affected by the dyeing test and first
washing cycle the most.

The main goal of the study is to investigate an innovative
functional fabric design with conductive yarns and determine
the resistance values of the conductive pathways before and
after physical and chemical processes in order to evaluate
in-use performance of the functional fabric. These efforts will
also help to develop a design model for creating wearable
electronic textiles that can provide certain functionalities by
using conductive yarns in the future studies.

The ‘easy-to-care’ and ‘in-use performances’ are among the
essential building blocks for textile-based intelligent garment
developments[21].

4. CONCLUSIONS

The integration of smart functionality into clothing and other
textile products will radically change the culture surrounding
these products, fundamentally altering people’s relationships
with them and the way they use them. Smart functionality will
also have an impact on the way products are designed and the
materials developed.

Smart and interactive products with active electronic functions
are the hybrid products between the textile and electronic.
Combining textiles with electronics has become a promising
realm in the future development of textiles. To ensure their wide
usage in the daily life, these products must be easy to care
and durable. It should be noted, however, that ordinary textile
processes and repeatetitive washing cycles of such conductive
yarns resulted in degradation of the electrical properties.

In this study, it was observed that the dyeing test and first
washing cycle have a great effect on the resistance values.
Different number of washing cycles affected the samples in
different ways. Also, creating a knitted electrical fabric that
exhibits integrity, looks and feels as an ordinary fabric is one
of the deliverables of this study. Flexible and durable fabric
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Figure 4: Resistance measurements results after each process/test/cycle (/10 cm).
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development methodology and performance studies have
been investigated.

In order to test the functional properties and durabilities of
various types of metal-based conductive yarns/pathways such
as silver, copper and stainless steel-based samples for daily
usage, the performance tests under different conditions should
be performed and evaluated.
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