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B Introduction

The problem of obtaining electrical
conductivity in the layers applied to a
flat textile structure appears more often
in connection with the development of
specialised textiles, among others, for
the purpose of protecting against the in-
fluence of electric and electromagnetic
fields, as well as for the development of
textronics. This is a rapidly developing
area, which is a synergistic combination
of electronics, computer science and tex-
tiles. It is related to the design of devices
in which a textile product can play a dif-
ferent role: a part of it may be an element
of an electronic circuit or flexible sub-
strate for integrated active and passive
components. The basis for such applica-
tions is the production of an electrocon-
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Work associated with obtaining an electroconductive layer on the surface of selected tex-
tile structures using vacuum deposition technology is described in the paper. The vacuum
deposition method gives the opportunity to receive products if the metal layers obtained
have good electrical conductivity with just the adhesion of particles to the textile substrate.
The experimental work on the application of metallic layers on fabric samples were divided
into three stages. At each stage, the conductivity of the layers obtained was investigated.
A microscopic examination was carried out using optical microscopy and scanning electron
microscopy in order to evaluate the continuity of the electroconductive layers deposited.
Based on the work, it was found that the sputtered layers are characterised by an electrical
conductivity depending on the process parameters.
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ductive surface layer on textile products
(electroconductive base) with a very low
surface resistance, similar to the tradi-
tional parameters of metallic conductors.

The preparation of a low-resistance elec-
troconductive layer on a textile structure
using vacuum methods is difficult for at
least three reasons: Firstly, in the vacu-
um process the substrate should be flat,
whereas in the case of fabric the substrate
has a three-dimensional surface structure
as a result of warp and weft yarns inter-
lacing. Secondly, the textile structure is a
system made complex in material and is
geometrical — spatial respect. In the ma-
jority of textile yarn it is a porous struc-
ture, formed from elementary fibres with
specific physical properties and limited
length (about a few cm). In the case of
multifilament threads, they are formed
from individual filaments of the same
length as that of the thread. Thirdly, the
layer deposited from the outside, seem-
ingly on the surface of the textile prod-
uct, penetrates, to a lesser or greater ex-
tent, into the structure.

The basic methods of obtaining electri-
cal conductivity on the surface of textiles
depends on manufacturing fibres made of
electroconductive materials and spinning
yarns from them [1]. Electroconductive
fibres are obtained mainly through the
modification of non-electrical-conduc-
tive polymers. The modification is as-
sociated with the addition of conductive
materials (soot, metal powder) to these
polymers. There is also the possibility of
using metal fibres, with a very low resist-

ance per unit length, less than 0.1 Q/m.
A characteristic feature of these fibres
is the presence of metals in their struc-
ture. The preparation of conductive metal
yarns involves the twisting of single
metal fibres (steel, copper, silver, gold,
among others) in the process of spinning
or surface metallisation of non-conduc-
tive yarns and continous filaments. Wo-
ven and knitted fabrics, nonwovens and
other fibrous products, such as multilay-
ered structures and clothing packages
are manufactured in traditional textile
processes with electroconductive fibres
and yarns. Using the electroconductive
structures obtained in these ways is quite
limited due to the unstable nature of the
conductivity resulting from the mutual
intertwining threads.

Extremely promising technologies as-
sociated with obtaining homogenous
conductive layers on the surface of tex-
tiles are associated with the modifica-
tion of the flat surface of textile products
through obtaining conductive layers.
One such technology is widely used in
various application methods of thin films
produced by vacuum deposition. It was
used in the case of fibrous substrates to
obtain layers which are a barrier against
electromagnetic radiation [2, 3]. Through
the vacuum deposition of materials such
as Zn, Ti, Cu, Ag & Al on the surface of
textile materials, electromagnetic shields
are obtained, characterised by good ad-
hesion to the substrate layers and by a
shielding effectiveness (SE) over 35 dB
at frequencies ranging from 10 MHz to
1.3 GHz,. Vacuum deposition technology
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was also used to obtain a electroconduc-
tive layer on the surface of textile mate-
rials. By Ag deposition on textiles using
the plasma sputtering method, excel-
lent adhesion on polyester fibres could
be obtained with smooth coatings [4].
Therefore, electrical conductivity is ob-
tained with low amounts of deposited
Ag maintaining their textile properties,
while showing a metallic appearance
and antimicrobial activity. Copper (Cu)
nanocomposite textiles are prepared by
magnetron sputter coating [5]. The sur-
face conductivity of textiles coated with
Cu nanostructures shows a significant
increase compared to uncoated ones.
Increased coating thickness leads to bet-
ter electrical conductivity. Sequential
vacuum deposition technology of metals,
such as Ti/T Au and Pt on the surface of
aramid fibre Kevlar 49 was used to obtain
leadwires and intrafascicular microelec-
trodes [6]. Based on research on the elec-
troconductive and mechanical properties
of the metallised fibres obtained, the pos-
sibility of using them as intrafascicular
electrodes for recording multi-unit neu-
ral activity in feline peripheral nerves is
confirmed. To obtain homogenous layers
on the surface of textile materials, metals
such as Ag, Cu, Au, Pt & Pt/Rh were de-
posited using the technology of vacuum
deposition. Next their antibacterial and
antifungal properties were tested [7],
and it was found that copper was effec-
tive against a bacteria bridge and fungi.
Silver was also effective against bacteria,
but against fungi its effectiveness proved
to be limited. The other metals tested did
not achieve effectiveness.

The main aim of the research was to de-
termine the possibilities and conditions
for the manufacturing of a metallic con-
ductive layer on samples of flat textile
products. The investigation was conduct-
ed from the viewpoint of the application
of the electroconductive fabric obtained
as electrodes for muscle electrostimula-
tion.

I Materials

Four fabrics were chosen for surface
modification. Selected parameters of the
textiles used are collected in Table 1.

A select group of fabrics allows the pre-
liminary assessment of the impact of me-
dia on the possibility of obtaining of a
conductive metallic layer by the vacuum
sputtering method.
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Table 1. Parameters of woven fabrics.

Woven o \weave Thick- | Areal = Warp Weft Yarn mass, Number of
fabric ] ness, surface density, density, tex twists, twists/m
material | type
symbol mm g/m2 | yarns/cm yarns/cm Warp | Weft | Warp = Weft
M3 Cotton Twill 0,36 185 38 35 29,3 20,3 824 780
M19 Cotton | Twill 0,33 207 45 33 19,4 | 35,1 976 686
TT4 | Polyester Plain 0,35 161 25 22 32,8 31,7 344 124
T~ Pobester 1041 | 170 43 24 251 | 257 | 800 | 1160
+ Cotton
B Methods servations were carried out at magnifica-

Manufacture of electroconductive
layers on textiles

The research involved the production of
metallic layers on selected samples of
textile products in varying process con-
ditions and microscopic analysis of the
layers obtained using optical microscopy
and scanning electron microscopy. Metal
layers were applied using the Classic
250 Pfeiffer Vacuum system. The re-
sistance vapour source (tungsten boats)
with evaporator current control was
used. The deposition process was carried
out after obtaining a vacuum of 0.01 Pa
(1.0x10-4 mbar. The pressure in the
chamber changed to a value of 0.1 Pa
(1.0x10-3 mbar) during the deposition.
The application of the layer lasted 5 min-
utes, and the samples were conditioned
for 3 hours in an environment with a
temperature of 22 + 0.5 °C and relative
humidity of 55 + 5% prior to layer appli-
cation. Metals with high purity: Ag - and
Au 99.99% - 99.99% were used in the
process of layer application.

The experimental research on the appli-

cation of metallic layers on samples of

selected fabrics was divided into three
stages:

I - initial tests on the possibility of ob-
taining the surface electrical con-
ductivity of metallic layers sput-
tered on the fabric;

IT - deposition and research on the con-
ductive layers on fabrics selected at
stage I;

III - preliminary optimisation of the
process — deposition of layers under
conditions specified on the basis of
the results obtained in stage II.

A preliminary microscopic examination
was performed using the following op-
tical microscopes: a stereomicroscope
with a magnification of 16x to 100x%
and a metallographic microscope - Neo-
phot 21 with a magnification of 100x to
800x. The scanning electron microscope
Hitachi S-4200 with the Voyager 3500
microanalysis system was also used in
the research on metallic layers. SEM ob-

tions from 30% to 2000x.

Measurement of the electrical
conductivity of layers produced on
textiles

The estimation of the electrical conduc-
tivity of metallic layers obtained on the
fibre substrate was based on resistance
measurements of the samples made. Two
methods of resistance measurement were
used: The first one was developed on the
basis of the idea of two-point resistance
measurement, the second - four-point.

The two-point method developed is
based on the direct measurement of local
resistance on the surface of the sample
using a two-point probe connected to a
multimeter - Agilent 34410A, working as
an ohmmeter [8, 9]. Both electrodes of
the probe, with a diameter of § mm each,
are 10 mm from each other. The probe is
placed on the sample, divided into seg-
ments, and the resistance is measured
in all pairs of segments. In this way, the
values of local resistance on each textile
sputter sample are obtained, enabling to
draw up a local resistance map according
to the measurement results obtained us-
ing the test method presented.

The four-point method developed is
based on indirect measurement of the re-
sistance of the samples using electrodes,
which are instructed in four corners of
the sample and marked, respectively,
as measuring electrode 1, 2, 3 and 4
[10, 11]. This method is based on the fol-
lowing measurement model:

R:l %4_& , (1)
2\ 1,, I

1-3
where:
1;.3,1,.4 — forced current between
opposite measuring elec-
trodes, i.e. 1 and 3 or 2 and
4, respectively;
Uj.3, Uy.4 — measured voltage drop be-
tween the second pair of
opposing electrodes, i.e. 1
and 3 or 2 and 4, respec-
tively.
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Figure 1. SEM images of the silver layer on a cotton fabric - M3 in the first stage of re-
search; a - 35 % magnification, b, ¢ - 180 % magnification, d - 500 magnification.

Figure 2. SEM images of the silver layer obtained in the second stage of research; a — on
fabric M19, b - on fabric M3.

Figure 3. SEM images of the metallisation layer on fabric M19 obtained at the third stage
of research; a - gold layer, 500 % magnification, b - silver layer deposited on the gold layer,
magnification 500 X.

Table 2. Measurement results of the average surface resistance.

Variant Temperature, °C Relativeuz umidity, A\::;iasgtz:::a(;:e ?’t;er::ig:)enr:t;: f
| 31.7 25 112.4 25
Il 32.3 35 101.4 2.1
1] 35.4 60 71.3 4.5
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This method allows to determine changes
in the sample resistance with relatively
small dimensions of the surface. In par-
ticular, it allows the assessment of the
impact of test conditions on the resist-
ance measurements.

I Results and discussion

Influence of vacuum process
parameters on electroconductive
properties of the layers

Metal layers were applied on selected flat
textile products in a multistage process in
order to give electroconductive proper-
ties. Fabric samples with dimensions of
60 x 60 mm were prepared and placed
casually on special substrates in a vacu-
um chamber. In the first step a layer of
silver was applied. Initially the ability of
the current conduction in the layers ob-
tained was tested and their microscopic
examination carried out.

In the first stage, the silver layers de-
posited on the textile substrate did not
generally show continuous electrical
conductivity. In the case of textiles TN
and TT4, a complete lack of conductivity
was found. Neither the low adhesion of
the layer to the fibre nor the low volume
concentration of fibres created even the
possibility of the appearance of percola-
tion-type conduction.

In the case of fabric M3 , due to the fact
that the measurements were performed
on different parts of the surface, in some
samples sporadic and unstable cur-
rent conduction was revealed. Sample
M3 was subjected to SEM observation
(Figure 1). The silver layer covers the
apparent (“observed” from the vapour
source) surface of the fabric, but it is not
sustainable and can be easily destroyed,
for example as a result of contact with
current and voltage electrodes (Figures
l.a and 1.b). The individual fibres are
coated with a layer of numerous longitu-
dinal and transverse cracks (Figures 1.c
and 1.d). Sporadic electrical conductivity
occurred due to the formation of conduc-
tive paths created by contact between the
individual weaves of fibres coated with a
silver layer.

A similar situation occurred in the case
of fabric M19. Therefore fabrics M3 and
M19 were selected for stage II. At this
stage, the layer of silver was re-applied
with variable setting parameters and
sample preparation. Observations were
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carried out with optical microscopes. The
electrical conductivity of the metallisa-
tion layers were investigated, depending
on process conditions (type of fabric,
sample preparation and sample location
in the chamber).

Resistance measurements of the layers
of the samples tested confirmed the de-
cisively positive impact of the assumed
treatments of the layers applied, as ob-
served in the second stage. These ob-
servations are essentially confirmed by
SEM microscopic image analysis (Fig-
ure 2). A definitely better quality of the
metallisation layer on fabrics M3 and
M19 was obtained, including a lack of
discontinuities. Changes in the process
conditions improved the conductivity of
the layers made on these fabrics.

In stage III, layers of gold and silver
were applied on fabric samples M3 and
M19. Good conductivity of the layers
applied was achieved for both fabrics.
In stage III, the best conductivity was
obtained for fabric M3. Fabric M19 has
good, but slightly lower electrical con-
ductivity. Observations using scanning
electron microscopy were carried out.
Images of sample M19 obtained at stage
Il (Figure 2.a) and stage 11l (Figure 3)
are compared.

Improvement in the adhesion of these
layers to the substrate fibre was observed
as a result of the deposition of metallic
layers at stage III.

Assessment of the electrical
conductivity of the metallic layers
obtained

Fabric M19 was selected for estimation
of the conductivity of the electrocon-
ductive layers obtained. Research of the
temperature and humidity effects on the
properties of the electroconductive lay-
ers applied on fabric was conducted in
the first part of the work. These inves-
tigations were carried out in an Angela-
toni UD150C Industrie climatic chamber.
Changes in the temperature and humid-
ity were possible. Three variants of the
temperature and relative humidity were
selected, chosen on the basis of medi-
cal literature in order to simulate human
physiological conditions [12]. The values
for each variant are collected in Table 2.

Resistance measurements were carried
out by the four-point method using Keith-
ley’s multimeter. The wires were tight-
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Figure 4. Changes in the electroconductive layer surface resistance for particular variants

of the research.

ened with electroconductive glue at the
four corners of the conductive surface,
which was a square with dimensions
of 6 x 6 cm. Then the wires were con-
nected to the measuring instrument. The
resistance was determined according to
model (1). Results of the measurements
are shown in Figure 4, carried out over
periods of 800 s , which is comparable to
the time of a single electrical stimulation
treatment. The surface resistance fluctua-
tions shown in Figure 4 are the result of
electromagnetic disturbances generated
by climatic chamber devices. The aver-
age resistance values and standard de-
viations calculated from 800 samples for
different variants are shown in Table 2.

The surface resistance value should not
exceed 300 Q in the case of electrodes
used in electrostimulation. This value is
recommended by manufacturers of medi-
cal generators used for electrostimula-
tion. It is experimentally found that the
higher resistance values can cause local
patient burns during electrotherapy. All
the average values of surface resistance
in the individual variants are less than
300 Q. A significant decrease in the aver-
age surface resistance can be observed in
the third stage of research, due to a much
higher humidity of 60% compared to the
one adopted at stages [ and II .

The surface resistance stability over
time for particular options was analysed
on the basis of the measurement results
presented in Figure 4. For this purpose,
linear regression analysis was used. The
model in the form R = R + B t was veri-
fied, where Ry is the surface resistance

at t = 0, and B is the coefficient of the
function code. The results of the analy-
sis were obtained using STATISTICA
and are presented in Table 3. A level of
significance equal to 0.05 was accepted
during the statistical inference about the
relevance of the model coefficients.

In each of the three options, it was found
that the intercept is an important factor of
the model verified, showing the stability
of the surface resistance in cases I, II and
III. The results of the analysis allow to
conclude that the electrically conductive
surface obtained on the textile substrate
by vacuum deposition can be used as an
electrode in the process of electrostimu-
lation.

The distribution of surface resistance
was analysed in the second part of the
research. In fact, local changes in the
resistance may be greater than the limit
value of 300 Q. For this reason, a sample
of fabric with an electrical conductive
surface was divided into segments. Then
resistance measurements were performed
using the two-point method at an ambi-
ent temperature of 24 °C and relative
humidity of 35%. Based on the results,

Table 3. Results of regression for model
R:ROJrﬁt

Regression

Variant coefficients Decision
| Ro 112.33 important

B 0.0002 negligible

I Ro 101.15 important

B 0.0003 negligible

i Ro 71.01 important

B 0.0007 negligible
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Figure 5. Map of the local distribution of surface resistance.

a map of the distribution of local resist-
ance changes on the sample surface was
drawn (Figure 5).

The analysis of the distribution of local
resistance shows that these values vary
from 19.6 Q to 4152.2 Q. Therefore, the
sample obtained may not be used as an
electrode in the process of electrostimu-
lation. Local changes in resistance on
the sample surface are the result of the
parameters that were accepted during the
sputtering process. The alignment of the
sample in the evaporator chamber has a
significant impact.

B Conclusions

The use of vacuum deposition technol-
ogy makes it possible to produce flex-
ible and lightweight electroconductive
textiles.

In this study, the experimental work car-
ried out to produce metallic layers on
textile substrates in varying conditions
of the deposition showed the impact of
the substrate on the quality of the metal-
lic layers obtained. An iterative process
for the preparation of layers has a benefi-
cial effect on the electrical conductivity
of sputtered layers. The best results were
obtained in the third stage of research for
fabrics M3 and M19 . In stage III, an im-
provement in the adhesion of the metallic
layers to the fibre substrate was observed.

The sputtered conductive layer is charac-
terised by a constant surface resistance,
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measured by the four-point method, for
different variants of temperature and
humidity. A significant decrease in re-
sistance was observed in the event of a
significant increase in humidity for op-
tion III.

Researches on local resistance show that
the distribution of the resistance of the
electrical surface can be irregular. For
applications of such structures as elec-
trodes for electrostimulation, a map of
the distribution of local resistance should
be analysed by either the two-point
method of resistance measurement or by
the four-point one. There is a possibility
of the existence of local regions with a
higher resistance value than the accept-
able value of 300 Q. Local changes in
resistance on the sample surface result
from the parameters that were accepted
during the sputtering process. There-
fore, further research will be continued
to achieve optimal sputtering process
parameters from the viewpoint of tex-
tile applications. The resulting product
should have good conductivity and uni-
form distribution of the electrical resist-
ance of the metallic layer

Ll
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