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ABSTRACT

The present work deals with the development of electrically conductive, EMI shielded,
multifunctional fabrics. At first, the conductive textiles were developed by in-situ deposition
of copper particles. The scanning electron microscope, and X-ray diffraction techniques were
employed to study the morphology of deposited copper particles. The utility of conductive
fabrics was analysed for electromagnetic shielding effectivity over frequency range of 30 MHz
to 1.5 GHz. The electromagnetic interference shielding was found to increase with increase in
number of dips, which was attributed to increased reflection of EM waves due to dense,
uniform, and percolated network of conductive copper particles on the surface. Furthermore,
the role of deposited copper particles on antibacterial properties was examined against
pathogenic bacteria such as Staphylococcus aureus and Escherichia coli. At the end, the
durability of fabrics was examined against washing. The fabrics showed good retention of the
copper particles, proved by scanning electron microscopic microstructures and small loss in
the conductivity of the material after washing.

The objective of second part was to develop multifunctional plain-woven conductive fabrics
with acceptable electrical conductivity by in-situ deposition of silver particles. The effect of
silver nitrate concentration and number of dips was investigated for change in electrical
conductivity, EMI shielding, and antimicrobial properties of coated fabrics. SEM analysis were
employed to study the morphology of deposited silver particles. The EMI shielding was found
to increase with increase in concentration of silver particles. Furthermore, silver particles were
also deposited on stretchable knitted fabrics by adopting the same method of in-situ deposition.
The purpose of this study deals with the development of stretchable conductive fabrics for
possible applications in electrotherapy. The performance of silver-coated fabrics was evaluated
based on number of properties such as electrical conductivity at normal and stretching state of
fabrics, antibacterial, and durability. Furthermore, the conductive fabrics were subjected to
various repeated extensions and change in electrical resistivity was examined to simulate the
performance of electrodes under various movements of human body. With increase in
extension till 80%, very small change in electrical resistivity was observed and after 90%
extension, the electrical resistivity was found to increase significantly. The resistivity was
found to remain constant for repeated extensions of over 100 cycles and also there was
insignificant change in electrical resistivity when constant current was applied over prolonged
time. The utility of silver-coated fabrics can be expected as flexible textile electrodes in
transcutaneous electrical nerve stimulation electrotherapy applications.

The third part of study, proposed a simple way of surface metallization of cotton fabrics by
electroless plating using a shorter route than is conventional. The fabric surface was activated
by deposition of silver and copper nanoparticles, and then a thin layer of copper was coated
using electroless plating. The performance of coated fabrics was compared in terms of
electrical conductivity, electromagnetic interference (EMI) shielding, Joule heating and
antibacterial properties. The samples prepared by electroless plating of copper showed greater
performance for the fabric first deposited with silver particles than those first deposited with
copper particles. Samples of copper electroless plating over silver had surface resistivity of 20
Q, EMI shielding of 75.53 dB and Joule heating of 119 °C by using DC input varied from 5-10
V and at constant current 1 A (the experiment was carried out up to 10 watt). Moreover, samples
with modified electroless plating showed better attachment of the metal layer and therefore
longer durability

The objective of fourth part was to make electrically conductive multifunctional fabrics and
their further use as electrodes for the development of triboelectric generator (TrEG). The
conductive fabrics were made by the coating of thin copper layer and then electroplating of
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silver layer. The surface structure, electrical conductivity and antibacterial properties of coated
fabrics were examined to know their multifunctional properties. Later, the energy harvesting
performance of conductive fabric electrodes was studied by combining with oppositely charged
triboelectric materials such as silicon rubber and rabbit fur. The fabricated TrEG was found to
produce 21 V and 3.5 pA current under the stretching action whereas 33 V and 6 pA current
under the pressing action. Furthermore, its energy harvesting performance was investigated
under the mechanical actions of human body, it generated about 10 V from elbow movements
and about 40 V from foot movements.

Keywords: Conductive textiles, copper particles, silver particles, stretchable conductive
fabrics, surface metallization, electromagnetic interference shielding, antibacterial properties,
smart textiles, TENSs electrodes, electrotherapy, electroless plating, metal coatings, sensors and
actuators, copper plating, energy harvesting, triboelectric generator
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ABSTRAKT

Tato disertacni prace se zabyvd vyvojem elektricky vodivych, multifunkénich textilii
chranicich proti elektromagnetickému zatreni v Sirokém rozsahu frekvenci (EMI). V prvni casti
prace byly ptipraveny vodivé textilie pomoci in-situ povrchové depozice Castic médi. Pro
studium morfologie nanesenych castic médi byl pouzit skenovaci elektronovy mikroskop a
rentgenové difrakéni techniky. Funkcénost vodivych tkanin byla analyzovana hodnocenim
ucinnosti elektromagnetického stinéni v kmito¢tovém rozsahu 30 MHz az 1,5 GHz. Bylo
zjisténo, ze stinéni elektromagnetického ruseni se zvySuje se zvySujicim se poctem dil¢ich
nanost, coz piimo souvisi se zvySenym odrazem elektromagnetického zatreni jako disledek
tvorby husté (za perkolacnim prahem) rovnomérnéjsi povrchové vrstvy vodivych ¢astic médi.
Déle byla zkouman vliv povrchové vrstvy Castic médi na antibakteridlni odolnost proti
patogennim bakteriim, jako je Staphylococcus aureus a Escherichia coli. Textilie s povrchovou
vrstvou castic médi vykazovaly dobrou odolnost v prani, coz bylo prokdzano jak
mikroskopickym zkouméanim mikrostruktury, tak malou ztratou elektrické vodivosti po prani.
Cilem druhé ¢asti disertacni prace bylo vyvinout multifunkéni tkané vodivé textilie v platnové
vazbé s prijatelnou elektrickou vodivosti pomoci in-situ nanaseni ¢astic stiibra. Byl zkouman
vliv koncentrace soli stfibra a poctu dil¢ich ndnosi na zménu elektrické vodivosti,
elektromagnetického stinéni (EMI) a antimikrobidlnich vlastnosti téchto multifunk¢énich
tkanin. Pro studium morfologie uloZenych c¢éstic stfibra byla pouzita SEM analyza. Bylo
zjisténo, ze elektromagnetické stinéni se zvySuje se zvySovanim obsahu ¢astic stiibra.
Stiibrné Castice byly také nandSeny na elastické pleteniny pomoci stejného zpusobu in-situ
nanaseni. Cilem byla ptiprava elastickych (vratn¢ deformovatelnych) vodivych pletenin pro
mozné aplikace v elektroterapii. Vyhodnost téchto pletenin byla hodnocena na zdkladé fady
vlastnosti, jako je elektrickd vodivost v normalnim a deformovaném stavu, antibakterialni
schopnosti a trvanlivost. Do 80% ni tahové deformace byla pozorovana velmi mald zména
elektrické vodivosti. Po 90% ni tahové deformaci bylo zjisténo, ze se elektricky odpor
vyznamné zvySuje. Bylo simulovdno chovédni vodivych pletenin (elektrod) pii riznych
pohybech lidského téla pomoci zmén elektrického odporu pii opakovanych cyklech
prodluZovani a odlehcovani. Bylo zjisténo, Ze elektricky odpor zlistava konstantni pfi vice nez
100 cyklech prodluzovani a odlehcovani. Dlouhodobé plisobeni konstantniho elektrického
proudu nevyznamné zménilo elektricky odpor elastickych vodivych pletenin. Tyto elastické
vodivé pleteniny textilii bude moZno pouzit jako flexibilni textilni elektrody v elektroterapii
transkutanni elektrické stimulace nervi.

Tteti Cast disertacni prace je zamétena na nadvrh jednoduchého zplisobu povrchového ukladani
¢astic kovll na bavinéné tkaniny bez pouZiti elektrického pole zkracenym. Povrch tkaniny byl
aktivovan nanesenim nanocastic stfibra a médi a nasledné byla vytvofena tenkd vrstva castic
médi bez elektrickym pokovovanim. Funké&nost povrchové pokovenych tkanin byla hodnocena
pomoci elektrické vodivosti, elektromagnetického stinéni, teploty odporového ohfevu a
bakteridlni odolnosti. Textilie, kde byla provedena aktivace nanesenim ¢astic stiibra
S naslednym bezproudovym pokovovanim médi, vykazovaly vyssi Gi€innost ve srovnani s
textiliemi, kde byla provedena aktivace nanesenim ¢astic médi s naslednym bezproudovym
pokovovanim médi. Textilie aktivované nanesenim ¢éstic stiibra S elektrolytickym pokovenim
meédi mély povrchovy odpor 20 Q, elektromagnetického stinéni 75,53 dB a teplotu 119 © C pii
ohfevu pomoci stejnosmérného napéti 10 V pii konstantnim proudu 1 A (10 wattti). Kromé
toho tyto textilie vykazovaly delsi trvanlivost efekti.

Cilem ctvrté casti disertacni prace bylo piipravit elektricky vodivé multifunkéni textilie
vyuzitelné jako elektrody pro triboelektricky generator (TrEG). Vodivé textilie byly vyrobeny
depozici ¢astic médi a ndslednou galvanizaci stiibrem. Pro posouzeni multifunk¢nich vlastnosti
byla zkoumana struktura povrchu, elektrickd vodivost a antibakteridlni vlastnosti. Byla
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studovana ucinnost sbéru energie vodivych textilnich elektrod kombinaci s opacné nabitymi
triboelektrickymi materialy, jako je silikonovy kaucuk a krali¢i kozeSina. Bylo zjiSténo, Ze
takto pfipraveny TrEG produkuje napéti 21 V a proud 3,5 pA pfi protazeni. Pfi stlaceni je
produkovano napéti 33 V a proud 6 pA. Déle byla zkouména energetickd uc¢innost tohoto
triboelektrického generatoru pfi mechanickém ptisobeni lidského téla. V dusledku pohybt
loktt se generuje napéti asi 10 V a v disledku pohybt nohou napéti asi 40 V.

Kli¢ova slova: Vodivé textilie, ¢astice médi, stiibra castice, elastomerni vodivé textilie,
povrchovd metalizace, stinéni elektromagnetického ruSeni, antibakteridlni vlastnosti,
inteligentni textilie, elektrody TEN, elektroterapie, elektrolytické pokovovani, kovové
povlaky, senzory a ak¢ni Cleny, pokovovani médi, sbér energie, triboelektricky generator.
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1. Introduction

In recent years, research on functional textiles gained significant importance due to
their utilization in different advanced materials [1]. A variety of functional textiles e.g. solar
textiles (reflecting or absorbing), color-changing textiles, shape-memory textiles, waterproof
and moisture permeable textiles, anti-bacterial textiles, UV protected textiles and electrically
conductive textiles have been developed [1,2]. Among them, the electrically conductive textiles
are becoming most dynamic and fast-growing sectors due to their novel applications in flexible
and wearable electronics, sensors and actuators, electromagnetic interference (EMI) shielding,
heat generators, etc. [3]. There are various approaches to render the textiles with electrical
conductivity such as fabrics made by naturally conductive yarns and those specially treated to
impart conductivity. The naturally conductive yarns can be spun directly from electrically
conductive materials like metals [4, 5]. While special treatments like chemical coating, surface
metallization (Cu, Al, Ni, Ag, etc.), deposition of conductive fillers (carbon black, carbon
nanotubes, etc.), coating of conductive polymers (polyaniline, polypyrrole, polytiophene, etc.)
can be attempted to impart electrical conductivity on textile surfaces [5, 6]. However, the
conductive textiles made by blending of metal wires during yarn or fabric formation lead to
deterioration of their comfort properties and were easily affected by washing and abrasion [7].
They cannot be widely used for personal protective clothing because of their prickliness, heavy
weight, cost inefficiency, poor flexibility, and poor scratch resistance. The fabrics made by a
coating of conductive polymers, inks, and chemical doping were found not durable to washing
and were susceptible to cracking and rubbing [8-10]. Therefore, the textile surface
metallization was investigated in detail in this research work as unique method to provide
multifunctional properties such as electrical conductivity, EMI shielding, ohmic heating and
anti-bacterial properties [10].

2. Purpose and the aim of the thesis

The main aim of thesis is to investigate preparation properties and selected applications
of multifunctional textiles having required electrical conductivity, EMI shielding, ohmic
heating capability, and anti-bacterial properties by different surface metallization methods. To
develop the conductive fabrics for novel applications (electrotherapy, energy harvesting) a
suitable amount of deposited metal is required. This thesis is focused on the metallization of
two different kinds of fabrics i.e. 100 percent cotton woven fabric and knitted stretchable fabric
composed up of nylon, spandex and cotton.
At first in-situ deposition of copper particles was done on plain woven cotton fabric and
studied their electrical and functional properties.
In second step deposition of silver particles was done on cotton fabric and knitted fabric. The
purpose of deposition the silver particles over knitted fabric was to find the suitable application
in the field of electrotherapy for TENs machine.
Third step was to perform the electroless plating on previously copper and silver particles
coated woven fabrics. Generally, electro less plating is performed after a number of steps (1)
pre-treatment, (2) sensitization of the surface, (3) activation of the surface (4) copper plating.
The aim was to eliminate the sensitization step by coating of copper or silver particles over the
surface of fabric before electroless plating of any metals.
In fourth step, the cost effective and complete procedure to develop TrEG (Triboelectric
generators) is described. we performed the silver plating on stretchable knitted fabrics
composed up of nylon, spandex and cotton. Then the suitable application of plated fabrics in
the field of energy harvesting was find.
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3. Overview of the Current State of Problem

The metallization of textile is the process which adds to and enhance the functional
properties of textile [11]. Metallized textiles have numerous advantages over fabrics made
entirely of thin metal wires and polymers. The advantages over no metallized fabrics include
resistance to sever weather conditions like sunlight, smog and soil, resistance to chemicals and
lower the sorption of hydrophilic materials. Thick and dense coating of metal is done in the
field of protective textile to enhance the anti-ballistic and anti-stabbing properties. On the other
hand by thing metal coating we can achieve the flexible and light in weight fabrics as compared
to fabrics produced by thin metal wires and metallic sheets [21, 22]. Another advantage is in
the field of textile fashion designing to produce the bright, shining and decorative textiles [23,
20]. By using metallization, it is possible to reduce the static charge. The static charge usually
produces on the surface of synthetic fabrics and polymer sheets. These charges cause the
attraction of dust particles and significantly put the electronic chips and devices in risk of
damage [21, 22]. Another significant advantage is in the field of smart textile. Where metal
coated textiles are important due their novel property of electrical conductivity and
electromagnetic shielding. Electrically conductive flexible textile materials are new approach
for the production of fabric sensors which can be used for certain medical application like
electromyography (EMG), electroencephalography (EEG) and electrocardiogram sensing.
These textiles also use in bandages and surgical gowns due to antibacterial effect. Moreover,
due to their novel property of flexibility they can be integrated into textiles to detect field effect
transistors, health monitoring, sports action detectors. Metal coated textiles can be used as
electrodes in energy harvesting devices and in the replacement of carbon based polymer
electrodes etc. A number of techniques have been devoted to plating of copper using
formaldehyde as reducing agents, however, this process may release hazardous gases during
their operation [3]. In another research, the ultrasonic-assisted electroless silver plating of
polyethylene terephthalate fabrics showed the SE of more than 32 dB at frequency ranging
from 0.01 MHz to 18 GHz [15]. However, the plating of silver is costly than plating of copper.
Therefore, further research is necessary to effectively modify the textile surface with
controllable conductivity and high durability in safe conditions. Several papers have studied
the electroless copper plating solutions using sodium hypophosphite as reducing agent due to
its low pH, low cost, and relative safety features [3]. Those researches focused mainly on the
effect of additives, on the properties of the deposits and the application of electroless copper
plating to fabrication of printed circuit boards.

Research gaps were found after an extensive literature review shown above. According
to the knowledge following research gaps were identified.

In-situ deposition of metal particles on woven and stretchable fabric for produce the
flexible, stretchable sensors and electrodes (was here selected). Hence better replacement of
coating the particles and nano/microwires of metals with binder [16]. Furthermore,
searchability of fabric is also affected if binder is used to attach particles over the fabric surface.

Copper and silver particles coated fabrics should have good anti-bacterial properties
and ohmic heating. Due to antibacterial effect, resistive heating, flexibility and searchability
the fabrics will be better replacement for the carbon rubber-based hard electrodes (use in
electrotherapy) [17].

Developed stretchable electrodes would be easily applied for long time over the skin of
patient, and avoid from discomfort, redness, rashes and sweat, which were the frequent
problems occur by self-adhesive carbon electrodes [12, 79].
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In addition, fabric based electrodes can be washed and reused, while adhesive carbon
based electrodes cannot use for more than three times [20]. Furthermore, it is compulsory and
irritant to apply adhesive gel each time over the skin to attach the rubber electrodes.

Formaldehyde based reducing agents have been reported in many studies to develop
the copper and silver particles. Formaldehyde has severed disadvantages on health such as
carcinogen and irritant to skin, so cannot use for electrotherapy or in other medical applications
[21]. Some more studies are available for another famous reducing agent NaBH4. Sodium
borohydride is extra active agent and give fast reduction. NaBH. provide a lot of H ions and
fast nucleation of metal ions, which tends to the formation of clusters and uneven coating [22].
Moreover, the coat of NaBHj4 is too high than sodium hydrosulphite and reduction potential is
almost the same. Hence, glucose and sodium hydrosulphite are safe to use and better
replacement of formaldehyde and sodium borohydride [23].

Moreover, glucose and sodium hydrosulphite reducing agents provide low pH, low cost
and relative safety. Low pH is attractive for better nucleation of metallic ions, which tends to
produce small size metal particles and avoid from aggregation [24]. While in basic pH there is
need of alkali and complexing agents, which cause Metal hydroxide/oxide ions and produce
uneven coating with large size agglomerated particles.

In situ deposition of particles provide thin layer of coating and resultant fabric will be
light in weight as compared to heavy metal coating techniques such as physical vapour
deposition and chemical vapour deposition etc.

Furthermore, by dip-dry-reduction method, we are directly growing/reducing the
particles over the fabric surface. Therefore, eliminated the problems of cluster and
agglomeration which are more common in solution or sol-gel method [27].

Purpose for in-situ deposition is to provide the better base for further
electroless/electroplating of metals. So, in this way we have eliminated a number of pre-
treatments, activation and sensitization steps, which are normally required to proceed further
metal plating. Whereas conductive inks, conductive polymers and carbon-based materials
provide in inadequate base and are not suitable form hygienic point for the development of
electrodes (use in medical applications).

Surface activation with nanoparticles is more stable and provide better base for further
electroless plating. Because nanoparticles cover more surface area and also penetrate into the
fabric structure properly, to provide the volume conductivity. Furthermore, we are using copper
and silver nanoparticles. Who has positive redox potential than copper which is going to be
deposit. Actually, if we do use any base particles which has negative redox potential than
copper depositing. Then the host element will replace by copper. So, the base will not give the
homogeneous ground and will cause for the thickness variation for copper plating, in turn,
electrical resistivity will also affect [28].

Copper electroless deposition on nano copper and silver particles is also better
regarding comfort properties (drape, thickness and stiffness).

After deposition of silver and copper particles the fabric is ready for copper electroless
plating. This method of plating is focused on less cost and environmental friendly (palladium
free, stannous free and formaldehyde free) copper plating over cotton fabric [28].

A lot of worked has been done for copper plating over, stannous, cobalt and lead. Which
cannot be used for hygienic applications. As tin (Sn) is hazardous and irritant to skin and
persons with existing skin disorders may be more susceptible to the effects of these agents[29].
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In existing methods copper and silver particles base for the deposition of further copper plating
also confirmed the antibacterial activity of developed fabrics. Fabrics can be used for
environmental friendly applications like electrodes for (TENs) machine, west for military
application where we need electromagnetic shielding and hygienic west in case of injury of
sliders.

During electroless plating by conventional method we need to use hydrochloric acid
with stannous chloride which in turn effect the strength of cotton fabric. Instead of it, we are
performing the electroless plating in alkaline bath using sodium hydroxide. Therefore, a study
is describing more favourable deposition of copper in alkaline pH [30].

For selection of proper reducing agent, it should have high standard reduction potential
as compared to the metals (copper and silver) being reduced. For instance, the reduction
potentials of some important reducing agents like hypophosphite (-1.57V), formaldehyde (-
1.30 V) can be useful as they are higher compared to the reduction potentials of copper +0.34V
and silver +0.80V [31]. The another important property of reducing agent is self catalytic
reaction ability which can help in deposition of maximum copper on target metal (fabric coated
with copper particles) [32].

Researchers have been using formaldehyde and hypophosphite as a reducing agent
during electroplating, which has serious disadvantages. Formaldehyde has severed
disadvantages when use for electroplating. It is carcinogenic, irritant to skin, give harmful
vapor etc. While using hypophosphite is not proper for copper, because copper is not a good
catalyst for the oxidation of hypophosphite. So, in result give not proper plating over copper.
So to overcome these issues glyoxalic acid appeared as a best alternative, provide more stable,
higher deposition with very less environmental pollution.

Electroless plating method by using glyoxalic acid is more environmentally friendly
and not give off harmful vapours.

The main advantage of performing the electroless plating over already copper and silver
particle coated fabric is to achieve very low electrical resistivity with high EMI shielding
because silver and copper particles coated base is already conductive.

4. Method used, study materials
Two types of fabrics were used for metallization. One is plain-woven standard bleached cotton
fabrics with weave structure (EPI x PPI =28 x 23, warp and weft count = 23s Ne, GSM = 150
g m?) having thickness 0.35 mm were used. The second fabric is a special type of knitted
textile mostly used for medical therapy. This knitted fabric is composed up of cotton-Nylon
66-Lycra (80:15:5) with areal density - GSM 110 g/m? and construction of WPC x CPC = 10
x 9 (26 Tex, 20 Denier, 70 Denier), having thickness about 0.85 mm.
The experimental part is composed up of four parts.
e First part, is the development of copper particles on plain woven cotton fabric.
e Second part, is the deposition of silver particles over plain woven cotton fabric and
deposition of silver particles on stretchable knitted fabric (to develop the electrodes for
TENSs machine for electrotherapy.
e Third part is related to further copper electro-less plating on previous two developed
(Cu particles coated woven fabrics and Ag particles coated woven fabrics) fabrics.
e Part fourth is the silver electroplating over knitted fabric (to develop the energy
harvesting device).
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4.1 Deposition of copper particles on textiles

These experiments are done to incorporate the copper particles over the plain woven
cotton fabrics. Copper sulfate was used as the base material along with sodium hydrosulfite as
reducing agent for in situ deposition of copper particles on cotton fabrics. At first, different
concentrations of copper sulfate from 30 g/L, 20 g/L and 10 g/L were prepared by dissolution
in distilled water. Then, the cotton fabric was dipped 10 times in the solution and dried at 100
°C for 3 minutes. This procedure of dipping and drying was continuously carried out up to 150
dips. The dwell time of fabric in solution was about 30 seconds against each dip. Subsequently,
(after each 10 number of dips) the treated fabrics were transferred to the 30 g/L sodium
hydrosulfite solution. Hence, we made 15 samples against each copper sulfate concentration.
The concentration of sodium hydrosulfite was determined based on the concentration of copper
sulfate. It should be always higher or at least equal to copper sulfate concentration. The
reduction was continued for the duration of 20 minutes. The duration of reduction treatment
was determined based on change in color of cotton. The cotton fibers changed their color from
blue to blackish gray after 15 minutes of reaction with reducing agent. So, 20 minutes of
reduction treatment was allowed to complete the reaction.

4.2 Deposition of silver particles on textiles

Silver particles were deposited on plain-woven cotton fabric and also on stretchable
knitted fabric.

4.2.1 Silver particles on cotton woven fabric. The cotton fabric was treated with 10 wt
% aqueous NaOH solution at room temperature for 10 min and rinsed with distilled water. At
first, different concentrations of silver nitrate (AgNO3) from 51 g/L, 34 g/L and 17 g/L were
prepared by dissolution in distilled water. Then, the agua ammonia (28 wt %) was added
dropwise into aqueous solutions of AgNOs and stirred continuously until a transparent solution
of [Ag(NHs3)2]* was obtained. Cotton fabric was dipped in this solution for 30 seconds and
dried at 100 °C for 3 minutes. The dip and dry process was repeated a number of times to
deposit the maximum concentration of [Ag(NHs)2]" on the fabric. This procedure of dipping
and drying was continuously carried out up to 150 dips. Subsequently, the treated fabrics were
transferred to 18 g/L glucose stock solution. The reaction was allowed to proceed for 15
minutes. Finally, the fabrics were rinsed with water and dried in air.

4.2.2 Silver particles on blended knitted fabric. Pre-treatment of fabric via local
oxidation was carried out by dipping fabric into 1 % (w/w) KMnO4 and 10 g/l sodium chloride
(NaCl) for 25 min in an ultrasonic bath. This treatment was done to enhance the carbonyl
groups on the nylon 66 fibers. The fabric was rinsed thoroughly with distilled water and dried
at 60 °C. The fabric was then treated with 12 wt % aqueous NaOH solution at room temperature
for 10 min and rinsed with distilled water. Meanwhile, three different concentrated solutions
(170 g/L, 85 g/L and 42.5 g/L) of silver nitrate (AgNOz) were prepared and the aqua ammonia
(28 wt %) was added dropwise to get the transparent solution of (Ag(NHs)2)*. Later, alkali
treated fabrics were dipped in each solution for 10 minutes and dried at 90 °C for 10 minutes.
The dipping and drying process was repeated for 10 times to deposit the maximum
concentration of (Ag(NHs)2)*and Ag™ ions on the fabrics. Towards the end, the dipped fabrics
were immersed into 54 g/L glucose stock solution, and the reaction was allowed to progress
for 15 min. The silver coated fabrics were then rinsed with distilled water, dried in air and post
cured at 100 °C in the oven for 10 minutes.

4.3 Electroless plating of copper over previously coated fabrics

Based on previous experiments, the surface activation of fabric was carried out using
10 g/L of copper sulphate for deposition of copper particles and 17 g/L of silver nitrate for
deposition of silver particles. Then, the copper and silver particles coated fabric samples were
immersed in the electroless copper plating bath at room temperature for different intervals of
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time. The bath composed of 30 g/L CuSOs-5H20, 20 g/L glyoxylic acid as reducing agent
(50% aqueous solution), EDTA as complexing agent and 12 g/L sodium hydroxide. The
concentration of EDTA was adjusted according to the concentration of copper sulphate in the
ratio of 1:1 to avoid the formation of complexes with substrate metal (Ag or Cu). After plating
the fabric was cleaned with deionized water and dried in oven at 85°C.

4.4 Plating of silver over stretchable fabrics for the development of TrNG

Cotton-Nylon-spandex (80:15:5) stretch fabrics were used as a substrate to produce the
conductive fabrics. The conductive fabrics were made by the deposition of copper
nanoparticles followed by silver electroplating. At first, the fabrics were treated with 15 wt %
aqueous NaOH solution at room temperature for 10 min and rinsed with distilled water. Then
10 g/L of copper sulphate was prepared by dissolution in distilled water, blue colour was
appeared. The alkali treated fabric was dip and dry several times in solution at 60°C, with a
time interval of 30 minutes. The treated fabric was then transferred to the 30 g/L sodium
hydrosulphite solution. The reduction was continued for the duration of 20 minutes. It is
necessary, fabric should be conductive and act as a catalyst to locate conductive material on it.
The purpose of silver electroplating was to produce compact layer of metal on substrate.
Copper nanoparticles covered fabric was used as a substrate. To perform the electroplating, 5
gram of Silver nitrate (AgNOs) was dissolved in 1 liter of distilled water. Electrolytic power
source was rated at 10V/1Amp. A constant current was maintained throughout the complete
electroplating. Anode was connected with silver rod acting as source of silver metal while
cathode was connected with conductive fabric (Cu-NPs coated) to deposit the silver metal. It
was made sure that solution continuously circulate the electroplating bath. For fabrication of
triboelectric generator, the rabbit fur and silicon rubber were employed as two triboelectric
layers due to their high stretch ability, softness and different electron affinities. Rabbit fur is
positive dielectric while the silicon rubber is negative dielectric. The developed TrEG was
designed to generate the energy under both stretching and pressing modes.
4.5 Surface morphology testing

Scanning electron microscope (SEM) was used to observe the surface structure of
coatings. An accelerated voltage of 10 kVV was applied by Tescan VEGA 11l TS5130 SEM
apparatus. EDX analysis was performed to measure the elemental percentage by weight. XRD
analysis was performed with a diffractometer equipped with a conventional X-ray tube Cu Kal
radiation (5 1.5406 A") power condition (40 kV/30 mA). The XRD pattern was measured in
the 26 range 10-80° with the step size of 0.02°.

4.6 Electrical conductivity testing

Electrical resistivity was measured for all the conductive fabric samples. For that
purpose, ASTM D257-07 concentric electrode method was applied. The constant pressure of
2.3 kPa was maintained at 20°C with the relative humidity RH=55+5%. The apparatus was
consisting of two circular electrodes. The final measurement was considered after taking the
average of three measurements. The DC power source was used to apply the constant 100 V.
The voltage potential followed by change in current with resistance was measured. Following
equation was applied to measure the resistivity ps [€2].

D,
Ps = Ry (7) (1)
Where Rs [Q] is the resistance reading, Do is (D2 — D1)/2, D1 is the outer diameter of the center
electrode [mm], D2 is the inner diameter of the outer ring electrode [mm], g is the distance

between D1 and D2 [mm].
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4.7 Electromagnetic shielding testing

It was measured by coaxial transmission line method using insertion loss principle
according to standard ASTM D4935-10 over frequency range of 30 MHz to 1.5 GHz. The
measurement set-up consisted of a sample holder with its input and output connected to the
network analyzer. A shielding effectiveness test fixture (Electro-Metrics, Inc., model EM-
2107A) was used to hold the sample. The network analyzer (Rohde & Schwarz ZN3) was used
to generate and receive the electromagnetic signals. The ratio between transmitted to incident
power of the electromagnetic waves was calculated to express the effectiveness of EMI
shielding (SE) in dB as depicted in Equation 2.

SE (dB) = 10 logi—ti )

Where, Pt and Pi is power density (W/m?) measured in presence of sample (transmitted), and
without the sample (incident) respectively.

4.8 Antibacterial testing

The zone of inhibition test (AATCC 147) was conducted to confirm the antibacterial property
of metal coated fabrics [35]. The zone of inhibition is a clear area of interrupted growth
underneath and along sides of the test material and indicates the bioactivity of specimen. It is
a qualitative test for the bacteriostatic activity by the diffusion of antibacterial agent through
agar. The bacterial strains of Gram-negative Escherichia coli (CCM 3954) and Gram-positive
Staphylococcus aureus (CCM 3953) used in this study were obtained from the Czech
Collection of Microorganisms, Masaryk University Brno, Czech Republic. Bacterial
suspensions were always prepared fresh by growing a single colony overnight at 37 °C in a
nutrient broth. All agar plates were freshly prepared before the antibacterial tests.

4.9 Durability testing

The washing durability of metal coated fabrics was studied to have an idea of their
activity in service. It was examined according to 1ISO 105-C01 by vigorously stirring the metal
coated fabrics in 5 g/L standard detergent with the liquor ratio of 50:1. Sample was rinsed at
40 °C with stirring speed of 800 rpm for 30 minutes. After washing, all samples were dried and
conditioned in a standard atmosphere (65 % humidity; 25 °C) for 24 hours before testing. Later,
the performance was verified based on measurement of electrical conductivity and SEM
observation of metal particles on the fabric surface.

5. Summary of the results achieved
5.1 Deposition of copper particles on textiles

5.1.1 Electrical conductivity

The effect of copper sulfate concentration and number of dips was investigated for
electrical resistivity of copper-coated plain-woven textiles. The development of electrical
conductivity was verified by flow of electric current. It is clear from Figure 1 that the higher
concentration of copper sulfate solution resulted in higher electrical resistivity of coated fabric
samples. This behavior can be attributed to the formation of big sized copper particles at higher
concentration of copper sulfate solution. Surprisingly, lower concentration 10 g/L of copper
sulfate produced more conductive fabrics due to formation of percolated network by creation
of continuous connectivity between the small sized copper particles. This can be further
justified from SEM images shown in Figure 2 (a, b), where formation of more percolated
network of smaller particles can be found in case of 10 g/L than 20 g/L copper sulfate
concentration. Therefore, the action of agitation or ultrasonication for disrupting the nucleation
of copper particles is good topic for further research in order to obtain more percolated network
at higher copper sulfate concentration. Furthermore, the electrical resistivity was found to
reduce with increase in number of dips for all concentrations of copper sulfate solution. This
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indicated more dense and uniform deposits of copper particles at higher number of dips. This
can be further justified from SEM images shown in Figure 3. As lower concentration of copper
sulfate provided acceptable results for electrical conductivity, so in further sections, detailed
discussion is made on samples coated with 10 g/L of copper sulfate.
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Figure 1: Effect of copper sulphate concentration and dipping on electrical resistivity.
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Figure 2: SEM image of copper coated fabrics for different copper sulfate concentration.

5.1.2 SEM analysis

The scanning electron microscopy was employed to observe the deposition of copper
on fabric surface. The SEM micrographs with inset images at a higher magnification shown in
Figure 3 revealed the nano/micrometer scale of copper particles deposited on fabric surface.
With increase in number of dips, the deposition of copper was found more uniform and denser.
This further indicated the higher tendency of formation of percolated network of copper
particles when number of dips increased. Table 1 shows the elemental composition of copper
coated fabrics determined by EDX analysis. It clearly showed the increase in contents of copper
with higher number of dips.

Table 1: Elemental composition of copper coated cotton fabrics of 10 g/L copper sulfate.
Wt. % C ©) Si Ca Cu Total
50 dips 53.06 38.83 2.33 0.94 4.84 100.00
100 dips 52.48 38.24 2.58 1.25 5.45 100.00
150 dips 52.84 37.63 2.63 0.83 6.08 100.00
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5.1.3 XRD analysis

The XRD analysis was carried out to know the phase composition of deposited copper
particles. The XRD spectra of the cotton fibers dipped and dried in the copper solution prior to
reduction treatment are not given because it will only show the peaks of cotton due to absence
of crystal structure of copper. The XRD analysis was performed on copper coated cotton fibers
after reduction step. Figure 4 shows the XRD patterns of samples for the 20 range of 10 to 80
degrees with a step of 0.02 degree. The phase purity of the prepared copper particles can be
clearly seen from perfect indexing of all the diffraction peaks to the copper structure. The
diffraction peaks appeared at 20 of 43.3°, 50.5°, and 74.2° represented (1 1 1), (2 0 0) and (2
2 0) planes of copper, respectively [3]. The crystalline nature of copper particles was confirmed
from the sharp peak, whereas the broadening of the peaks indicated the formation of nanoscale

copper particles [36].
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Figure 4: XRD patterns for copper coated cotton fabrics.

5.1.4 Mechanism

The mechanism of attachment of copper on cotton fabric surface can be explained from
the schematic diagram shown in Figure 5. The dissolution of CuSOa in water resulted into Cu*?
and SO4~2 ions. Subsequently, copper (I1) ions adsorbed on the surface of cotton fibers based
on heterogeneity (voids or pores) of the cellulose phases in the fabric [37].

Due to enrichment of anionic cotton substrate, further uptake of copper ions continued.
This resulted in formation of ionic bond between the copper (1) and negative groups available
on cotton surface. In similar way, sodium hydrosulphite Na>S>04 dissolved in water to give
reducing agent dithionite ion (S204%). Later, when cotton fabric was dipped in aqueous
Na2S20; solution, the redox reaction occurred between oxidizing Cu*? ions and reducing S204"
2 jons. This ultimately reduced Cu?* to Cu*, and possibly to copper metal. Moreover, the
presence of few sulphur ions produced insoluble and conductive copper sulphide layer [38].
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The sulphur was not detected in EDX analysis given in Table 1 because it was present in small
quantity and a few spots. The color of cotton changed from white to blue after treatment with
copper sulfate solution, and then from blue to dark brown after treatment with reducing agent

sodium hydrosulfite.
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Figure 5: Mechanism of copper deposition on cotton fabrics.

5.1.5 Electromagnetic shielding of copper particles coated fabric

Figure 34 shows the results of shielding effectiveness for the cotton fabric samples
coated from 10 g/L of copper sulphate solution after 50, 100 and 150 dips. The number of dips
showed significant effect on shielding effectiveness. The samples showed increase in shielding
effectiveness with more number of dips in copper sulphate solution. The sample produced from
50 dips revealed the lowest electromagnetic shielding effectiveness of about 6 dB in frequency
range of 600 MHz-1.5 GHz. On the other hand, the sample produced from 100 and 150 dips
exhibited the maximum shielding ability of 10 dB and 13 dB, respectively. This behavior was
attributed to increased reflection of EM waves due to formation of dense, uniform and
percolated network of conductive copper particles with higher number of dips [39]. This can
be further explained by SEM images shown in Figure 6, where dense network of copper
particles can be found for more number of dips.
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Figure 6: Shielding effectiveness of copper coated cotton fabrics.
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5.1.6 Antibacterial properties

The anti-bacterial property is important because EMI shielding fabrics are excellent
media for microorganism growth, particularly when used in hospitals or working environments
with unhealthy indoor air quality [40]. The anti-bacterial properties are studied in this work to
find suitable applications of coated fabrics as personal protective clothing in hospitals. The
antibacterial activity of copper coated fabrics was tested against Gram-negative Escherichia
coli and Gram-positive Staphylococcus aureus. The test was repeated three times and the
average value of zone of inhibition presented in Figure 7. The virgin cotton fabric without
copper coating showed no antibacterial activity. However, the zone of inhibitions was
evidenced against both type of bacteria Staphylococcus aureus and Escherichia coli after the
copper coating. Furthermore, Staphylococcus aureus depicted the highest sensitivity as
compared to Escherichia coli. The zone of inhibitions for Staphylococcus aureus increased
from 9.5 to 15.5 mm, while for Escherichia coli it increased from 7.5 to 12 mm with increasing
number of dips as shown in Figure 8. The antibacterial property of coated fabrics can be
attributed to the combination of chemical and physical interactions of bacteria with copper
particles[123,124].
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Figure 8: Values of inhibition zone against different number of dips.

5.1.7 Durability

When the intake of copper exceeds the range of biological tolerance, it can cause
adverse effects, including hemolysis, gastrointestinal distress, liver and kidney damage in
humans [43]. Therefore, the removal of copper particles and their durability was verified
against washing. The electrical resistivity of samples was measured before and after washing
as shown in Figure 9. There was no significant difference in change in conductivity of fabrics
before and after washing. Therefore, similar EMI shielding properties can be expected for the
fabrics after washing. Furthermore, no significant increase in the resistivity of the fabrics was
found before and after washing. This indicated efficient working of firmly fix the copper
particles on cotton fabric surface without deterioration of electrical conductivity. The SEM
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images shown in Figure 10 also confirmed the presence of copper particles on fabric surface
after washing. This indicated strong attachment of copper particles with fabric surface and
therefore reduced toxicity in routine applications.
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Figure 9: The electrical resistivity of samples before and after washing.
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Figure 10: SEM image of copper coated cotton fabrics after washing.

5.1.8 Oxidation of copper-coated fabrics

Copper coated textile was suitable because of low cost and electrical properties. The
electrical properties of copper are almost near to silver. But the universal problem regarding
oxidation make the use of copper limited in some area of applications. The copper particles
especially in range from nano to micro are most susceptible to oxidation and gets greenish-
black (it is not colour of CuO but mixture of carbonate and hydroxide). That is why developed
copper particles coated conductive fabrics were put in standard atmosphere (65% RH, 20 + 2
°C) for a number of days. It was observed that up to 50 days the electrical resistivity remains
almost the same. After 50 days the process of oxidation become expedite and we observed the
reduction in electrical conductivity over time as shown in Figure 11. So, the developed
electrodes from these fabrics were not remain suitable for the use in transcutaneous electrical
nerve stimulation (TENSs) device. Therefore, further research was aimed at coating of silver
particles. Moreover, electroless copper plating was performed to enhance the ageing properties
of copper coated textile.
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Figure 11: Reduction in electrical resistivity due to oxidation with the passage of days.

5.2 Deposition of silver particles on textiles
The results are composed up of two sections. At first, results are described for silver particles
coated woven fabrics. Secondly, results for silver particles coated stretchable fabric electrodes.

5.2.1 Silver particles coated woven fabric

5.2.1.1 Electrical conductivity

The untreated cotton fabric is electrically insulating material. However, the silver
coated cotton fabrics were supposed to be electrically conductive. The conductivity of the
fabrics was expected to increase with increasing deposition of the nanoparticles. This
hypothesis was confirmed by the electrical conductivity tests performed on the developed
conductive fabric samples. It is clear from Figure 12 that the higher concentration of silver
nitrate solution caused to increase electrical resistivity of coated fabric samples. This behaviour
can be attributed to the formation of big sized silver particles at higher concentration of silver
nitrate solution. The lower concentration (i.e. 17 g/L) of silver nitrate produced more
conductive fabrics due to formation of percolated network by creation of continuous
connectivity between the small sized silver particles. Furthermore, the electrical resistivity was
found to reduce with increase in number of dips for all concentrations of silver nitrate solution.
This indicated more dense and uniform deposits of silver particles at higher number of dips.
This behavior can be further justified from SEM images shown in Figure 13. As lower
concentration of silver nitrate provided acceptable results for electrical conductivity, so in
further sections, detailed discussion is made on samples coated with 17 g/L of silver nitrate.
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Figure 12: Effect of silver nitrate concentration and dipping on electrical resistivity.
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5.2.1.2 SEM analysis of silver particles coated textile

The scanning electron microscopy was employed to observe the deposition of silver
particles on fabric surface. The SEM images shown in Figure 13 depict the nanometer scale of
silver particles deposited on fabric surface. With increase in number of dips, the deposition of
silver was found more uniform and denser. This further indicated the higher tendency of
formation of percolated network of silver particles when number of dips increased. The
elemental compositions of silver coated fabrics determined by EDX analysis are shown in
Table 2. It clearly showed the increase in contents of silver with higher number of dips.

Table 2: Elemental composition of silver coated cotton fabrics of 17 g/L silver nitrate.

Wt. % C K Cl Ag Total
50 dips 61.01 36.60 - 2.39 100.00
100 dips 51.46 43.07 0.28 5.19 100.00
150 dips 51.74 37.59 - 10.67 100.00

Figure 13: SEM image with EDS sptra for silver coated fabric (a) 50 (b) 100 (c) 150 dips.

5.2.1.3 Mechanism

The mechanism of attachment of silver on cotton fabric surface can be explained from
the schematic diagram shown in Figure 14. The dissolution of AgNOs in water resulted into
Ag*"and NO3" ions (see 14 (a). Subsequently, the cotton fibers absorbed the silver ions to some
extent based on heterogeneity of the cellulose phases in the fabric [37]. Ammonia also forms
the complex ion [Ag(NHs3)2]* with Ag+ through the equilibrium reaction (see 14 (c)) and this
ion could also act as the oxidizing agent to form Ag°(see 14 (d)). Due to enrichment of anionic
cotton substrate, further uptake of silver ions and complex ion [Ag(NHa)2]" resulted in
formation of a strong ionic bond between the Ag* and negative groups available on cotton
surface. In similar way, the reducing agents could be any organic substance which further
reduces the silver ions and complex ion [Ag(NHs3).]* into Ag°® means possibly to silver metal
(see 14 (d)). Each reaction is governed by its rate constant. It is further assumed that Ag® atoms
are produced first and then they combine to form nanoparticles [44].
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Figure 14: Mechanism of silver particle deposition on cotton fabrics.

5.2.1.4 Electromagnetic shielding

Figure 43 shows the results of shielding effectiveness for the fabric samples coated with
17 g/L solution of silver nitrate after 50, 100 and 150 dips. The electromagnetic shielding
effectiveness was found to increase with increase in number of dips. This behaviour was
attributed to higher electrical conductivity behaviour of samples prepared from more number
of dips due to uniform and dense packing of silver particles on the fabric surface. This can be
further explained by SEM images shown in Figure 15, where dense network of silver particles
can be found for more number of dips.
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Figure 15: EMI shielding effectiveness of silver coated cotton fabrics.

5.2.1.5 Antimicrobial properties

The antimicrobial activity of silver coated fabrics was tested against gram-negative
E.coli and Gram-positive S. aureus. Figure 16 shows the zones of inhibition around fabric
samples after 24 h of incubation in dark at 37 °C. The untreated fabric samples without silver
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coating showed no antimicrobial activity, however, the zone of inhibitions was evidenced
against both type of bacteria S. aureus and E. coli after the silver coating.

Figure 16: Antimicrobial property of silver coated cotton fabrics.

5.2.1.6 Durability

The durability of conductive fabrics under washing has been a critical challenge. To
investigate these properties (fabric samples coated from 17 g/L solution of silver nitrate after
50, 100 and 150 dips) were selected. These three samples were selected because they provided
satisfactory results regarding electrical conductivity. The electrical resistivity of samples was
measured before and after washing as shown in Figure 17. It is evident that there is only a slight
change in the resistivity of these samples after washing. It means nanoparticles are attached
firmly on the surface of fabrics without losing any conductivity. This was also verified by the
SEM npicture (Figure 18), which showed the presence of silver particles on fibre surface after
washing.
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Figure 17: Electrical resistivity before and after washing.
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5.2.2 Silver particles coated knitted fabric

5.2.2.1 SEM analysis

It can be seen from Figure 19 that the deposited silver particles on knitted fabrics are in
nanometer scale. The coating of silver particles was found to become more uniform and dense
with decrease in the concentration of AgNOs. The silver particles covered maximum surface
area at 42.5g/L AgNOs concentration compared to 85 g/L or 170 g/L of concentrations. This
further indicated the higher tendency of formation of percolated network of silver particles as
AgNOs concentration decreased. The elemental composition for silver coated fabrics is shown
in Table 3. The increase in contents of silver can be observed at lower concentration of AgNOs.
The thickness of fabric was increased to 0.93 mm from 0.85 mm after the deposition of silver

particles.

Table 3: Elemental com

osition of silver coated knitted fabrics.

Silver nitrate concentration Weight (%)
(g/L) C 0 Ag
170 61.01 36.59 2.4
85 51.65 36.59 11.76
42.5 42.06 42.88 15.06

(a) Uncoated ’

() 85 g/L

17

(b) 170 g/L

(d) 42.5 g/L.
Figure 19: SEM images of silver coated fabrics at different silver nitrate concentrations.
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5.2.2.2 XRD analysis

It was carried out to know the phase composition of deposited silver particles. Figure
20 shows the XRD patterns of samples for the 20 range of 20 to 80 degrees with a step of 0.02
degree. The phase purity of the prepared silver particles can be clearly seen from perfect
indexing of all the diffraction peaks to the silver structure. Compared to the untreated cotton
fabric, four new peaks at 20 values of 38.1, 44.3, 64.5 and 77.5 were detected for silver coated
fabrics, which were respectively attributed to the diffraction peaks of the (11 1), (200), (22
0) and (3 1 1) planes of silver with cubic structure reported in the International Center for
Diffraction Data (JCPDS data number 04-0783 card) [45]. Furthermore, no characteristic peaks
were observed for other impurities such as AgO.

200 Ag (220) | Ag (311)
1 Ag(111) | B
1501

100 Ag (200)

Intensity (Counts)

v

2 theta (deg)
Figure 20: XRD patterns for silver coated fabric.

5.2.2.3 Electrical conductivity

The electrical resistance is related to the electrically conductive channels paths. More
electrically conductive channels (particles, fillers, conductive fibres etc.) mean lower electrical
resistance [46]. In present work, the effect of different concentrations of silver nitrate on
electrical conductivity of coated fabrics was studied. From Figure 49, the resistivity was found
to increase with increase in the concentration of silver nitrate. This behaviour can further be
justified from regression analysis (i.e., equation of line) between two parameters. The
relationship between concentration of silver nitrate and volume resistivity is positive, as
explained by the equation of line and higher R? (0.988) value. The fabrics exhibited higher
electrically conductivity at lower silver nitrate concentration due to uniform and dense
deposition of silver particles which enabled the formation of more conductive paths.
Furthermore, the formation of percolated network at 42.5 g/L silver nitrate concentration was
in agreement with previous discussion on Figure 47 of SEM microstructures of coated fabrics.
The development of electrical conductivity was later verified by flow of electric current as
shown in Figure 22. The straight line in Figure 21 is regression line obtained by minimizing
of standard least squares criterion (sum of squared deviation of points from regression line).
All parameters (slope and intercept) were statistically significant.
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Figure 21: Effect of silver nitrate concentration on volume resistivity.

Figure 22: Flow of eléctricity in (a) silver coated fabrics (b) fabric electrodes with TENS.

In order to simulate the performance of electrodes under various movements of human
body, the conductive fabrics made from 42.5 g/L silver nitrate were subjected to various
extensions and change in resistivity was examined. Figure 23 shows the electrical volume
resistivity of silver coated fabrics as a function of different extensions ranging from 0 to 100
%. At 0% stretch (i.e., when the fabric was unstretched), the volume resistivity was 19 Q mm.
The volume resistivity was found to gradually increase with increase in extension, reaching
164 Q mm at 70% stretch and 478 Q mm at 80% stretch. The change in volume resistivity was
so small that it was considered a constant value in the stretch range of 0-80%. Nevertheless,
the volume resistivity was found to increase sharply beyond the 80% extension, where it
reached to 2167 Q mm at 90% stretch and then to 4340 QQ mm at 100% stretch. This behavior
can be attributed to the rupture of conductive network due to increasing of mean interparticle
distance at higher extensions. This behavior of stretching can further elaborate by a recent
study, researchers developed a stretchable electrically conductive fabric by coating of silver
nanowires on cellulosic fabric. Initial electrical resistivity of fabric was around 0.0047 Q. The
resistivity was also measured as a function of stretching where maximum resistivity was
measured about 0.0274 Q at 200% stretching and then sharply to the highest value of 112.1649
Q at 210% [7]. In another similar study, nylon/ spandex (95/5) electrically conductive knitted
fabrics were used as a electrodes for TENs device. The fabrics were firstly coated with, poly-
pyrrole, then for surface catalyzation, fabrics were dipped into a catalyzation solution
containing SnCl,, PdCl, and HCI. After that, furthermore plating was performed. It was noticed
that there was insignificant decrease in electrical conductivity even up to 80|% stretch.
However, due to low electrical conductivity the developed electrodes were not efficient for
TENS device as compared to conventional electrodes [47].
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Figure 23: Effect of extensions on volume resistivity of silver coated knitted fabric.

From previous discussions, the electrical resistivity of coated fabrics was found to
change with increase of extensions. Therefore, further investigation on multiple usages of
developed textile electrodes was studied under repeated stretching and relaxing tests. Figure
24 showed the effect of repeated 50% and 100% extensions on change in volume resistivity of
coated fabrics. For 50% extension, the volume resistivity of coated fabrics did not change
significantly under different cycles of stretching. However, at 100 % extension, the coated
fabrics showed significant change in volume resistivity with increase of stretching cycles. This
behavior can be attributed to the damage of percolated networks of silver particles due to
formation of cracks under repeated excessive extension.
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Figure 24: Change in resistivity with number of repeated extensions.

For electrotherapy applications over prolonged duration, the change in volume
resistivity of coated fabrics was investigated with increase in time when constant current of 20
mA was applied. From Figure 25, it can be seen that the volume resistivity of coated fabrics
remained unchanged with time over 13 min when the same current was applied. Therefore,
consistent performance of developed electrodes can be expected for efficient electrotherapy
operations over prolonged durations.
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Figure 25: Change in resistivity over prolonged duration with constant current of 20 mA.

5.2.2.5 Antibacterial properties

The antibacterial activity of silver coated fabrics was tested against gram-negative
E.coli and Gram-positive S. aureus. Figure 26 shows the zones of inhibition around fabric
samples after 24 h of incubation in dark at 37 °C. It is clear that fabric sample without silver
coating showed no antibacterial activity. However, the zone of inhibitions was evidenced
against both type of bacteria Staphylococcus aureus and Escherichia coli after the silver
coating. Further, Staphylococcus aureus depicted the highest sensitivity as compared to
Escherichia coli. The zone of inhibitions for Staphylococcus aureus increased from 8.4 to 13.2
mm while for Escherichia coli it increased from 6.2 to 10.7 mm. The antibacterial property of
coated fabrics can be attributed to the combination of chemical and physical interactions of
bacteria with particles. The silver particles incorporated into the cell and leads to further
massive oxidative stress for antibacterial performance. However, the low efficiency of the
antibacterial property in present work was related to low oxidative stress of larger size silver
particles as compared to silver particles of below 100 nm in literature.

Virgin Fabric

Ag Coated V
fabrics

(a) S. aureus (b) E.coli
Figure 26: Antibacterial properties of silver coated fabrics.

5.2.2.6 Durability of silver particles coated knitted fabric

The silver particles were attached to fabrics through a combination of both physical and
chemical interactions. Further, the additional silver particles filled the spaces between fibers
and stacked together to form the electrically conductive networks. Therefore, the durability of
coated fabrics was studied to determine the chances of silver particles removal from the surface.
At first, an adhesion test was performed with transparent tape. However, no visible particles
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were observed on the tape, which indicated strong bonding of silver particles with the fabric
surface. In another test, the coated fabrics were washed according to method 1SO 105-C01
standard and then change in electrical conductivity was measured (see Figure 27). From the
results, the electrical resistivity of washed fabrics was found to increase in small percentage,
which confirmed strong attachment of silver particles with fabric surface. Later, it was also
verified from the SEM images shown in Figure 28, which depicted the presence of silver
particles on fabric surface after the washing.
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Figure 27: Electrical conductivity of silver coated fabrics before and after washing.

Figure 28: SEM image of silver coated fabric after washing.

5.3 Electroless plating of copper over previously coated fabrics

The results are composed up of two sections. At first results are described for the electroless
plated fabrics woven fabrics. Secondly, the results of triboelectric generators made from plated
knitted fabrics.

5.3.1 Electroless plated fabrics

Based on previous experiments discussed in part 1 and part 2, the surface activation of
fabric was carried out using 10 g/L of copper sulphate for deposition of copper particles and
17 g/L of silver nitrate for deposition of silver particles. Then, the copper and silver particles
coated fabric samples were immersed in the electroless copper plating bath at room temperature
for different intervals of time
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5.3.2 Electrical conductivity

The results of electrical resistivity before and after electroless plating are shown in
Table 4. It is clear that there is significant decrease in electrical resistivity after electroless
plating. Compared to values of electrical conductivity reported in part 1 and part 2, the higher
values of electrical conductivity in this work were attributed to more dense deposition of metal
particles during electroless plating. The previous layer of deposited copper or silver particles
was uniformly penetrated across the thickness of fabric and it allowed even coating of
deposition of metal during subsequent electroless plating.

Table 4: Electrical resistivity results before and after copper plating on woven fabrics.

) Electrical resistivity (©2/square)
Fabric samples - -
Before plating After plating
Copper plating over copper 759 1 42 2042
particles coated woven fabric
Co_pper plating over S|Iver_ 620 + 37 9741
particles coated woven fabric

5.3.4 EMI shielding

Before electroless plating, the EMI shielding values of copper and silver particles
coated fabric were about 12.65 dB and 18 dB respectively (as reported in part 1 and part 2).
After performing the electrolesss copper plating, the same fabrics showed higher values of EMI
shielding. The EMI shielding for fabrics of copper plated over silver and copper plated over
copper fabric was noticed about 75.53 dB and 66.41 dB, respectively. This behavior was
attributed to their higher electrical conductivity values and therefore increased reflection of
electromagnetic waves.
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Figure 29: Electromagnetic shielding effectiveness of conductive fabrics.

5.3.5 Heating performance

The heating performances of the Cu-NPs coated cotton fabric, Ag-NPs coated cotton fabric
and electroless plated cotton fabric was investigated. Joule heating of conductive fabrics was
measured by applying the voltage at the ends of fabric. The variation in surface temperature of
fabrics were recorded (see Figure 29). Firstly, we applied fix voltage of 5 V with 0.9 to 1 A of
current for 1 minute at the ends of eact fabric and recorded increase in temperature was studied.

The maximum temperature observed for Ag-NPs (17 g/L) coated fabric and Cu-NPs (10
g/L) coated fabric was about 42.2 °C and 33.4°C respectively (see Figure 29 (a), (b)). While the
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temperature for copper plating over Ag-NPs coated fabric and copper plating over Cu-NPs
coated fabric was recorded about 62.2°C and 68.2°C see Figure 30 (c), (d)). In second step the
temperature was measured as a function of time up to 10 minutes with constant applied voltage of
5V with 0.9 to 1 A of current. The maximum temperature (83 °C for copper plating over Ag-NPs
coated fabric and 77°C for copper plating over Cu-NPs coated fabric) were obtained when the
applied voltage was 5 V for 10 minutes, as shown in Figure 30 (e), (f)). The temperature on the
fabric surface increased up to 83 °C and 77 °C within 1 min, then it slowly increased. In order to
study the further stability of the surface heating of conductive fabric, the temperature was measured
as a function of voltages with varying voltages from 5 to 10 V and current was maintained at 1 A.
Hence the outcome (of different voltages DC input varied from 5-10 V and at constant current 1
A) was calculated in watt for plated fabric samples (copper plating over Ag-NPs coated fabric and
copper plating over Cu-NPs coated fabric) and the steady state surface temperature was noted
Figure 30 (g). The experiment was carried out up to 10 watt and the measured surface temperature
was stable throughout the duration of the experiment with a homogenous temperature distribution
of 119 °C and 112 °C for (copper plating over Ag-NPs coated fabric and copper plating over
Cu-NPs coated fabric).

In a similar study cotton fabric were functionalized with carbon nanotubes (CNT), and
completely loses the heating power of the conductive fabric after 220 s. While in the present study
the stability of the conductive fabric is retained even after 60 min. In another study, Hamdani and
co-workers tested the voltage effect on their functionalized conductive fabric made from silver
coated polymeric yarn and reached a maximum surface temperature of 107 °C with 80 mm terminal
separation and at 9 volt [48]. During the heating mechanism of conductive fabric system, the
migration of charge carriers gets accelerated due to the applied electric potential. The heat is released
once these charge carriers get collided in-elastically with phonons and defects present on the
conductive materials. Since, the number of charge carriers get increased with increasing voltage, the
surface temperature also starts increasing [49].
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Figure 30: Surface temperature of copper plated fabrics samples: step one at 5 V and 1 min
for (a) Cu-NPs coated fabric, (b) Ag-NPs coated fabric (c) electroless copper plating for Cu-
NPs coated woven cotton fabric, (d) electroless plating for Ag-NPs coated woven.

5.3.6 Mechanism of electroless plating of copper

Figure 31 explain the mechanism of electroless plating of copper on cotton fabrics
activated with deposition of silver and copper particles. The reactions during the electroless
plating stage can be controlled by different parameters such as concentration of metal salt,
concentration of reducing agent, concentration of complexing agent, temperature and pH
[50].With increase in concentration of copper sulphate, the deposition rate of copper can be
increased due to increased mass transfer of copper ions to the electrode surface and therefore
accelerated rate of electron transfer. However, on further increase in concentration of Cu?* ions,
the deposition rate can reduce significantly due to poor stability of solution bath. This can be
attributed to less effect of complexing agent, and therefore adverse reactions in solution
followed by electrolyte decomposition. At very high concentration of metal salt, the copper
plating may result in rough surface [51]. For selection of proper reducing agent, it should have
high standard reduction potential as compared to the metals (copper and silver) being reduced.
For instance, the reduction potentials of some important reducing agents like hypophosphite (-
1.57V), formaldehyde (-1.30 V) can be useful as they are higher compared to the reduction
potentials of copper +0.34V and silver +0.80V [31]. The another important property of
reducing agent is self catalytic reaction ability which can help in deposition of maximum
copper on target metal (fabric coated with copper particles) [32]. This is important to provide
anodic oxidation to the substrate metal in order to avoid the replacement of copper particles by
electroless plated copper. The reducing agent formaldehyde is well known to show anoidic
oxidation, but the use of formaldehyde is banned due to its toxicity. Therefore, the reducing
agent glyoxylic acid (OCHCOOH) was used in present work as a potential alternative to
formaldehyde. When copper sulphate is dissolved in water, it results in acidic pH due to
formation of H* ions in solution.
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Figure 31: Schematic of copper electroless plating over silver and copper particle coated
fabrics.

The complexing agent EDTA was used to maintain pH and to avoid the spontaneous
reaction between reducing agent and metal salt by formation of complex on free coordination
sites available on metal salt (Cu(EDTA))2. The possibility of forming copper hydride or copper
hydroxide in solution is increased when complexing agent not used in bath [24]. The
concentration of complexing agent is important as it decides the rate of reaction. The bath
stability is achieved further with the help of complexing agent. If the concentration of EDTA
is less than Cu ion concentration, Cu(OH). precipitates in the bath even without the presence
of a reducing agent. At higher amount of EDTA, there are higher chances of forming Cu.O.
The concentration of complexing agent should be decided in such a way, that there should be
sufficient amount of free metal ions available for reduction purpose [110,111]. If a complexing
agent provide low stability constant then it yield a large amount of metal ions as compared to
the metal complex and therefore causes the rate of plating to be lower. The amount of
complexig agent during equilibrium with free and complex ions in water can be seen from
reaction given in Equation 3.

Mtz 4+ mint—1 5 M [Z~mn (3)
The stability constant can be estimated from Equation (10).

Stability constant = % 4
Where M metal ion, m is number of complexing agent or Ligand or coordination number, L is
Ligand, L™ is complete complexing agent, z-mn is oxidation number.

During the deposition process either proton or hydroxyl ions are generated, which in
turn changes the pH of solution. For instance, the reaction (5) reaction (6) show that oxidation
of reducing agent can produce H* and therefore lower the pH [30]. The most suitable pH was
found above 11. Furthermore, in a previous study it was observed that when EDTA and copper
ions concentration were identical in solution, the Cu(OH): still precipitated with increasing the
OH". Therefore, the pH played important role in controlling the bath stability role during
electroless plating [52]. When there are dust particles in electroless plating bath, it may result
in spontaneous reduction reactions with the metal nuclei. The stabilizer can be added into the
bath to prevent this problem. The stabilizer acts as an inhibitor by adsorbing on the nuclei and
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shields them from spontaneous reduction reactions in the solution. Therefore, 40 ppm of 2,2’
bipyridyl was added to the Cu-EDTA solution to act as stabilizer [53].

The composition of electroless plating bath can not be decided easily as they can lead
to a more complex electrochemical reaction pathway [54]. During the electroless plating
system, the knowledge of mixed potential theory (cathodic and anodic half reactions) can be
beneficial. Here, reducing agent oxidation is concerned to the anodic reactions (see reaction
(5)) whereas metal reduction is concerned to the cathodic reactions (see reaction (6)). The
choice of reducing agent is important as it provides the anodic oxidation. In a study Yu et al
reported the anodic oxidation of glyoxylic acid on Cu [54].

Anodic reactions
20CHCOOH +40H™ =2HC204 + 2H, 0 + Hy + 2e (5)

Cathodic reaction

EDTA - =~ 4" + £DTA”
EDTA ———= H + EDTA -

-2 . -3
EDTA = = H + EDTA

-3 o -4
EDTA = = H + EDTA

Ower all reaction

EDTA ——= 44+ EDTA (6)

CH2COO0H CH2CO0H CHzC00: CH2C00:

bicH2 CHoil — HeH2 cHafl + 4H

CH2E00H CH2C00H CH2C00: CH2C00:

EDTA lon /

M*“Z+mLr -~ MLz™

+2 - ¥2-4
Cu + EDTA ——— Cu(EDTA)

_ |cueoma ? |

K= L0
|cu?[|eoa ™ |

(7)

EDTA is hexadenated ligand

Cathodic reaction
-2 -4
Cu(EDTA) + 28 =———— Cu + (EDTA)
The oxidation of glyoxylic acid is important because it enhances the reduction of
cupric-ion through intermediates. The theory of autocatalysis addressed that the reduction of

cupric ions can refresh the electroless Cu surface, thus providing more catalytic sites which in
turn can accelerate the glyoxylic acid oxidation [34] (see Figure 31 and reaction (8)).
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Figure 32: Autocatalysis mechanlsm involved during electroless plating of copper.

Overall reaction:

Cu(EDTA)” + 2CHOCOOH + 40H = Cu + 2HC,0; + 2H,0 + Hyt+ EDTA "

Some possible side reactions:

2Cu™ + CHOCOOH + 50H™= Cu,0| + HC,0; +3H,0 (8)
2CHOCOOH + 20H™ = C,0%+ 2HOCH,COOH + H,0

Cu,0 +H,0 =Cul+ Ct’ +20H

5.4. Triboelectric generators

5.4.1 Electrical conductivity of silver electroplated fabrics

The electrical volume resistivity of silver electroplated knitted fabrics was reported
around 2 Q mm. This behaviour can be attributed to the formation of uniform and dense
network of silver metal particles over the surface of fabric, which enabled the formation of
more conductive paths. In order to simulate the performance of electrodes under various
movements of human body (i.e. stretching on elbow), the electrical conductivity of silver-
plated fabrics was also examined at different stretch levels ranging from 0 to 50 %. From Figure
33 (b), it can be seen that the resistivity values of silver-plated fabric without stretching was 2
Q mm, however it increased to 45 Q mm at 50 % stretch. Nevertheless, this change in electrical
resistivity was very low and can be considered as constant value for successful operation of
TrEG during the human activity.
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Figure 33: Electrical resistivity of silver electroplated fabrics.
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The explanation on reduction in electrical conductivity of coated fabrics at higher
extension can be given from the micro photos of stretch areas shown in Figure 34. The grid
structure of fabrics showed no ruptures in coating at lower extension levels. However, the
frame work of coating gradually started to break with increase of extension due to stretching
of yarns in knitted loop structures. In present work, the 50 % extension was found as limiting
stretching limit to prevent further reduction in electrical conductivity of coated fabrics

5.4.2 Antibacterial properties of silver electroplated fabrics

The antibacterial property of conductive fabric electrodes is extremely important as
triboelectric generators are excellent media for microorganism growth due to prolonged contact
with human skin or unhealthy indoor air quality. The antibacterial activity of silver-plated
conductive fabrics was examined against Gram-negative Escherichia coli and Gram-positive
Staphylococcus aureus. The fabric samples were kept for 24 h of incubation in dark at 37 °C
and the zone of inhibition was observed. It can be clearly seen from Figure 35 that the zone of
inhibition was absent in case of uncoated virgin fabric samples (i.e. no antibacterial property),
whereas the zone of inhibitions was evidenced against both type of bacteria Staphylococcus
aureus and Escherichia coli after the silver electroplating. The zone of inhibitions of 17.3 mm
and 12.5 mm were found in case of Staphylococcus aureus and Escherichia coli, respectively.
This indicated higher sensitivity towards Staphylococcus aureus as compared to Escherichia
coli. The combination of chemical and physical interactions of bacteria with silver particles
resulted into the antibacterial property of coated fabrics. The action started with the
incorporation of silver particles into the cell via endocytotic mechanisms, and then release of
ionic species within the cells due to dissolution of particles [55]. Therefore, the antibacterial
performance originated from the massive oxidative stress due to high intracellular
concentration gained within the cell. These results suggested that the developed TrEG can be
in contact with elbow or foot for longer time with additional benefits of antibacterial
performance.
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(a) Staphylococcus aureus

(b) Escherichia coli

Figure 35: Antibacterial properties of silver electroplated fabrics.

The performance of developed triboelectric generator was investigated under both
stretching and pressing actions. When the two triboelectric layers were brought into contact,
the AC current was produced and it was measured in terms of open circuit voltage VOC and
short circuit current 1ISC using KEITHLEY TEKTRONIX 2450-SM, Source Meter SMU
device. It can be seen from Figure 36 (a) that TrEG produced 21V and 3.5 pA current under
the stretching state. However, when the pressing action was applied, it produced voltage of 33
V and current about 6 pA (see Figure 36 (b)). The different performance during stretching and
pressing can be attributed to the difference in friction, vertical contact separation and

mechanical deformation of triboelectric layers.
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Figure 36: Performance of TrEG under different mechanical movements.

Furthermore, the utility of TrEG was investigated to harvest the energy from different
daily human activities based on stretching and pressing motions. As major sources to create
mechanical energy from human body are movements of elbow and foot, therefore TrEG was
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attached to those human body parts. The TrEG was found to generate about 10 V from elbow
movements due to stretching (Figure 37 a), whereas it generated about 40 V from foot
movements due to pressing motion (Figure 37 b).
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(b) Pressing action from foot
Figure 37: Output of voltage during human activities.

Figure 38 shows the power generation mechanism of TrEG based on the coupling of
triboelectrification and electrostatic induction. At the beginning when there is no
rubbing action, no charge is transferred between the rabbit fur and silicone rubber (Figure 38
(a)). After the frictional contact between the rabbit fur and silicone rubber by rubbing, the
TrEG get activated. This leads to the development of positive charge on the rabbit fur and
negative charge on the silicone rubber. Subsequently, the electrons move from rabbit fur to
silicon rubber through the silver-plated conductive fabric electrodes as shown in Figure 38
(b). Furthermore, when the external forces are removed, there is separation of rabbit fur and
silicon rubber. This causes the flow of electrons from silicone rubber to rabbit fur via
conductive fabric electrodes (Figure 38 (c)). In this way, the Kinetic energy of stretching,
pressing, and rubbing actions can be converted into electric energy by development of
charges on the dielectric materials.
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Figure 38: Illustration of the working mechanism of TrEG.

6. Evaluation of results and new findings

The part 1 of thesis was focused on the development of electrically conductive,
multifunctional and durable cotton fabrics by in-situ deposition of copper particles. The copper
particles were incorporated into the structure of cotton by sequential dipping in copper sulphate
and then sodium hydrosulphite solutions. The amount of deposition of copper particles was
controlled by several numbers of dips (i.e. 10 to 150) in copper sulphate. The concentration of
copper sulphate was decided at 10 g/L based on acceptable level of achieved electrical
conductivity. Further, the morphology of coated fabrics and copper particles was studied from
SEM and XRD techniques. The utility of conductive fabrics was analysed for electromagnetic
shielding ability over frequency range of 30 MHz to 1.5 GHz by coaxial transmission line
method. The EMI shielding was found to increase with increase in number of dips, which was
attributed to increased reflection of EM waves due to dense, uniform and percolated network
of conductive copper particles on the surface. The sample produced from 50 dips revealed the
lowest electromagnetic shielding effectiveness of about 6 dB in frequency range of 600 MHz—
1.5 GHz. On the other hand, the sample produced from 100 and 150 dips exhibited the
maximum shielding ability of 10 dB and 13 dB, respectively. For multifunctional behaviour,
the copper coated cotton fabrics were further examined for antibacterial properties against
pathogenic bacteria such as Staphylococcus aureus and Escherichia coli. The zone of
inhibitions for Staphylococcus aureus increased from 9.5 to 15.5 mm, while for Escherichia
coli it increased from 7.5 to 12 mm with increasing number of dips. Towards the end, the
durability of coated fabrics was examined against washing. The fabrics showed good retention
of the copper particles, proved by SEM microstructures and small loss in the conductivity of
the material after washing.

The part 2 of thesis was focused on the development of electrically conductive fabrics
by in-situ deposition of silver particles on the surface of cotton fabrics by sequential dipping in
silver nitrate and then glucose stock solutions. The effect of silver nitrate concentration on
electrical conductivity was investigated, and 17 g/L found to provide acceptable level of
electrical conductivity values. Further, the amount of deposition of silver particles was
controlled by several numbers of dips (i.e. 10 to 150) in silver nitrate solution. The higher
number of dips produced dense network of silver particles, and therefore resulted in higher
electrical conductivity. Later, the utility of conductive fabrics was analyzed for electromagnetic
shielding ability over frequency range of 30 MHz to 1.5 GHz by coaxial transmission line
method. The samples produced from higher number of dips provided higher EMI shielding due
to increased reflection of EM waves. Moreover, the coated fabrics also showed promising
behavior towards antimicrobial properties. Towards the end, the durability of coated fabrics
was examined against washing after application of binder on the fabric. The fabrics showed
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good retention of the silver particles, proved by SEM microstructures and small loss in the
conductivity of the material after washing.

Furthermore, second section of part 2 was focused on the utility of silver coated
stretchable fabrics as electrodes of TENS machine in electrotherapy applications. The
sequential dipping in silver nitrate and then glucose stock solutions was employed for in-situ
deposition of silver particles onto knitted fabric. The effect of silver nitrate concentration on
performance of coated fabrics was investigated with respect to improvement of electrical
conductivity, physiological comfort, and antibacterial properties. The dense and uniform
deposition of silver particles was observed at lower (i.e. 42.5 g/L) concentration of silver nitrate
and therefore resulted in higher electrical conductivity. Moreover, the coated knitted fabrics
were subjected to repeated extension and change in electrical resistivity was examined. In the
stretch range of 0-80 %, very small change in electrical resistance was observed, and then it
changed significantly beyond 90 % of stretch. Moreover, the electrical resistivity of coated
fabrics was found constant after repeated extension of several cycles and also when constant
current was applied for prolonged time. Additionally, the coated fabrics also showed promising
behavior towards antimicrobial properties. When the durability of coated fabrics was examined
against washing, the fabrics showed good retention of the silver particles and small loss in the
conductivity of the material.

The work in part 3 reported the significance of copper and silver coated woven fabrics
(described in part 1 and part 2) for further deposition of metals during the electroless plating.
The more even deposition of metals during electroless plating was obtained and thus fewer
variations in electrical conductivity (surface and volume) across the substrate.

In part 4, silver plating was performed over knitted fabric. Plated fabric electrodes were
used for the fabrication of TrEG self-powered device applications. The uniform and dense layer
of metal was deposited on the fabrics. Then, the silicon rubber and rabbit fur were used as
triboelectric materials in combination with plated conductive fabric electrodes and their energy
performance was investigated under the mechanical stretching and pressing actions of human
body movements (i.e. elbow and foot).

In this way, the presented research work described the various methods for surface
metallization of fabrics. We produced more porous, less stiff and flexible conductive fabrics
having extraordinary electrical conductivity and EMI shielding with antibacterial properties.
The developed samples achieved interconnected network of conductive particles with thin and
uniform metal deposition. Moreover, the step for further electroless plating over the particles
coated fabrics enhanced the rubbing, washing and electrical properties. The procedure of
electroless plating was short routed (reduced a number of steps) free from hazardous fumes,
less costly and simple. The promising applications of developed fabrics are EMI shielding,
strain sensors and as electrodes for electrotherapy and energy harvesting.

FUTURE WORK

> Investigation of electrical properties under different aging conditions (temperature,
humidity, etc).
Enhancement in electrical properties with different combinations of metal coating
(in situ deposition, electroless plating, electroplating)
Metallization of wool, glass and aramid fibers for different functional properties.
Study of different triboelectric materials for energy harvesting
Prevention of copper oxidation and improvement in durability of performance
(by using capping agents, gums, binders, semiconductors, and alloys)
Impact of thickness of metal coating on EMI shielding effectiveness, hardness and
against anti-stabbing effect

Y VVV V¥V
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Resume

Azam Ali

Address: 17 Listopadu, 584/2, 46015, Liberec, Czech Republic.
Email: mehr_azam91@yahoo.com

Contact media: Cell # +420-774357957,

Whatsapp: +92 3217033644,

Skype: live:mehr_azam91

Linked in: https://www.linkedin.com/in/azam-ali-a1b07261/
Nationality: Pakistani

Vision and skills

2 years of industrial experience in wet-processing department of textile. An enthusiastic,
adaptive and fast-learning individual with a broad and acute interest in the synthesis
mechanisms of nanomaterials (by sol gel process, insitu deposition, vacuum and arc spraying,
electroless and electroplating method). Analytical and surface characterization, development
of functional and multifunctional textiles, smart textiles, hydrophobic textiles, fabric-based
electrodes for electrotherapy and energy harvesting. Making carbon and graphite particles by
carbonization of waste materials and making the composites by hand layup, vacuum bagging
and resin transfer method. | particularly enjoy collaborating with scientists of different
disciplines to develop robust skills and solve new challenges attain professional excellence in
dynamic and challenging organization by actively exercising my unique skills and abilities and
bringing to bear my integrity.

Education

Ph.D. (Textiles & Materials Engineering) 2015-continue Technical University of Liberec,
Czech Republic

Dissertation topic: Surface deposition of metals on textile structures

Characterization tools: XRD, FTIR, SEM, EDX, ICP-AES, Electrical and thermal
conductivity, EMI shielding Antibacterial test, Air and Water vapor permeability, Ageing
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Major subjects: Nanotechnology, Advance materials, Analytical techniques, Smart
materials, Metrology, Textile raw materials and chemistry, Statistical analysis, Heat and
mass transfer. Science for making composites.

Research Area: Nano-particles preparation. Analytical characterization. Electrically
conductive polymers and textiles, conductive composites, Development of flexible electrodes
for electrotherapy, medical devices and energy harvesting (Tribo-electrification and Piezo-
electricity method)

M.Sc. (Textiles Engineering) 2012-2014 National Textile University, Faisal Abad, Pakistan
Dissertation topic: Development of natural fiber hydrophobic composites

Characterization tools: SEM, EDX, Tensile testing, Impact testing, ageing

Major subjects: Technical textile, Medical textile, Research methodology, Non-woven,
High-performance fibers, Analytical techniques, protective textiles, nanotechnology, Smart
textile, composites fabrication

B.Sc. (Textiles Engineering) 2006-2010 The University of faisalabad, Faisal Abad,
Pakistan

Dissertation topic: To study the effect of catalyst concentration and curing conditions on
resin finish

Characterization tools: SEM, EDX, Tensile testing, Impact testing, crease recovery
Major subjects: Nano materials finishing, Applied chemistry, Polymer chemistry, Textile
Dyeing, Textile printing, Textile finishing, Textile raw materials, Applied mathematics,
Textile testing, Applied physics, Applied chemistry, Electrical engineering, Electronics,
Hydraulic pressure, Thermodynamics etc.

F.Sc. GC University Faisalabad, Pakistan
Main Subjects: Physics, Chemistry, Math

Summary: Experience: Textile Products Specialist (Textile Engineering)

2 years of industrial experience in wet-processing department of textile.
6 years of experience as a Researcher.

PROFESSIONAL EXPERIENCE:

Proficiencies:
Organization: Sitara Textile Mills [6 months]
Designation: Training engineer

Organization: Arif Textile Mills [2% year]

Designation: Assistant Manager

Time dedicated: September 2010~ January, 2012

Textile pretreatments

Dyeing

Finishing

Trouble shooting and mechanical maintenance supervision

Organization: National Textile Research Center (NTRC), NTU, Pakistan [2 Years]
Designation: Research Associate
Time dedicated: 2013 ~ September, 2015

e Preparation of

o Nanoparticles of Copper, Silver, Zinc and Magnesium, Magnesium hydroxide
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Micro particles of carbon and graphite from waste materials
o Multifunctional textiles (hydrophobic, oil and water repellency)

o Flame retardant fabrics (by making and imparting magnesium oxide and
magnesium hydroxide nanoparticles)

o Antibacterial fabrics
e Development of
o Electrically conductive yarns and textiles by imparting metal particles
o Making electrically conductive polymers and stretchable fabrics by imparting
carbon based fillers
o Stretchable electrodes
e Development of
o Electrically conductive green composites
o Hydrophobic natural fiber reinforced composites
o Shape memory composites
e Carbonizing acrylic and Kevlar waste materials to make electrically conductive fillers
e Working on ageing properties of composites

Smart textile
Composites
Carbonization to make carbon fibers
Heat and mass transfer through Porous Media
Clothing Comfort
Textile Fibrous material Properties
Textile processing
Statistical Data analysis (Regression Analysis using MINITAB)
Sound knowledge of data analysis using Software: MINITAB, ORIGIN Pro, MS
Word, MS Excel and MS Power Point, Python (Basics only), Irfan View, ImageJ,
Chem sketch window, Blender Animation.
RESEARCH SCORE

e Research gate score 20.46
e h-index 7
AWARD and MEMBERSHIPS:
e Best poster award INTERNATIONAL PH.D. STUDENTS DAY, within workshop
for PhD students. 12 November, 2019, Liberec, Czech Republic
e Membership of Pakistan Engineering Council
LANGUAGE PROFICIENCY:

URDU: Native Speaker
ENGLISH:  First Language (CEFR Level C2), IELTS: Academics clear
HINDI : Speak well

GERMAN and CZECH:  Learning at my own
INTERNATIONAL TOURS:

e 10 days stay in University of California Los Angles, USA
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10 days stay in Greece for international conference AUTEX

10 days stay in Leeds for 91st, Textile Institute World Conference, Leeds UK
Small tours regarding research project in France and Sweden

Small tours regarding research project in Poland

INTERESTS AND ACTIVITIES:

Scientific Novelties

Habitual to play football and cricket

Exploring advance ideas in Textile materials and Finishes.
Event organizer for conferences
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Recommendation of the supervisor

Supervisor’s recommendation on PhD thesis of Azam Ali, M.Sc.

Date: 16.12.2020

Thesis title: Surface deposition of metals on textile structures

The PhD thesis of Azam Ali is oriented to preparation of electrically conductive metal particles
on surface of smart textiles. He studied mainly electromagnetic shielding, antimicrobial and
electrical conductivity and changes of electrical resistance) during stretching (possible
application in electrotherapy) by using cuprous, silver and other type of particles deposited on
surfaces. He focused not only on functional properties but as well on the durability changes
due to washing. Special applications as Joule heating and electrodes for triboelectric generators
were deeply investigated as well.

The thesis is written according to standard format and all the aims are accomplished. The
candidate has done all his work quite systematically, on outstanding level, with specific
objectives. He organized and analyzed data scientifically. Discussion of the results is logical
and there are comparisons of achieved results with the results of other published works. The
quality of figures and tables is good and understandable. The language level of the thesis is
good and meets the PhD level. Some of his results are quite innovative and were already
published in journals with excellent impact factor.

His publication activities in high impact factor journals show that he is an exceptionally good
young researcher. During his research work at TUL on the PhD theme, he has published 22
papers in high ranked impact factor journals, 4 book chapters and 12 articles in conference
proceedings.

During his studies he proved himself as a diligent and fully competent person.

The conclusions of the thesis are interesting, novel and ready to be used in practice. | therefore
strongly recommend the thesis for final defense.

Prof. Ing. Jiti Militky, CSc. EURING
Supervisor
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Opponents’s reviews

Opponent’s review

Title: Surface Deposition of Metals on Textile Structures
Author: Azam Ali, M.Sc.

This presented thesis deals with the current topic of preparation of conductive textiles, which contain
applied layers of copper or silver particles and their subsequent use in the field of conductive materials.

Thesis contains 103 pages divided into 8 main chapters and contains 10 tables and 69 pictures.

At the beginning of this thesis, four main goals of experimental work were defined, in-situ deposition
of copper or silver on cotton fabric / knitted fabric usable for electromagnetic shielding, electroless
plating for further copper deposition and study of silver deposited knitted fabrics as an electrode
usable for TrEG self-powered device.

The chapter of literature review of current knowledge in the field of textile materials containing
conductive metal layers, their preparation, and various uses, follows. Attention was paid mainly to the
issue of electromagnetic shielding and the use of conductive textiie materials in medicine. The search
is clear and a sufficient amount of resources has been used.

Using methods of preparation and testing conductive materials are sufficiently described for possible
repetition. Personally, in order to determine the concentration of metal on the fabric, | would choose
not only the SEM EDX, but also the determination of the metal by elemental analysis from the ash of
the cotton fabric. On the other hand, this method is destructive for sample.

In the experimental part of present thesis, firstly copper or silver layers were prepared by chemical
reduction on the surface of a cotton fabric or knitted fabric. For metal identification appropriate
physical methods was used. A positive effect of higher amounts of copper or silver on the determined
values of surface resistivity, electromagnetic shielding and antibacterial activity was described.

The effect of extension on the above properties was also observed for the silver coated knitted fabric.
The subsequent electroless copper plating over previously deposited copper or silver coated fabrics
was the next part of the experimental work, when a significant increasing of conductivity was achieved.

One type of these samples, silver electroplated knitted fabric was used as an electrode for triboelectric
generators, where the values of electrical resistance and voltage and current flowing due to the
stretching of the knitted fabric were monitored. In the last part of the thesis, presented results were
compared with the values published in the literature. This thesis contains the chemical description of
individual processes.

Formally, this thesis contains some typing errors, e.g.:

p.41 .. for 12 minutes; ... g/L

p.58 Table 6: Oxygen (O) should probably be the correct element instead of potassium (K)
p.59 ..see42

I miss of SH and SE in the list of abbreviations. Some citations in the bibliography are not complete,
e.g. number 60, 106, 114.

The thesis presents interesting results of experimental work in the field of preparation of textile
materials with a conductive layer usable not only as an electromagnetic shield, but also in the field of
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medicine. The doctoral student demonstrated good scientific work and published his results
sufficiently. He is the co-author of 22 articles in impact journals (11 of them as the main author), 6
chapters in books and presented his results at international conferences.

I also appreciate the proposal for the future direction of further research.

My questions:

1.
2,
3.

Why do you choose knitted fabric with Polyamide for Triboelectric generators?

Is the difference between deposition of metal particles on cotton and polyamide surface?

Did you measure electrical resistivity dependence of number of repeated extensions for silver
electroplated knitted fabrics?

Did you determine values of durability under washing for higher temperature than 40 degree
Celsius?

Could you explain increasing standard deviation during increasing Extension presented on
Figure 64b, p. 807

In conclusion, | recommend this thesis for the defense.

In Pardubice on July 8, 2020 Ing. Michal Cerny, Ph.D.
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Referee’s report on PhD. thesis of
Azam Ali

» Surface Deposition of Metals on Textile Structures “

Professor Miroslav Cernik

The presented thesis consists of 106 pages divided into 7 chapters. The thesis’s main objective
was to investigate the preparation, properties and applications of surface-modified textiles with
electrical conductivity, EMI shielding, ohmic heating capability, and antibacterial properties.
The thesis has standard parts - Introduction, Thesis objectives, Literature review, Methodology,
Results and discussions, Conclusions and Future works. In the end, there are References and a
List of author’s publications. The author’s list of publications is extensive.

First pages

Before the introduction, there are Contents, List of tables, List of figures, List of abbreviations,
and List of symbols. The last two lists are incomplete, and the list of symbols contains only 4
symbols, and even very strange.

Thesis significance, scope and objectives

The author made here an introduction to his work and explained the objectives of the study.
The work was split into four major parts — an deposition of Cu particles on plain woven cotton
fabrics; an deposition of Ag particles on cotton fabric and knitted fabric; electroless platting on
NPs coated woven fabrics; development of tribo-electic generators for energy harvesting
(platting of Ag on stretchable knitted fabrics). Unfortunately, these topics look as four various
subjects without any unification bridge.

Literature review

There is a sufficient number of literature sources divided into ten parts. Even the whole chapter
is well written, some parts and Figures are disputable. Directly, Fig.1 shows a range of electric
resistivity for different materials, but the ranges are too broad to me (e.g., metals are always in
a range of 107 or smaller resistivity, not from the value in the presented interval); Fig. 2 shows
just basis of Ohm’s law, which is too basic for the PhD. thesis. Part 3.5 (Research on electrically
conductive metalized fabric) presents many figures. I think the literature part should explain
previous work and the most critical literature findings related to the topic. It should not repeat
figures published previously (at least in such quantity).

Methodology

There is a vast variety of methods used for the preparation, characterization and application of
the fabrics. Four different materials were prepared — Cu particles on textiles, Ag particles on
textiles, Cu plating on coated fabrics and electrode Ag plating. There are other methods like
antibacterial testing, heating performance, and durability besides electric and electromagnetic
testing. I am not sure if all these methods are essential for the final topic of the thesis.

Results and discussions

The chapter summarizes all results of the thesis. For each conductive structure, several
measurement was performed — electric conductivity, SEM analysis, mechanisms of attachment,
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electromagnetic shielding, antimicrobial properties, and durability of fabrics. Figure 33 repeats
the scheme of Fig.22, and again in the chemical formulae, the student shows an ignorance of
basic chemical nomenclature (Cu*?, etc.). His knowledge of chemistry, based on many errors
in the text, is too basic.

Conclusions

This chapter summarizes the findings of the previous chapters. The author repeated major
conclusions for each material, but generalization of the results and especially comparing
different techniques is missing. I expected more conclusions from the study — get advantages
and drawbacks of each technique and their detailed comparison from various points of view.
The future work planned here is also in terms of individual studies of particular techniques.

Referee remarks, question and conclusions
QUESTIONS
1. Prior deposition of Ag particles, cotton fabric was dipped into NaOH. According to Fig.
23, for this pretreatment Na* ions are essential. Why? What were the mechanisms of
this step?
2. Antibacterial tests in Fig. 36: Has the student performed the tests? Describe details about
the 95% confidence interval. Was is determined from the repetition of the experiments?
How many parallel experiments have you carried out? Are the error bars calculated
separately for each of the values?
3. Equation (9) and (10): I do not understand these equations? Could you give an example,
how equation (9) works? The stability constant equation is also wrong.
4. Cathode reactions mentioned on page 79 considers the complete deprotonation of
EDTA. This deprotonation depends on the solution pH. At which conditions, such a
situation appears?

Imperfections and recommendations

The thesis is written in good English but with significant typing errors.

Example on p.13: Micrometric metal are did not cause...; nanoparticles are shown displayed
in...; was dip. Chemical formulae are sometimes wrongly written (e.g., p.18, Cu*?, SO42, e for
electron w/o the negative charge).

Referee’s conclusion

The presented thesis of Azam Ali has all the formal parts and shows the author is able to carry
out scientific work. The thesis shows four different techniques of fabrics” surface modification,
various characterization techniques and potential applications. The work significantly
contributes to knowledge in the subject. The work’s fundamental disadvantage is in
fragmentation, where the general idea is the application of various techniques, but without their
comparison and generalization. The author also showed a problem with the understanding of
chemical processes applied in the thesis. The language is acceptable and entirely
understandable.

Besides imperfections, errors and weak points, the thesis meets the criteria to be taken to the
defense.

In Liberec (Czech R.) on February 14, 2021

Professor Miroslav Cernik
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