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Abstract 

Individual and societal expectations of apparel performance are surpassing the three key 
requirements of physical, psychological, and social protection. Users are increasingly envisaging 
integrated technologies to facilitate daily life and specialist applications. Electrical conductivity and 
sensor performance is an integral component of this and can be achieved by applying functionalising 
treatments. Of increasing interest are graphene-based treatments (i.e. reduced graphene oxide, 
graphene ink) applied to apparel fabrics based on high conductivity, strength, and light weight of the 
two-dimensional honey comb structure. Knits manufactured of natural fibres are most suited for 
apparel applications, especially those worn next to the skin. Research has focussed on functionalised 
cotton fabrics with less focus on wool fabrics. Exploration into knit constructions has been limited. 
Performance of fabrics manufactured from wool and cotton fibres are often linked to hydrophilicity. 
A pre-treatment may be required to reduce hydrophobicity caused by presence of oils or waxes 
remaining on finished wool or cotton fabrics respectively, or application of additional, or lack thereof, 
of processing treatments (e.g. chlorination, scouring, mercerisation). 

Single jersey 100% merino wool and 100% cotton were selected as trial fabrics. Hydrophobic 
properties were determined using wettability tests (water absorbency time, contact angle, liquid 
absorptive capacity). A chemical pre-treatment was developed and optimised for concentration of the 
active ingredient and treatment time for each knit, potassium hydroxide for wool and for cotton, 
sodium hydroxide. One concentration and time was selected for knit constructed of wool (0.05mol/L, 
15min) and cotton (2mol/L, 30min). Wettability increased based on decreased water absorbency time, 
contact angle; and increased liquid absorptive capacity and moisture regain with no evidence of 
degradation to the fabric, yarns, or fibres assumed from visual appearance (photographs, microscope 
images), surface chemistry based on infrared spectra, and fabric structural properties of mass, 
thickness, and stitch density. 

Subsequently each knit was functionalised with one of two treatments, reduced graphene oxide 
stabilised with poly(sodium 4-styrenesulfonate) or graphene ink. Several functionalisation process 
variables were investigated where appropriate (e.g. prior pre-treatment, graphene concentration, 
treatment time, curing temperature, and curing time). The small-scale experiment involved 
investigation of deposits (photographs, microscopic images), conductivity, and durability to wash. 
The most critical parameters for the functionalisation treatments were identified, and levels selected 
that may confer desirable performance based on the aforementioned properties. Further examination 
was undertaken to optimise treatment time and curing temperature of reduced graphene oxide 
functionalisation on wool (8min, 24min; 110°C, 120°C) and cotton (20min, 40min; 70°C, 120°C). 
Graphene ink was applied with one optimum treatment time to the wool (16min) and cotton (40min). 
Properties investigated included visual evidence of graphene deposits based on photographs, optical 
microscope images, image analysis, scanning electron microscope, and colour coordinates (L*, a*, b*). 
Differences in surface chemistry were also identified based on infrared and Raman spectra. Electrical 
conductivity was calculated from measurements of electrical resistance. Changes to fabric structure 
were determined from measurements of mass, thickness, stitch density and performance properties 
included flexural rigidity, water absorbency time, contact angle, liquid absorptive capacity, regain, 
permeability to water vapour, permeability to air, and tactile acceptability. Durability to wash, 
abrasion, and storage were determined based on change or lack thereof in electrical conductivity and 
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appearance (photographs, optical microscope, and colour coordinates) with exposure to sequential 
cycles. 

Deposits of graphene treatments were assumed based on visual change from cream to dark grey and 
presence of nonfibrous deposits. Pixel intensity mean, minimum, and mode were lower compared to 
the non-treated knits. Maximum pixel intensity was similar for fabrics graphene treated and not. Fibre 
width and area of the region of interest were least affected by the graphene treatments. Lightness (L*) 
was smallest of fabrics graphene treated although a* and b* were not affected. Changes occurred to 
surface chemistry based on infrared and Raman spectral analysis indicative of the carbon composition 
of the graphene treatments. FTIR provided limited evidence with low merits for understanding 
deposits of the graphene treatments while Raman provided more definitive evidence of graphene 
presence. 

Conductivity was conferred from graphene deposits with small effects on structural characteristics 
of the knits (mass, thickness, stitch density) and performance properties including stiffness, water 
absorbency time, liquid absorptive capacity, contact angle, moisture regain, permeability water 
vapour and to air, and tactile acceptability. Minimal changes to the fabric structure and performance 
properties suggest acceptability to be used in next-to-skin apparel. Durability to wash (20 cycles for 
reduced graphene oxide, 100 cycles for graphene ink), abrasion (50,000 for graphene ink), and storage 
(28 days for reduced graphene oxide, 365 days for graphene ink) were a challenge, where conductivity 
decreased, sometimes being lost from the fabrics functionalised with reduced graphene oxide. Similar 
trends occurred with both the wool and cotton knit following functionalisation with graphene 
treatments. Graphene ink functionalisation produced knits with superior functionality, especially in 
terms of electrical conductivity and effects of exposure to wash, abrasion, and storage. Graphene ink 
functionalised specimens were selected for further investigation of encapsulation to enhance 
performance, primarily increasing durability without compromising fabric structure or performance 

properties1. 

Encapsulation of functionalised fabrics with substances impervious to external elements, that have 
potential to cause degradation of treatment deposits and electrical conductivity, can attenuate 
negative effects. Exposure to wash (100 cycles), abrasion (50,000 cycles), and storage (365 days) were 
considered critical, however, modification of fabric structure and performance caused by 
encapsulation can result in a product that is non-textile like, potentially undesirable for next-to-skin 
apparel. Three polydimethylsiloxane-based products were selected for encapsulating the two knits 
functionalised with graphene ink. Each encapsulant differed in effects on fabric structure and 
performance properties, as well as durability. The SYLGARD™ 184 Silicone Elastomer Kit resulted 
in a finished product that was most dissimilar to the original knits including changed visual 
properties (photographs, optical and scanning electron microscope images) and surface chemistry 
(infrared and Raman spectra); increased mass, thickness, stitch density, stiffness, water absorbency 
time, contact angle, regain, permeability to water vapour and to air; with decreased liquid absorptive 
capacity, and tactile acceptability. Superior durability to wash, abrasion, and storage was achieved in 
terms of maintenance of treatment deposits and electrical conductivity. Granger's® Clothing Repel 
and the polydimethylsiloxane polymer conferred durability to a lesser extent but maintained similar 

 

1 Sourcing issues of reduced graphene oxide also restricted availability for further investigation. 
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fabric structural and performance properties to the original state of knits. Prioritisation for conferring 
durability or retaining conventional fabric structure and performance is required. For a small-
confined patch, properties pertinent to next-to-skin performance may be compromised to ensure 
durability. 

Sensor performance was based on measurable changes in conductivity with exposure to differences 
in air temperature and humidity (20°C, 65%RH to 30°C, 30%RH or 35°C, 23%RH), to wetting by 
immersion and droplet exposure, and to changing carbon dioxide air concentration. Each can provide 
information to support health of the user by providing measurements of garment microclimate 
temperature and humidity, wetting sourced from the body or external environment, and carbon 
dioxide concentration of breath or small confined environmental spaces. Conductivity of the wool 
knit reduced graphene oxide functionalised increased with increased temperature and decreased 
humidity, often not recovering to the initial conductivity. The same response was shown of graphene 
ink and encapsulated specimens except for those encapsulated with SYLGARD™, where wool 
specimens had minimal change and cotton the opposite trend of decreased conductivity with 
exposure to increased temperature and decreased humidity. Exposure to wetting by full immersion 
and droplets evoked an increase in mass and conductivity of graphene ink functionalised and 
encapsulated wool and cotton knits. Conductivity decreased as the functionalised knits dried. After 
complete drying, conductivity was less than the initial measurement. Immersion resulted in greater 
change compared to droplet wetting. Small changes occurred for specimens encapsulated with 
SYLGARD™. No change in conductivity of graphene ink functionalised wool or cotton knits arose 
with exposure to carbon dioxide. Thus, sensor performance was possible for moisture (vapour, 
liquid) but not carbon dioxide. Fluctuating carbon dioxide concentrations will not interfere with the 
moisture sensing function, ensuring validity in this respect.  
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    Siemens per metre (S/m)' (Walker, 1999)  (p 379) 

electrical resistivity   'inverse of electrical conductivity (i.e. to resist electrical charge)'  
    (Walker, 1999) (p 380) 

fabric/textile    'a manufactured assembly of fibres and/or yarns that has substantial 
    surface area in relation to its thickness and sufficient cohesion to give 
    the assembly useful mechanical strength' (The Textile Institute, 2017) 

fibre     'textile raw material, generally characterised by flexibility, fineness 
    and high ratio of length to thickness' (The Textile Institute, 2017) 

filament yarns    'a yarn composed of one or more filaments that run essentially the 
    whole length of the yarn' (The Textile Institute, 2017) 

flexural rigidity   'a measure of the resistance of materials to bending by external  
    forces. It is related to stiffness and is one of the factors sensed when 
    a fabric is handled' (The Textile Institute, 2017) 

graphene   2-dimensional honeycomb structure of carbon molecules  
    (Geim and Novoselov, 2010; Graphene Experts, 2018b) 
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graphene oxide   oxidised graphite, usually by modified Hummer's method  
    (Hummers and Offerman, 1985; Suvarnaphaet and Pechprasarn, 
2017) 

graphite   raw material of graphene (Graphene Experts, 2018a) 

knit fabric   fabric structure consisting of interlocking loops (interlock, rib, single 
    jersey) (The Textile Institute, 2017) 

liquid absorptive capacity 'mass of liquid that is absorbed by unit mass of the test absorbent 
expressed as a % of the mass of the test absorbent, under specified 
conditions and after a specified time' (ISO 9073-6:2003) 
(International Organization for Standardization, 2003) 

pilling    'the entanglement of fibres during washing, dry cleaning, testing or 
    in use to form balls or pills which stand proud on the surface of a 
    fabric and which are of such density that light will not pass through 
    them (so that they cast a shadow)' (The Textile Institute, 2017) 

reduced graphene oxide graphene oxide reduced with a process (chemical, thermal, 
ultraviolet curing) to remove oxygenated groups and impart 
electrical conductivity (Graphene Experts, 2018a) 

single jersey, weft knitted 'a generic name applied to knitted fabrics made on one set of  
    needles. The characteristics may be varied to achieve the  desired  
    end-use of patterned effects' (The Textile Institute, 2017) 

staple fibre 'a fibre of limited and relatively short length' (The Textile Institute, 
2017) 

stitch density    'a term to indicate the density of ends or picks or both in a woven 
    fabric, usually expressed as the number of yarns per centimetre'  
    (The Textile Institute, 2017) 

tactile properties 'of or connected with the sense of touch' (Oxford University Press, 
2003) (p 1794) 

technical face the side of the fabric which is intended to be the use/visible surface 
in an end product (The Textile Institute, 2017) 

technical rear 'reverse of the fabric as opposed to the face' (The Textile Institute, 
2017) 

wales    'a column of loops along the length of fabric'    
    (The Textile Institute, 2017)    

warp 'yarns lengthways in a fabric as woven' (The Textile Institute, 2017) 

water vapour permeability index 'an expression of water vapour 
permeability of the fabric as % of the water vapour permeability of 
a reference woven fabric which is tested in a similar manner' (British 
Standards Institution, 1990b)  

wearable technology   items (often with electronic capabilities) worn on the body  
    consisting of a simple interface performing tasks to satisfy  
    needs of a specific target group, either worn as an accessory  
    (wrist watch, hearing aids), implant (more permanent,   
    invasive), or incorporated in textiles/apparel (smart textiles,  
    e-textiles) (Malmivaara, 2009) 

woven fabric   'a pattern of interlacing of warp and weft in a woven fabric'  
    (The Textile Institute, 2017) 

weft 'yarns width ways in a fabric as woven' (The Textile Institute, 2017) 

wool     'the fibrous covering of a sheep' (The Textile Institute, 2017) 

yarn     'a product of substantial length and relatively small cross-section 
    consisting of fibres and/or filament(s) with or without twist' (The 
    Textile Institute, 2017)  
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Apparel fabrics as sensors 
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1.1 Context for sensors in apparel 
Man-made and natural textile fibres used for next-to-skin apparel interact with the wearer. Apparel 
provides protection from environmental, social, and cultural factors, and a pleasing aesthetic 
appearance. Expectations vary depending on end use and target users (e.g. age, sex, activity, and 
interests). As textile knowledge, expertise, and technology increase in complexity, availability, and 
scope, so too do consumer expectations of use performance. This has contributed to the rise of fabric 
based wearable technology. Increased breadth of performance can be achieved by incorporating non-
textile components to confer sensing functions to monitor parameters in real life and real time, not 
otherwise possible with conventional apparel. Wearable fabric sensors have advantages over other 
devices for individuals with limited capabilities (e.g. debilitating conditions, elderly), time constraints, 
and negative connotations of wearing monitoring devices. Textiles are worn almost universally and 
consistently, and such devices may eliminate requirements for additional technological accessories. 

Investigating functionalised apparel fabrics of different fibre, yarn, and/or fabric composition typical 
of next-to-skin products is required to understand possible functionalised performance and effects 
on the textile-body interaction. Functionalising fabrics post manufacture (i.e. applied to finished 
fabrics) is desirable for efficacy and simplicity with subsequent minor processing needed to produce 
apparel. Potential degradation that may occur is minimal compared to processing steps required of 
functionalised fibres and yarns. The end-use influences which properties are necessary for 
performance. Conferring additional functionalities has historically occurred through integration of 
self-contained devices, wires/filaments, and/or treatments in textiles. Benefits, including reduced 
bulk and obtrusiveness, can be obtained by applying conductive treatments. Retaining conventional 
properties including flexibility, air and moisture transfer, tactile acceptability, durability to cleaning, 
abrasion, and to storage following functionalisation is an ongoing challenge. The textile and 
functionalised components need to be compatible and ultimately comparable in properties to have 
desirable performance. Alterations to conventional properties through functionalisation may result 
in unacceptable changes for full body garments but be acceptable as a localised section or patch on a 
garment. Functionalising an entire garment does not seem practical or necessary (with the exception 
of full body monitoring) to measure discrete movements or presence of substance in a localised area, 
which can also help to keep cost low. A single or several area(s) often suffice. 

The sensing mechanism is based on changes in conductivity, often measured as resistance, with 
exposure to or changes in a parameter. Throughout this thesis, 'conductance'/'conductivity' and 
'resistance'/'resistivity' refer to electrical properties unless otherwise stated. Functionalised apparel 
can be used to enhance work safety, such as for first responders and military, by sensing physiological 
parameters or potentially harmful external substances (e.g. gases, chemicals). Health care can be 
augmented to diagnose, monitor, and/or treat conditions, and sports and fitness to monitor 
performance and progress during competition and training. Resources, knowledge, and technology 
are available for producing functionalised fabrics and ultimately next-to-skin apparel. Production is 
often approached without a specific end-use or application. Successful long-term market integration 
is less likely when an end use is not specified. A gap exists between technological developments in 
the laboratory and applied use.  

Sensors to detect temperature and humidity and/or wetting can contribute information about human 
physiology. Skin temperature provides an indication of health status and is linked to core 
temperature. Similarly, detection of humidity next to the skin or within the garment microclimate 
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relates to sweat production, also an indicator of health. The moisture content and temperature of 
expelled breath can signify lung and heart function with no need for an invasive procedure. Textile 
wetting provides information to the user which they may not perceive or where perception is delayed 
such as the onset of sweating, bleeding, or urination. Exposure to some gases can cause health issues 
including asphyxiation, restriction of lung function, or death. Carbon dioxide is one such gas, also 
odourless and colourless and therefore not perceptible by human senses. Confined workspaces like 
offices, breweries, and marine vessels are high risk situations for carbon dioxide exposure. Carbon 
dioxide composition of breath is also indicative of human health status in some instances. 

Some treatments are more stable than others (e.g. poly(3,4-ethylenedioxythiophene (PEDOT) >  
polypyrrole), confer different appearance (e.g. blue from polypyrrole, grey from graphene), and differ 
in expense (e.g. graphene > intrinsically conductive polymers). Functionalising fabrics for 
conductivity with graphene treatments is of primary interest due to various desirable properties for 
apparel sensing applications (e.g. light weight, high strength, large surface area, conductive, natural 
source). Graphene is a two-dimensional honey-comb structure of sp2 hybridised carbon with one 
atom thickness. Reduced graphene oxide has been frequently used to generate conductive textiles. 
Production includes oxidising graphite to produce graphene oxide with modified Hummer's method, 
which is then applied to a polymer or textile surface, followed by a reduction reaction via chemical, 
thermal, or UV light exposure. Applying pre-processed reduced graphene oxide or other pre-
processed treatments (e.g. graphene ink) is preferred in terms of simplicity and efficiency for 
functionalisation. Several methods of application are possible including ink jet printing, pad-dry, 
screen printing, immersion, spray. Processes such as immersion are desirable in terms of simplicity 
and effectiveness to penetrate beyond the fabric surface and fix to individual yarns and fibres in the 
fabrics structure. Graphene has been processed to form sensors, however, understanding 
performance of graphene functionalised fabrics is limited. Responsiveness to more than one stimulus 
is desirable in terms of multi-sensing functions, although not desirable in terms of potential 
interference with sensor performance. Considering interference is especially important during end 
use assessment because exposure to transient conditions such as temperature, humidity, wetting, and 
volatiles is expected with apparel. 

Fabric construction and fibre type govern efficacy of the functionalising treatments. Most fabric and 
fibre types can be used as base textiles for functionalised next-to-skin apparel. Wovens have mostly 
been functionalised, examples of functionalising knits were less common. The inherent instability of 
the interlocking loop structure in knits can impose difficulty managing functionalisation. Knits are 
well suited for next-to-skin textiles due to elasticity and freedom of movement with the body 
conferred by the loops. High porosity typical of knits is desirable for yielding conductive fabrics, 
notwithstanding both woven and knit fabrics can be constructed with low or high porosity. 
Oftentimes wool and cotton are considered superior for next-to-skin apparel compared to polyester, 
polyamide, viscose based on tactile properties, thermal and moisture transfer, odour control. Wool 
has been scarcely functionalised in fabrics while synthetics, such as polyester and polyamide, and 
other natural fibres, primarily cotton, have been frequently used. Each fibre type has advantages and 
disadvantages related to production, processing, use, and disposal. 

Fine wool next-to-skin apparel has diverse desirable properties including hygroscopicity 
(spontaneously absorb moisture from the environment), high moisture absorption capacity, thermal 
and moisture transfer (warmth, regain, buffering), and more general properties such as natural source 
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and biodegradability. These properties often counterpoise high purchase cost of products produced 
from fine wool. Functionalising the fabric will further improve prospects for use. Finished wool 
fabrics may require a pre-treatment, either chemical, enzymatic, or plasma to reduce hydrophobicity 
produced by presence of a thin lipid layer that is retained following fabric processing. Pre-treatment 
reveals functional groups of the wool to yield better prospects of treatment fixation. Fine wool fabrics 
are susceptible to disadvantages such as holing, felting, and prickle (fibre ends buckling under loads 
of ~100 mg leaving imprints related to prickle propensity (Garnsworthy, Gully, Kandiah, Mayfield, 
and Westerman, 1988)). Functionalised treatments can enhance strength (i.e. mitigate holing) and 
may also reduce felting and prickle due to surface coatings smoothing fibre scales. Thus, 
functionalised wool apparel can comprise desirable properties of wool and graphene as well as those 
resulting from interaction between the fabric and treatment.  

Cotton is frequently used in next-to-skin fabrics and has many desirable properties including 
moisture absorbency to draw moisture away from the skin, liquid absorption, thermal transfer to help 
maintain homeostasis, and is also naturally sourced and biodegradable. Cotton does not usually 
require pre-treatments because the fibre is naturally highly absorbent, especially following processes 
such as scouring and mercerising. If during processing a treatment is omitted or a separate treatment 
is applied absorbency properties may differ for which a pre-treatment may be required. Cotton can 
withstand conditions which may cause degradation of other fibre types (e.g. high temperature wash). 
The natural high absorbency may also result in a fixed treatment able to resist such conditions too. 

Several challenges can restrict use of functionalised textiles in next-to-skin apparel. Durability to 
cleaning multifaceted with exposure to moisture, mechanical agitation, chemicals; to both dry and 
moist rubbing/abrasion; and to storage with exposure to transient environmental temperature and 
humidity, folding, and extension are among the issues. Each is a process of ageing which cause 
deterioration of products, especially over time. Effects of these ageing processes are typically 
detrimental to performance. Aspects of wear such as exposure to heat and moisture produced by the 
body in the garment microclimate, contact with skin, bacteria, and hair may interfere with 
performance. Fabric movement may cause displacement and degradation of conductive components 
and pressure from the fabric, although more important with elastic fabrics, and structural or 
treatment instability can also be detrimental to performance (e.g. conductivity). 

Encapsulation treatments, primarily polydimethylsiloxane polymers, can be used to mitigate some 
effects providing a protective barrier between the functionalised fabric and the potentially 
degradative process. Properties of encapsulants, such as polydimethylsiloxane may not be adequate 
to retain conventional apparel fabric properties, especially in relation to flexibility and air and 
moisture transfer. If encapsulation changes properties of the fabrics to an extent which makes then 
unacceptable for wear next-to-skin, selected positions for panels or patches may be acceptable in and 
otherwise non-treated garment. Challenges or benefits may arise with selective absorption for sensing 
as encapsulating the fabrics may permit transmission of some substances while restricting others. 
Multifunctional performance may not be possible, but potentially interfering factors can be 
minimised as conductivity is only responsive to one parameter. 
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1.2 Objective, hypotheses, and exclusions 
The aim of this work was to functionalise as a sensor, two fabrics used as next-to-skin apparel: 100% 
wool and 100% cotton single jersey, to be referred to hereafter as wool knit and cotton knit. Ideally, 
conductivity will be conferred while maintaining structural and performance properties of the knits. 
There were two key aspects: 1 create a fabric sensor to detect temperature, moisture, and/or carbon 
dioxide, 2 ensure structural and performance properties of the wool and cotton knits are maintained. 
While some previous investigations have examined changes to fabric properties, methods used were 
often poorly defined and limited in scope, or performance of the textiles was not acceptable or 
comparable to the original fabric state. Work orientated with a textile focus was seldom identified in 
publications. Consultation with Ngāi Tahu was sought. Based on the proposal the committee 
commented "this project is mostly laboratory based around textiles research and advises that further 
consultation is not required in this instance." 

Imparting conductivity and sensing performance based on changes in conductivity with exposure to 
agents is possible by applying a graphene treatment. Functionalisation involved three treatment steps 
1 chemical pre-treatment, potassium hydroxide with methanol on wool and sodium hydroxide in 
deionised water for cotton, 2 graphene treatment of reduced graphene oxide stabilised with poly 
(sodium 4-styrenesulfonate) or graphene ink, and 3 encapsulation with SYLGARD™ 184 Silicon 
Elastomer Kit (SYLGARD™), polydimethylsiloxane (PDMS), or Granger's® Performance Repel 
(Granger's®). Any differences or issues caused by the treatments were elucidated. The desired 
outcome of this project was to produce a functionalised wool and cotton patch which can be inserted 
in a next-to-skin garment with minimal effects on the apparel item. Objectives and hypotheses are 
given in Table 1.1. 

The present work focussed on existing fabrics (i.e. not yarns or fibres) that would be acceptable in 
apparel, especially next to skin garments. Effects of functionalising treatments on the fabrics, 
including conferred electrical conductivity and sensing performance, as well as changes to the fabrics 
structure, performance, and durability were the key themes explored. Other wearable items with 
conferred with sensing properties (accessories, implantables, external items fixed to skin) and 
methods of functionalisation were excluded (self-contained devices, metal wires, conductive 
polymers, or carbon treatments other than graphene (i.e. carbon nanotubes, nano products). An 
exception was for comparative purposes where no evidence of graphene treatment effects on wool or 
cotton fabrics was found (e.g. thermal and moisture transfer) or to demonstrate use of methods (e.g. 
for determining durability). Additionally, while each functionality has been the topic of investigation, 
some achieved by conferring electrical conductivity were also excluded (strain/pressure sensors, 
fibre transistors, fabric antenna, energy harvesting (e.g. solar, movement, heat), antistatic, 
electromagnetic shielding, control functions, touch pads, electrical connections, circuits, capacitors). 
Some performance properties were considered based on the intended design as a confined area in an 
otherwise non-treated garment (strength (tensile, breaking), extension, elasticity, buffering, drape, 
wrinkle recovery, thermal conductance, thermal resistance, evaporative resistance). Sensors able to 
be removed (e.g. Velcro™, pouches, or fastened with clip on buttons, hook-and-loops) and 
application of additional functionalising treatments (e.g. superhydrophobicity) were also not 
considered.  
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Table 1.1  
Objectives and hypotheses for the experimental work - Chapter 4 

part and objective hypothesis 
Part 1 Preparation of wool and cotton 
knits for functionalisation 
determine effectiveness of a chemical 
pre-treatment to enhance fixation of 
graphene-treatment on wool and cotton 
knits 

1 no change to fabric appearance or structure 
2 removal of extraneous substances will be shown by changes in 
surface chemistry 
3 pre-treating knits of wool and cotton will facilitate graphene 
treatment fixation by increasing wettability and moisture 
absorption, increasing pre-treatment concentration and time will 
increase the extent of change 

  
Part 2 Functionalisation of wool and 
cotton knits with reduced graphene 
oxide 
demonstrate performance of reduced 
graphene oxide treatment iterations on 
wool and cotton knits with respect to 
structure (mass, thickness, stitch 
density), conductivity, transfer of air 
and moisture, durability to wash, 
abrasion, and storage 

1 appearance and surface chemistry of fabrics will differ 
following deposition of reduced graphene oxide, but fabric 
structure will not change and treatment time and curing 
temperature will have no effect 
2 applying reduced graphene oxide will not influence moisture 
absorption, contact angle, liquid absorptive capacity, regain, 
permeability to water vapour, or permeability to air of the knits, 
treatment time and curing temperature will not affect 
performance 
3 conductivity will be conferred with reduced graphene oxide 
but will not differ with measurement direction (parallel to 
courses or wales, diagonally, and at right angles) or treatment 
time and curing temperature 
4 exposure to wash, abrasion, and storage will have no effect on 
appearance or conductivity of the reduced graphene oxide 
treated knits, and there will be no difference with different 
treatment time or curing temperature 

  
Part 3 Functionalisation of wool and 
cotton knits with graphene ink and 
encapsulants 
determine efficacy of applying 
graphene ink and encapsulants to the 
knits in terms of conductivity and 
maintenance of conductivity with 
external exposure while also retaining 
conventional performance of the 
apparel fabrics  

1 appearance and surface chemistry will change with deposits of 
graphene ink, and conductivity will be conferred 
2 appearance, surface chemistry, and conductivity of the 
graphene ink functionalised knits will not change with 
encapsulation 
3 no change to structural properties, stiffness or moisture and air 
transfer related properties will occur due to graphene ink 
deposition or encapsulation, this includes water droplet 
absorption, contact angle, liquid absorptive capacity, moisture 
regain, permeability to water vapour, permeability to air or 
tactile acceptability 
4 encapsulation of wool and cotton knits with graphene ink will 
yield superior durability to wash, abrasion, and storage, 
compared to that with graphene ink only and each encapsulation 
will have similar performance 

  
Part 4 Sensing using graphene 
functionalised and encapsulated wool 
and cotton knits 
demonstrate versatility in sensing 
related to temperature, relative 
humidity, wetting, and carbon dioxide 
with a laboratory-based investigation 

1 different combinations of air temperature and relative 
humidity will have different effects on conductivity; 
encapsulation will not have an effect different from graphene ink 
only 
2 wetting will have an effect on conductivity but encapsulating 
the fabrics will not influence the response to wetting 
3 graphene ink-treated wool and cotton will exhibit changes in 
conductivity with exposure to carbon dioxide, the response will 
not be altered by applying encapsulation treatments 
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2.1 Growth, applications, and manufacture of sensors in apparel 
Sensor integration in apparel is an established rapidly growing area of scientific research and one of 
the high interest areas in clothing and textiles (Wilson and Laing, 2018, 2019). Integrating sensors into 
apparel already worn daily permits continuous monitoring of parameters during real life settings and 
provides information in real time, conveniently, unobtrusively, and inconspicuously (Park and 
Jayaraman, 2017). Nothing additional such as donning an accessory is required, which facilitates ease 
of use. Sales of wearable technology in the clothing and textiles sector were expected to exceed US$4 
billion by 2020 based on an estimate by the research firm Markets and Markets (Rohan, 2017). New 
divisions in existing events are one indication of growing interest. For example, the European fabric 
fair for spring/summer 2018, Munich Fabric Start, added a new section of smart textiles and 
incorporation of emerging technologies in high end fashion. Seminars and workshops involved 
companies Schoeller® (Swiss textile manufacturer), Cordura® (Invista high performance brand), and 
Lenzing™ (Austrian fibre company) (Textiles Intelligence Ltd, 2017). Such additions help increase 
awareness and participation in functionalised sensing textiles. As of 2021, widespread production 
and adoption has yet to occur.  

Development and adoption have been hindered by cost, ensuring acceptable performance/longevity, 
and difficulty identifying widespread needs which can be assisted. Attributable to rapid growth and 
novelty of the sector, expense of some materials and manufacturing processes is high (Ghahremani 
Honarvar and Latifi, 2017). Increased demand, ongoing research, and new developments may 
alleviate high costs in time (Zurutuza and Marinelli, 2014). Cost is less critical for health and 
workplace applications compared to more general applications (e.g. sporting and fitness). The high 
level of testing and certification required can remain prohibitive (Wainwright, 2016). Accuracy, 
reliability, validity, and reproducibility during use of sensing apparel and over time, needs to be 
comparable to non-wearable devices in use with the same function (Park and Jayaraman, 2003). Many 
applications can benefit from integrating sensing functions in apparel, however identifying a specific 
purpose is not common in scientific research. Much of sensing apparel and other textiles remains in 
research, prototype, and development phases. 

Health care is a pertinent application which can be expanded beyond clinical settings to homes, 
workplaces, and leisure environments. Point-of-care sensing apparel allows continuous diagnoses 
that is useful for pandemics of transmittable viruses or disease such as Covid-19, with minimal 
exposure risk to health care providers. Monitoring conditions is important with high risk illness 
susceptibility, and the ageing population, and treatment administration is helpful for chronic illness 
including Parkinson's, dementia; or for post-operative care and rehabilitation (Paradiso, Loriga, and 
Taccini, 2005; Jung, Ji, and Varadan, 2006; Bachlin, Plotnik, Roggen, Maidan, Hausdorff, Giladi, and 
Troster, 2010; Rutherford, 2010; Chan, Esteve, Fourniols, Escriba, and Campo, 2012). Data collected 
over time is more representative of a person's condition compared to single point of detection in 
clinics or hospitals (Anliker, Ward, Lukowicz, Troster, Dolveck, Baer, Keita, Schenker, Catarsi, 
Coluccini, and Belardinelli, 2004). Restricted locations including rural or developing regions and that 
requiring high demand of resources such as physicians, instruments, medicine (e.g. disease/virus 
outbreaks, accidents, natural disasters, military needs) may be better managed with apparel sensors 
aiding prioritisation of care (Mundt, Montgomery, Udoh, Barker, Thonier, Tellier, Ricks, Darling, 
Cagle, and Ruoss, 2005). Additionally, where clinical settings are still required these can be enhanced 
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(e.g. fibre-optics worn during magnetic resonance imaging scanning) to monitor physiological 
parameters (Massaroni, Saccomandi, and Schena, 2015).  

Fabric sensors can facilitate sport and fitness performance. Continuously monitoring physiological 
parameters such as skin and/or body temperature, heart rate, breathing rate, blood oxygen, 
hydration, body motion, and exertion provide real-time indicators of performance during training 
and competition. Sensors may thus enable intervention before heat tolerance limits are reached based 
on skin temperature measurements (Havenith, 2002). Athletic performance can be optimised during 
and post events from realistic data. Analysis of impact events between players, with the ground, or 
equipment can also be used to enhance protection (Beckwith, Chu, and Greenwald, 2007; Siegmund, 
Guskiewicz, Marshall, DeMarco, and Bonin, 2016). However, widespread use in high performance 
sports is low (Chittenden, 2017). Sensing apparel can also support ‘healthy’ individuals with a desire 
to enhance health and wellbeing, particularly topical, with increased awareness and concern for 
wellbeing. Fitness wrist trackers are the prevailing wearable technology in sports and fitness as of 
2021 with limited evidence of apparel items (Dalsgaard and Sterret, 2014; Bloss, 2015; Sensoria, 2017). 

In the workplace sensors in apparel can assist safety and productivity. Yet added weight and work 
of personal protective equipment can also reduce safety and efficiency (Havenith, 2002). Monitoring 
physiological parameters of workers aims to reduce risk of harm through early intervention. 
Exposure to ambient conditions can vary immensely; military personnel are exposed to hot and dry 
to cold, wet, and muddy often with long wear time, scant cleaning, resources, and leisure time. Safety 
can be increased in such scenarios with fabric sensors monitoring effects elements have on the body. 
First responders, paramedics, fire fighters, and police, are also key occupations that can be supported 
in terms of their own safety and exertion required for physically demanding tasks. Boarder security 
and controlling movement of substances internationally can be managed more efficiently with 
detection of organic substances (e.g. food and animals). Other biosecurity risks (e.g. microorganisms: 
viruses, bacteria, fungi) and items which may pose threats to workers and the wider community (e.g. 
explosives, weapons) can also be monitored. Office settings can be benefited by monitoring posture 
of individuals at desks or carbon dioxide levels in confined office spaces. Projects have evaluated 
performance and safety in the workplace (e.g. ProeTEX, WearIT@work ~2000 to 2010, WEALTHY 
(Paradiso, Loriga, and Taccini, 2005; Lawo, Herzog, Lukowicz, and Witt, 2008; Curone, Secco, 
Tognetti, Loriga, Dudnik, Risatti, Whyte, Bonfiglio, and Magenes, 2009; Smartex, 2015)). 

Ultimately, functionalised textiles enhance connectivity between the internet of things, data, and 
humans. Improved industry efficiency and safety can be established due to new opportunities of 
technologies and existing familiarity with textiles. Contributions to Industry 4.0 are possible. 
Manufacturing processes and products can be made automatic and mechanised through use of smart 
products such as sensors, artificial intelligence for automatic analysis (Ozdemir and Hekim, 2018), 
and information technology systems (Lasi, Fettke, Feld, and Hoffmann, 2014). Sensing apparel can be 
used to monitor worker productivity offsite and consequently enhance performance based on data 
output. Manufacture can be directed to user needs (e.g. for healthcare) and/or wants based on data 
collected from the wider community (Ozdemir and Hekim, 2018). Products can be tailored to the 
desired function throughout the construction process in an efficient manner with selection and 
evaluation of the textile and functionalising components. 
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Function, that is sensor performance related to changes in conductivity and end use (e.g. next-to-skin 
apparel), dictate fibres, yarns, fabrics, apparel design, and added components. Descriptions of 
functionalised fabrics are often incomplete. Fibre composition, and/or yarn and fabric structure are 
regularly omitted limiting assimilation of textiles and comparison with other products. For instance, 
some textiles are referenced as a ‘fabric’ or ‘yarn’ with no further detail. Fibre properties, construction 
of yarn, fabric, apparel, and treatments applied at each stage of production affect apparel fabric 
performance. Notwithstanding many performance or wear properties are surmised from fibre 
composition with a lesser focus on structure, especially in consumer marketing. Extrapolation of fibre 
properties to fabrics and apparel is not always accurate. For comparisons, identical properties (e.g. 
fabric structure) other than the property under investigation (e.g. fibre type, treatment) are important 
to prevent confounding variables. Comparisons of fabrics differing in several properties may be made 
(i.e. whether or not one fabric performs differently to another), however claims about effects of fibre 
type and structural effects require careful manufacturing control and experimental design. 

Fibres, yarns, fabrics, and/or garments can be functionalised to bestow conductivity/sensing 
performance. Fibres are 'simple' to functionalise as a single linear structure. Yarns have a linear 
structure composed of many fibres, either filament or staple, spun as twists, core/cover structures, 
and/or plied. Fibres can be twisted in yarns in different ways (i.e. Z or S twist) and yarns can be 
assembled in many different fabric structures (e.g. woven: plain, twill, satin; knit: jersey, rib, interlock). 
Fabrics are complex flat structures of yarns, woven, knit or bonded in a structure with yarn 
intersections and/or interstitial spaces. Functionalising finished fabrics is advisable because minimal 
processing follows (i.e. only apparel construction). Fibres and yarns require several processing phases 
to construct fabrics (e.g. spinning, knitting, weaving, embroidery) potentially degrading 
functionalisation and the conferred conductivity (Varesano, Dall'Acqua, and Tonin, 2005).  

The upsurge of interest in wearable technologies in the early 21st century has resulted in a large body 
of research primarily focussed on fibre type. Fabrics of natural and synthetic fibres (and the fibres 
and yarns they are constructed of) are electrically insulating (Chan, Fawcett, and Poinern, 2016). Yet, 
reportedly fibre content can have an effect on conductivity (e.g. woven fabrics of cotton, viscose, silk, 
wool, and polyester had resistivity of 1.76x1012Ω/m, 3.62x1011Ω/m, 2.40x1013Ω/m, 2.30x1013Ω/m, 
4.35x1013Ω/m, respectively at 35%RH (Kim, Kim, and Yoo, 2010)). Notwithstanding the fabric's 
different structural properties, including yarn diameter and fabric density, which may affect 
conductivity and confound outcomes about fibre type. Irrespective of the variation, conductivity is 
not enough to sufficiently conduct electrical signals to detect responses elicited by agents. 
Functionalisation with non-textile treatments with adequate conductivity is required. 

Fabrics, yarns, and fibres of cotton and synthetics (e.g. polyester, polyamide) have been routinely 
functionalised while other natural (e.g. wool, silk) and regenerated cellulose (e.g. viscose, rayon) were 
less commonly used (Molina, Fernandez, Del Rio, Bonastre, and Cases, 2013a; Molina, Fernandez, 
Ines, Del Rio, Bonastre, and Cases, 2013b; Woltornist, Alamer, McDannald, Jain, Sotzing, and 
Adamson, 2015; Chatterjee, Kumar, and Maity, 2017; Gong, Kim, Yeon Woo, Jang, Eun Lee, and Han, 
2017; Karim, Afroj, Tan, He, Fernado, Carr, and Novoselov, 2017; Ren, Wang, Zhang, Carey, Chen, 
Yin, and Torrisi, 2017; Suvarnaphaet and Pechprasarn, 2017; Alonso, Rodrigues, Khetani, Shin, 
Sanctis, Joulie, Schrijver, Baldycheva, Alves, Neves, Russo, and Craciun, 2018; Chakraborty, 
Mohapatra, and Kumar, 2018; Souri and Bhattacharya, 2018b, c; Afroj, Karim, Wang, Tan, He, Holwill, 
Ghazaryan, Fernando, and Novoselov, 2019; Kowalczyk, Brzezinkski, Kaminska, Wrobel, Urszula, 
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Fortuniak, Piorkowska, Svyntkivska, and Makowski, 2019). Predominance of specific fibre types in 
construction of apparel (e.g. cotton, polyester) has been proposed as the reasoning for their 
dominance in fibre selection (Liu, Wang, Qi, and Xin, 2008; Jost, Perez, McDonough, Presser, Heon, 
Dion, and Gogotsi, 2011; Liu, Qin, Dou, Liu, Chen, and Zhu, 2014; Xu, Wang, Yuan, Wei, Duan, Wang, 
Bao, and Xu, 2015a; Carey, Cacovich, Divitini, Ren, Mansouri, Kim, Wang, Ducati, Sordan, and Torrisi, 
2017). Additionally, reliable and uniform production (i.e. on demand) and properties (length, 
diameter) of man-made fibres are advantageous. Natural fibres are limited by time required to grow 
and available varieties. Selective breeding and post processing can be used to manipulate fibre 
properties, although complex and costly. Blends of man-made and natural fibres can increase 
prospects of use by manifesting from each of the constituent fibre types. Fabrics of fibre blends have 
been used to yield functionalised fabrics (Scilingo, Gemignani, Paradiso, Taccini, Ghelarducci, and 
De Rossi, 2005; Metcalf, Collie, Cranny, Hallett, James, Adams, Chappell, White, and Burridge, 2009; 
Chan, Fawcett, and Poinern, 2016).  

Trends in fibre production support fibre choice being based on availability. World production of man-
made fibres is inordinate compared to natural fibres (i.e. in 2017 62.41 million tons compared to 26.78 

million tons, respectively (Textiles Intelligence Ltd, 2018)2). Natural fibre production is mostly 
comprised of cotton (25.43 million tons) while wool and silk are much lower (1.16 million tons and 
0.18 million tons, respectively) (Textiles Intelligence Ltd, 2018). Between 1982 and 2015 man-made 
fibres increased from 13.10 million tons to 64.63 million tons whilst natural fibres increase from 16.42 
million tons to 24.94 million tons (Textiles Intelligence Ltd, 2016). Over the same period, growth of 
synthetics was most pronounced for man-made fibres (10.15 million tons to 59.48 million tons) and 
cotton accounted for augmentation of natural fibres (14.74 million tons to 23.60 million tons) 
contrasting with a decrease in wool (1.62 million tons to 1.16 million tons) (Textiles Intelligence Ltd, 
2016). Tendency for use of cotton and synthetics is reflected in fibre production and demand. Albeit 
fibre production includes textiles other than apparel. 

Published literature is incomplete in terms of describing the effects of textile processing on 
functionalisation. Fibres and yarns, not further processed to fabric, can limit evaluation of their 
potential performance in apparel applications. Fibres have been functionalised and not processed 
further into yarns and/or fabrics (Bhadani, Sen Gupta, Sahu, and Kumari, 1996; Wang, Lin, Wang, 
and Kaynak, 2005; Johnston, Kelly, Moraes, Borrmann, and Flynn, 2006); as well as used to produce 
yarns and/or fabrics (Varesano, Dall'Acqua, and Tonin, 2005; Varesano and Tonin, 2008). Yarns have 
been functionalised, kept in that condition (Najar, Kaynak, and Foitzik, 2007; Kaynak, Najar, and 
Foitzik, 2008; Yun, Hong, Kim, Jun, and Kim, 2013; Yun, Hong, Choi, Kim, Jun, and Lee, 2015; 
Adamiano, Sangiorgi, Sprio, Ruffini, Sandri, Sanson, Gras, Grossin, Frances, and Chatzipanagis, 2017) 
or further processed to construct fabrics (Han, Kim, Li, and Meyyappan, 2013). Conductivity may 
differ among functionalised fabrics and the functionalised yarns and fibres used to construct the 

fabrics. For instance, conductivity of a botany fabric (324W/square and 367W/square perpendicular 
directions) was higher than individual polypyrrole treated yarns (35.7tex, 18µm fibre) the fabric was 

constructed from (4.8KW) (Varesano, Dall'Acqua, and Tonin, 2005). Interlocking yarns offer many 
routes for electrical transmission compared to fibres in a single linear yarn. Actual clothing body 

 

2 Most recently available data. 
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interactions are likely changed by subsequent processing. That is a fabric produced from yarns and 
fibres previously functionalised would likely differ from a fabric of non-functionalised fibres and 
yarns subsequently functionalised. 

Interest has increased for applying functionalising treatments to fabrics (Zhang, Tao, Yu, and Wang, 
2006; Jost et al., 2011; Kaynak and Foitzik, 2011; Krishnamoorthy, Navaneetheiyer, Mohan, Lee, and 
Kim, 2012; Motaghi and Shahidi, 2015; Sahito, Sun, Arbab, Oadir, and Jeong, 2015a; Karimi, 
Yazdanshnas, Khajavi, Rashidi, and Mirjalili, 2016; Shirgholami, Loghman, and Mirjalili, 2016; Karim 
et al., 2017; Zhang, Fairbanks, and Andrew, 2017). To fix treatments, penetration is required through 
fabric, into yarns, in between intersections of interlocked or interlaced yarns, through to the fibre 
surface and in fibres. Fixation to fibres with fabric treatments is possible, for instance one study 
described fixation of carbon nanotubes to wool fibres following woven fabric treatment (Motaghi and 
Shahidi, 2015)). Therefore, deposition on fibre is achievable by way of treating the fabric. 
Functionalising fabrics differs with structure where frequent use of wovens (Post, Orth, Russo, and 
Gershenfeld, 2000; Ueng and Cheng, 2001; Wang, Kaynak, Wang, and Liu, 2006; Babu, Senthilkumar, 
Noel, and Kulandainathan, 2009; Ramachandran and Vigneswaran, 2009; Zysset, Kinkeldei, 
Chenrenack, and Troster, 2010; Kaynak and Foitzik, 2011; Montazer, Ghayem Asghari, and Pakdel, 
2011; Zhou, Ding, Zhang, Duan, Hu, and Yang, 2014; Gao, Song, Zhang, and Li, 2015; Huang, Hu, 
Hung, Zhu, Meng, Liu, Pei, Hao, Wang, and Zhi, 2015; Motaghi and Shahidi, 2015; Nafeie, Montazer, 
Nejad, and Harifi, 2016; Chatterjee, Kumar, and Maity, 2017; Ali, Nguen, Baheti, Ashraf, Militky, 
Mansoor, Noman, and Ahmad, 2017; Liu, Pu, Jiang, Liu, Huang, Chen, Du, Sun, Hu, and Wang, 2017; 
Zhang, Fairbanks, and Andrew, 2017) was juxtaposed with studies on knits (Paradiso, Loriga, and 
Taccini, 2005; Varesano, Dall'Acqua, and Tonin, 2005; Pahuis, Wu, Ashraf, Gordon, and Wallace, 2007; 
Huang, Shen, Tang, and Chang, 2008; Varesano and Tonin, 2008; Metcalf et al., 2009; Huang et al., 
2015; Varnaite-Zuravliova, Sankauskaite, Stygiene, Krauledas, Bekampiene, and Milciene, 2016; 
Chatterjee, Kumar, and Maity, 2017) and least of all nonwovens fibre-webs (Karaguzel, 2006; 
Karaguzel, Merritt, Kang, Wilson, Nagle, Grant, and Pourdeyhimi, 2008; Karaguzel, Vahedi Tafreshi, 
and Pourdeyhimi, 2008; Karaguzel, Merritt, Kang, Wilson, Nagle, Grant, and Pourdeyhimi, 2009; Yun 
et al., 2013; Woltornist et al., 2015). 

Interlaced yarns in wovens yield a stable structure compared to the movability, flexibility, and 
elasticity of interlocking loops in knits. Properties such as density, porosity, thickness can be 
controlled during manufacture of fibre-webs and production is cost and time efficient (Karaguzel et 
al., 2008). Lesser use of fibre-webs could be related to relatively poor flexibility and elasticity and 

minimal use for apparel generally (Cheema, Shah, Anand, and Soin, 2018)3. Interstitial spaces, 
although critical to the function of apparel fabrics (i.e. permeability, flexibility), can have negative 
effects for conduction of electrical signals if not processed effectively (i.e. retain contact between yarn 
intersections) and possibility for use of single yarns as a conductive line is low (i.e. rely on yarn 
intersections). This issue can be minimised by scattering a conductive carrier in the fabric intersections 
to fill gaps between connections (Zhang, Fairbanks, and Andrew, 2017). Consequences for wearability 
in conventional apparel may arise (see section 2.7). 

 

3Fibre-webs have potential use for other applications in sensing (e.g. geotextiles (Ajmeri and Ajmeri, 2016), membranes (Morin, 
Hennessy, and Arora, 2016), filters (Mao, 2016)). 
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Functionalisation can be contained to an isolated section of fabric or be organised as an array over the 
fabric. A single point of contact is often sufficient to confer sensor performance, including uses such 
as measuring heart rate, temperature, and detection of contaminants eliminating the need for large 
scale treatment. Integrating a textile 'patch' within a base fabric (identical or different) that is not 
treated is practical and may ameliorate large scale changes to conventional apparel properties. For 
example, carbon fibre patches of plain weft knit (3cm x 3cm, 2cm x 3cm coated activated ink) and 
plain woven (6cm x 2cm, 2cm x 2cm coated carbon paint) were integrated in a 100% wool intarsia knit 
for use in a upper body garment (Jost, Stenger, Perez, McDonough, Lian, Gogotsi, and Dion, 2013).  

Positioning sensors relative to the human body is critical if the desired parameter is to be monitored, 
notably with dynamic aspects (e.g. motion), body areas (e.g. joints), or sensitive areas of the body. 
Apparel fabrics should move synchronously with the body (Das and Alagirusamy, 2010). Thus, size, 
shape, proportion, posture, and movement diversity of human bodies complicates positioning, 
sizing/fit, and allowances for pressure (tightness, mass) (Das and Alagirusamy, 2010; Watkins, 2010). 
Pressure and bulk can be strategically placed on the body to navigate different tolerance limits of 
body sections (Watkins, 1995). The shoulder, upper back, and abdomen are acceptable positions for 
added volume or stiffness (Dunne, Ashdown, and Smyth, 2005) not necessarily allowable in other 
areas. Specialised man-made fibres, specifically elastane, offer close fit potential by conforming to 
body contours and mitigation of displacement (Chittenden, 2017). Expectations of fit differ with 
manufacture (i.e. ready-to-wear for mass market, conjectural fit, couture, bespoke, three dimensional 
virtual fit) (Watkins, 2010) and type of fit varies with desired outcomes, that is foundation, perfect fit, 
or loose fit (Das and Alagirusamy, 2010). For sensor placement, foundation and perfect fit are to be 
expected as each will ensure close and stable contact with the body. This can be limited to the area 
functionalised (i.e. not the whole garment). Care is required to ensure restrictions on freedom of 
movement and cardiovascular flow do not arise, or irritation of underlying skin or infelicitous 
thermal and moisture transfer (Das and Alagirusamy, 2010).  

While comprehensive anthropometric data of the target group may improve design (e.g. that carried 
out for New Zealand firefighters (Laing, Holland, Wilson, and Niven, 1999)), required time, cost, 
logistics, and management of such studies is challenging. Complexity increases further with 
consumer markets (e.g. mass market). Computer software aids sizing (i.e. standards, fit models) and 
pattern development by collating body measurements, managing anthropometric and ergonomic 
data, producing preliminary patterns, and constructing apparel (Das and Alagirusamy, 2010). 
Assumptions about body shape are all based on acquired measurements, including body scanning 
(Watkins, 2010). Based on the published literature, no specific reference to sizing for functionalised 
apparel was identified the focus remained largely on fibres, yarns, and fabrics.  

2.2 Graphene as a functionalising treatment 
A prioritised area of research is uses of graphene for wearable technology. Graphene Flagship 
Horizon 2020 (EU funded, 1 billion euros) endeavours to transfer use of graphene from laboratory to 
industrial and societal applications within 10 years (2013 to 2024) (Molina, 2016; European 
Commission, 2018b, a, c). Involvement of 150 academic and industrial research groups from 23 
European countries illustrates extensive interest in use of graphene, although not necessarily fabric 
related (European Commission, 2018b). SmartGraphene focuses on graphene based smart surfaces 
and GRAPHHEALTH on hybrid quantum dot and graphene wearable sensor for systemic 
thermodynamics and hydration monitoring (Pani, Achilli, and Bonfiglio, 2018).  
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Graphene, referenced as a ‘wonder material is’ a one-layer two-dimensional hexagonal lattice of 
carbon (Geim and Novoselov, 2010; Graphene Experts, 2018b). Researchers, Andre Giem and 
Konstantin Novoselov are credited for isolating and examining graphene (Geim and Novoselov, 
2010). Application of graphene to fabrics can yield conductivity notwithstanding high cost and small 
production volumes (Li and Chopra, 2015). Growing demand may lead to increased production and 
decreased cost over time (Zurutuza and Marinelli, 2014). Graphene is also attributed with high 
strength, approximately 200 times that of steel, thermal conductivity, and light absorption properties 
(Graphene Experts, 2018b). The chemical structural formula of graphene is given in Figure 2.1 a-b.  

Forms of graphene include 1 'pristine' graphene produced by sp2-hybridisation of carbon atoms 
(Suvarnaphaet and Pechprasarn, 2017). Exfoliation of graphite, typically stripped with tape, is routine 
to extract graphene, 2 graphene oxide, oxidised from graphite (Staudenmaier, Hofmann, Brodie, and 
Hummers/modified Hummers), specifically the carbon core, is not conductive (Hummers and 
Offerman, 1985; Suvarnaphaet and Pechprasarn, 2017). Graphene oxide is low cost and dispersible in 
water (Graphene Experts, 2018a), 3 reduced graphene oxide fabricated by oxidising graphite to 
graphene oxide subsequently reduced to graphene to produce vacancy defects and remove oxygen 
groups, conferring conductivity (Schniepp, Li, McAllister, Sai, Herrera-Alonso, Adamson, 
Prud'homme, Car, Savile, and Aksay, 2006; Stankovich, Dikin, Piner, Kohlhaas, Kleinhammes, Jia, 
Wu, Nguyen, and Ruoff, 2007; Gu and Zhao, 2011; Javed, Galib, Yang, Chen, and Wang, 2014; 
Suvarnaphaet and Pechprasarn, 2017), 4 graphene inks (Souri and Bhattacharya, 2018c, d, a, b) with 
additives to increase prospects for deposition and fixation to surfaces, 5 graphene-based quantum 
dots of nanometer size (Suvarnaphaet and Pechprasarn, 2017). 

Production of reduced graphene oxide involves challenges yet to be resolved. Batch variability within 
and among manufacturers results in heterogeneity of production, undesirable for consistency of 
function (Fadeel, Bussy, Merino, Vazquez, Flahaut, Mouchet, Evariste, Gauthier, Koivisto, Vogel, 
Martin, Delogu, Buerki-Thurnherr, Wick, Beloin-Saint-Pierre, Hischier, Pelin, Carniel, Tretiach, Cesca, 
Benfenati, Scaini, Ballerini, Kostarelos, Prato, and Bianco, 2018). Inconsistencies in sourcing graphene 
may also arise from absence of national or international standards for regulation of production 
(Fadeel et al., 2018). Reducing graphene oxide has benefits over use of 'pristine' graphene including 
lower cost, high graphene yield, formation of stable colloids, and possible production of large 
graphene layers (Suvarnaphaet and Pechprasarn, 2017).  

Production of graphene functionalised substrates are usually achieved via a three step process 1 
graphite is oxidised to produce graphene oxide (modified Hummers method); 2 graphene oxide is 
applied to substrates (silicon, glass, textile); 3 reduction reaction restores sp2 structure (Kong, Le, Li, 
Zunino, and Lee, 2012; Zhao, Su, Li, Chen, and Yang, 2013). Chemical reducing agents include 
sodium borohydride (Si and Samulski, 2008; Shateri-Khalilabad and Yazdanshenas, 2013a), sodium 
dithionite (Fugetsu, Sano, Yu, Mori, and Tanaka, 2010; Molina et al., 2013a; Molina et al., 2013b; 
Shateri-Khalilabad and Yazdanshenas, 2013a; Chatterjee, Kumar, and Maity, 2017), sodium 
hydrosulphite (Shirgholami, Loghman, and Mirjalili, 2016; Karim et al., 2017), hydride and 
hydrohalic acid (Suvarnaphaet and Pechprasarn, 2017), hydrazine (Stankovich et al., 2007; Gu and 
Zhao, 2011)), isopropanol (Sahito et al., 2015a; Suvarnaphaet and Pechprasarn, 2017), ascorbic acid 
(Shateri-Khalilabad and Yazdanshenas, 2013a). Thermal reduction is also possible at high  
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Figure 2.1 
Chemical structure of constituents of graphene treatments 

a Graphene oxide b Reduced graphene oxide  
c Poly(sodium 4-styrenesulfonate) (stabilising agent) 
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temperatures (e.g. 1,000ºC for 30s) (Schniepp et al., 2006) and UV irradiation is another option (Javed 
et al., 2014). Conditions required for reduction could result in fabric degradation, thus properties of 
the underlying fabric should be considered. Application of reduced graphene oxide in treatment 
(reduced with sodium hydrosulphite) pad-dry applied to 100% cotton 3/1 twill was proposed as a 
more efficient method for yielding conductivity cost-effectively (Karim et al., 2017). The process was 
described as simple, scalable, and cost-effective for potential commercial production (~150m/min) 
(Karim et al., 2017). The potentially degrading reduction process can be avoided with application of 
an already reduced suspension. Interactions between the graphene product and fabric may differ as 
oxygen groups are removed. Further investigation with pre-prepared suspensions is needed. 

Inks are typically of low viscosity, and tailored to different printing techniques including screen 
printing (with ethyl cellulose in terpineol), inkjet printing (with ethyl cellulose in cyclohexanone and 
terpineol), gravure printing (with ethyl cellulose in terpineol), and three-dimensional printing 
(slightly higher viscosity) (Merck® product numbers: 798983, 793663, 796115, 808156, respectively) 
(Secor, Lim, Zhang, Frisbie, Francis, and Hersam, 2014; Jakus and Shah, 2016; Merck KGaA and Sigma 
Aldrich®, 2018). Agglomeration and precipitation of graphene in treatment can occur, complicating 
processing and use. Anionic polymers such as poly(sodium 4-styrenesulfonate) (Figure 2.1 c), 
polyaniline, polyelectrolyte sodium salt, increase stability of aqueous treatments (Stankovich, Dikin, 
Dommett, Kohlhaas, Zimney, Stach, Piner, Nguyen, and Ruoff, 2006; Wei, Li, Han, Zhang, Niu, Yang, 
Bower, Andrew, and Ryhanen, 2011). Increased stability can improve fixation and coverage of 
graphene over fibres, yarns, and fabrics (Karim et al., 2017). This can be at the expense of conductivity 
and may compromise sensing performance of the final product (Huang et al., 2015). A compromise 
of stability or conductivity may be required. 

Graphene based functionalising products have been successfully applied to wool and cotton wovens 
(e.g. (Krishnamoorthy et al., 2012; Shateri-Khalilabad and Yazdanshenas, 2013a, b; Sahito et al., 2015a; 
Karimi et al., 2016)) and knits (e.g. (Chatterjee, Kumar, and Maity, 2017; Souri and Bhattacharya, 
2018c, b). A 2016 review of graphene-based textile products identified use of different fibre types: one 
wool, 18 cotton, three polyamide, two silk, 10 polyester, one polyethylene terephthalate, one 

polyurethane, six carbon, one Lycraâ, one stainless steel and three of other polymers (Molina, 2016). 
This also supports identified trends of fibre use. Since this review was published there have been 
several other reviews (Chittenden, 2017; De Acutis and De Rossi, 2017; Ghahremani Honarvar and 
Latifi, 2017; Grancaric, Jerkovic, Koncar, Cochrane, Kelly, Soulat, and Legrand, 2017; Decaens and 
Vermeersch, 2018; Goncalves, Ferreira da Silva, Gomes, and Simoes, 2018; Heo, Eom, Kim, and Park, 
2018; Hughes-Riley, Dias, and Cork, 2018; Vagott and Parachuru, 2018; Wilson and Laing, 2018; Costa, 
Spina, Lugoda, Garcia-Garcia, Roggen, and Munzenrieder, 2019; Wang and Facchetti, 2019; Wilson 
and Laing, 2019; Tseghai, Malengier, Fante, Nigusse, and Langenhove, 2020). Therefore, interest is 
continuing to grow. 

2.3 Properties of wool and cotton fibres and fabrics 
Wool is one of the most common protein fibres used for apparel. Fine wool, often sourced from 

merino sheep4 (Millington and Rippon, 2017) and blends (Laing and Wilson, 2017) can be used to 

 

4 Merino wool types: strong wool 23.0µm to 24.5µm, medium wool 19.6µm to 22.9µm, fine wool 18.6µm to 19.5µm, superfine 
wool 15.0µm to 18.5µm, and ultrafine wool 11.5µm to 15.0µm (Millington and Rippon, 2017). 
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produce high end apparel. Primarily composed of keratin, the chemical composition of wool fibre is 
approximately 50% carbon, 12% hydrogen, 10% oxygen, 25% nitrogen, and 3% sulphur. The chemical 
structure of a wool polypeptide is given in Figure 2.2 a. Wool consists of 20 different amino acids, 
positioned as side chains (R1, R2, R3) (Rippon, 2013). Included side chains effect properties of the 
fibre with hydrocarbons differing in hydrophobicity and chemical reactivity, hydroxyl groups (-OH) 
have high chemical reactivity, acidic carboxyl groups (-COOH) and basic amino groups (-NH2) 
principally affect wettability, and an imino group, such as proline (-NH-), is present (Rippon, 2013). 

Wool fibres are hydrophobic and hydrophilic attributed to surface properties (i.e. grease, lanolin, 
lipids, scales) and molecular composition (amorphous regions, fibre swelling). Scouring, a hot 
temperature and detergent clean (e.g. Hercosett® treatments) removes wool grease and other 
impurities, such as dirt and salts (Russell, 2009). A thin lipid layer ~0.9nm, can remain on the fibre 
surface after scouring (Ward, Willis, George, Guise, Denning, Evans, and Short, 1993). The lipid layer 
comprises fatty acids, mostly 18-methyleicosanoic acid, fixed to the surface of the wool fibre with 
covalent bonds (e.g. ester, thioester) (Negri, Cornell, and Rivett, 1993; Huson, Evans, Church, 
Hutchinson, Maxwell, and Corino, 2008; Mojsov, 2017). A continual lipid layer can curtail absorbency 
and fixation of functionalising treatments whereby absorption is restricted to between, not through 
cuticle cells (Leeder and Rippon, 1985). The mechanism of fatty acid removal is given in Figure 2.2 b. 
Underlying functional groups are exposed yielding hydrophilicity and hydrogen and covalent bonds 
can form between treatments and wool fibres (Meade, Dyer, Caldwell, and Bryson, 2008).  

Size and/or distribution of wool scales can be altered with pre-treatments and functionalisation 
treatment deposition will be affected. Scale presence may be advantageous or disadvantageous for 
subsequent functionalisation. Treatments can collect under scales potentially yielding good fixation 
and non-uniform deposits will likely result. Heterogenous deposition can be acceptable given there 
are sufficient connections to conduct electrical signals. Removing scales may permit more uniform 
treatment deposition, albeit compromised durability is possible as scales are not present to capture 
treatment. 

Base and cationic treatments have been used recurrently in published research5, predominantly 
potassium hydroxide with methanol applied to wovens. Potassium hydroxide treatments result in 
non-selective lipid removal including effects on unbound internal lipids causing fibre degradation 
(Meade et al., 2008). Chemical type, concentration of the active ingredient, treatment temperature, 
and time are simple to control. Despite volatile release, chemical waste, and contaminated high 
temperature water, chemical pre-treatments are efficient and effective.  

Different concentrations have been applied for different time periods (e.g. 0.05mol/L 10min and 
5min; 5mol/L 10min; 0.1mol/L 10min, 0.2mol/L 20min, 0.5mol/L 20min (Wang et al., 2013), 0.1M 
for 5min, 10min, 20min, 60min (Huson et al., 2008), 0.1M for 15min, 30min, 60min, 90min (Meade et 
al., 2008), 0.1M for 5min to 30min (Ward et al., 1993)). Some treatments were applied at elevated  

  

 

5 Plasma (Garg, Hurren, and Kaynak, 2007; Meade et al., 2008; Karahan, Ozodogan, Demir, Kocum, Oktem, and Ayhan, 2009; 
Mendhe, Arolkar, Shukla, and Deshmukh, 2015) and protease treatments (Ibrahim, Allam, El-Hossamy, and El-Zairy, 2008; 
Meade et al., 2008; Wang, Yuan, Ren, Cui, Wang, and Fan, 2013; Mojsov, 2017)  can also be effective to increase wettability with 
desirability from an environmental perspective. Each had high complexity restricting use of the treatments. 
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a 

 

b 

 

Figure 2.2 
Chemical structure of wool 

a Chemical structural formula 
b Mechanism of fatty acid removal (CH2) with chemical treatment - surface 
thiol and substituted 18-methyleicosanoic acid 
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temperatures (e.g. 50°C (Negri, Cornell, and Rivett, 1993), 30ºC, 40ºC (Meade et al., 2008; Wang et al., 
2013)) and others applied at lower temperature (e.g. 20°C (Ward et al., 1993), 24°C (Huson et al., 2008)). 
Following pre-treatment, fabrics were rinsed and dried, often at 40°C. What is unclear the effect of 
fabric structure and construction (i.e. knit, woven, porosity). Moreover, finished fabrics may be 
treated with weaker concentrations and/or shorter duration than griege fabrics used in published 
literature because previous processing may have already degraded the lipid layer. 

Cotton is the most used plant fibre in next-to-skin apparel. The chemical and physical structure is 
given in Figure 2.3. Cellulose (C6H7O2(OH)3) constitutes approximately 94% (88% to 96%) of cotton, 
~30% and ~100% in the primary and secondary cell wall, respectively (McCall and Jurgens, 1951; 
Wakelyn, Bertoniere, French, Zeronian, Nevell, Thibodeaux, Blanchard, Calamari, Triplett, Bragg, 
Welch, Timpa, Goynes, Franklin, Reinhardt, and Vigo, 1998; Hsieh, 2007). Cellulose microfibrils are 
a linear polymer of glucose (β-1,4-D(+)-glucopyranose) linked with 1,4-glucodic bonds (Wakelyn et 
al., 1998; Hsieh, 2007). The remaining ~6% of cotton in the cuticle, primary cell wall, and lumen is 
comprised of protein (1.3%; 1.0% to 1.9%), pectin substances (0.9%; 0.4% to 1.2%), waxes (0.4% to 
1.2%), inorganics (0.6 to 1.7%), and sugars (1.8%) (McCall and Jurgens, 1951; Wakelyn et al., 1998; 
Hsieh, 2007). The disproportionate quantity of cellulose to non-cellulosic components poses 
challenges for determining proportions of the other components (Hsieh, 2007). 

Microfibrils make up cotton fibrils and many fibrils make up cotton fibre (Wakelyn et al., 1998). A 
spiral configuration of fibrils run along the length of the fibre and parallel ridges and furrows are 
visible on the fibre surface (Hsieh, 2007). Hydrogen bonds of hydroxyl groups of fibrils (Hsieh, 2007) 
confer strength and wettability (Wakelyn et al., 1998). Each cotton fibre is a single plant cell, flat ribbon 
shaped with a tapered end consisting of convolutions and twists with a bean-shaped cross-section; 
frequency/spacing differ within and among fibres (Hsieh, 2007). Fibre length and diameter vary, 
approximately 15mm to 50mm and 10µm to 20µm, respectively (Hearle, 2006). The exact percentages 
of composition, chain rigidity, fibrillar and crystalline structure, and fibre length are determined by 
cotton variety and environmental factors, such as soil, temperature, water, and pests (Hsieh, 2007). 
Non-crystalline, amorphous regions which molecules can infuse in permits treatment application. No 
penetration occurs in crystalline regions. 

Some fabrics in reported literature were finished fabrics (i.e. the fabric had been subjected to yarn and 
fabric treatments). Treatments applied during fabric manufacture may increase or hinder fabric 
wettability. Given details may not be known to the researchers, optimisation of treatment parameters 
may be required. This is especially true because finished fabrics typically have fewer and less strength 
of bonds with contaminants and impurities than griege fabrics, so how best to improve wettability 
may differ. Most waxes and other impurities are removed with scouring or cleaning agents that 
increase wettability;  successive pre-treatments can be used to increase prospects for affinity to 
functionalising treatments. 
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Figure 2.3 
Chemical structure of cotton 
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Chemical pre-treatments have been researched with cotton fabrics, primarily on wovens6 and are 
simple. Sodium hydroxide concentration of 1.0mol/L (Liu, Yan, Lang, Peng, and Xue, 2012; Xu et al., 
2015a; Zhou, Ye, Wan, and Jia, 2015; Cai, Xu, Yang, Tang, and Wang, 2017) and 2.0mol/L (Chung, 
Lee, and Choe, 2004; Tang, Tian, Qu, Zhu, Guo, Han, Sun, Hu, Wang, and Xu, 2015) have been 
frequently used to pre-treat cotton; with concentrations up to 4.0mol/L (Pasta, Mantia, Hu, Deshazer, 
and Cui, 2010). Treatment time was generally hours. Boiling fabrics during the treatment was typical 
(Chung, Lee, and Choe, 2004; Liu et al., 2012; Tang et al., 2015; Cai et al., 2017) as was drying at 
elevated temperatures (Sahito et al., 2015a; Zhou et al., 2015; He, Xin, Chen, and Liu, 2018). Cotton 
fibres can withstand 120ºC without decreasing fibre strength, above this degradation can occur 
(Shafizadeh, 1985; Hsieh, 2007). High temperature treatments use large amounts of energy and 
produce effluent with potentially adverse consequences. Lowered temperatures may be functional 
with slightly higher concentration and risk of fibre degradation can be lowered. For example, pre-
treatment with 10% weight sodium hydroxide treatment at room temperature for 10min prior to a 
silver nanoparticle treatment on 100% cotton plain woven fabric (160g/m2) (Ali et al., 2017).  

Properties belonging to finished wool and cotton fabrics are described in Table 2.1. Most properties 
described are desirable for next-to-skin apparel. Those that are not (e.g. prickle, felting, shrinkage, 
fibre shedding) may be better managed with functionalised treatments. Thus, use of wool and cotton 
knits is justifiable. The method for application of graphene can also be tailored to optimise 
compatibility between graphene and fabric. 

2.4 Production of fabric sensors with graphene 
2.4.1 Processes of functionalisation 
'Direct' processes (i.e. where the treatment applied is the desired design) have been used to apply 
graphene treatments. Process selection is contingent on desired adsorption and absorption (i.e. film 
over the textile, filling interstitial spaces, penetrating fibres); and requirements and constraints (e.g. 
cost, time). Summaries of variables affecting application of graphene to wool and cotton fabrics are 

given in Table 2.2 and 2.37. Of note is the low proportion of fabrics constructed of wool that have 
been functionalised compared to cotton fabrics. Each deposition process described here has been or 
could potentially be used to apply graphene to fabrics, although previously seldom to knits. 

Printing techniques are desirable owing to low-cost and aptness to treat a large-area with small 
volumes (Secor, Prabhumirashi, Puntambekar, Geier, and Hersam, 2013; Zeng, Shu, Li, Chen, Wang, 
and Tao, 2014). Screen printing is simple, time and cost efficient, suitable for mass production and is 
compatible with surfaces differing in composition and structure (Pardo, Jabbour, and Peyghambarian, 
2000; Krebs, 2009; Xu, Schwab, Strudwick, Hennig, Feng, Wiu, and Mullen, 2013). Uniform and thin 
(i.e. less than 100nm) coatings are difficult to achieve (Pardo, Jabbour, and Peyghambarian, 2000). An 
inhibiting substance is deposited on a screen (woven metal or synthetic filaments fastened to a frame)   

 

6 Plasma (Navaneetha Pandiyaraj and Selvarajan, 2007; Tian, Nie, Chatterton, Brandford-White, Qiu, and Zhu, 2011) and 
enzyme (Lin and Hsieh, 2001; Shafie, Fouda, and Hashem, 2009; Udhayamarthandan and Srinivasan, 2019) treatments are also 
possible. 

7 Details/descriptions of textiles (fibres/yarns/fabrics) and units of measurement are reported as presented in the original 
papers (i.e. not converted). What is difficult to ascertain is whether composition and construction (fibre type, yarn, fabric 
structure, mass per unit area, thickness, stitch density) are equal other than the property under investigation and whether test 
conditions were matched. Each parameter may affect the sought outcomes which can limit validity (i.e. differences can result 
from an amalgamation of various variables). This applies to all studies described throughout Chapter 2. 
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Table 2.1 
Performance properties of apparel fabrics constructed from wool and cotton fibres 

a Air and moisture transfer 

properties 
references 

wool fibre cotton fibre effect of fabric structure 

presence of air 
(Holcombe, 1984; Leeder 
and Rippon, 1985; 
Havenith, 2002; 
Oglakcioglu and 
Marmarali, 2007; MacRae, 
Laing, and Wilson, 2011; 
Zeng et al., 2014; Negru, 
Buhu, Loghin, Dulgheriu, 
and Buhu, 2017) 

fibre scales and fibre 
crimp trap air 
air surrounds 
projected surface 
fibres 

air held in twist and 
grooves of fibres 
air surrounds projected 
surface fibres 
straight fibre can be 
condensed in the fabric 
trapping little air 

insulator effect due to air 
held in the structure 
knit typically > woven,  
single jersey > rib and 
interlock 
thickness of fibre, yarn, 
air space 
movability and 
instability of yarns, more 
pronounced with knits 

    
heat of sorption (the heat 
evolved when one gram of 
water is absorbed by an 
infinite mass of material or 
a given moisture regain) 
(Li, Holcombe, and Apcar, 
1992; Havenith, 2002; 
Prahsarn, Barker, and 
Gupta, 2005; Laing, Niven, 
Barker, and Porter, 2007; 
Hearle and Morton, 2008; 
Millington and Rippon, 
2017; Naylor, 2018) 

113 Joules per gram 
from zero regain 

46 Joules per gram from 
zero regain 

differ with positioning of 
fibres and yarns in the 
structure (i.e. density) 

    
moisture regain at 20±2ºC, 
65%RH 
(Hearle and Morton, 2008) 

16% 8% more open structures 
permit greater transfer 

    
hygroscopicity 
(Hearle and Morton, 2008) 

polarity of the peptide 
group attracts water 
molecules 

hydroxyl groups have 
an affinity for water 
molecules 

nil 

    
contact angle of water 
droplet 
wool: (Sun and Stylios, 
2006; Garg, Hurren, and 
Kaynak, 2007; Mura, 
Greppi, Malfatti, Lasio, 
Sanna, Mura, Marceddu, 
and Luglie, 2015; Xiao, 
Cao, Chen, Tang, Liu, and 
Xu, 2015) 
cotton: (Abbas, Zhao, 
Zhou, Wang, and Lin, 
2013; Shateri-Khalilabad 
and Yazdanshenas, 2013b; 
Sahito, Sun, Arbab, Qadir, 
and Jeong, 2015b; Tissera, 
Wijesena, Perera, de Silva, 
and Amaratunge, 2015; 
Nooralian, Gashti, and 
Ebrahimi, 2016; Cai et al., 
2017; Stan, Nica, Popa, 
Chifiriuc, Iordache, 
Dumitrescu, Diamandescu, 
and Dinischiotu, 2019) 

>127.00° on 2/1 twill 
164.00° on 2cm x 2cm 
specimen 
130.00±3.00° on twill 
79.65°, 73.55° on twill 

absorbed droplet 
<132ms on plain woven 
0.00° on fabric 
10.00° after 16s plain 
woven 
cotton knit 0.00° 
0.00° on twill 

knits will often have 
lower or less stable 
contact angle than 
wovens due to the 
interlocking yarns in the 
knit and typically larger 
interstitial spaces 
(Yanilmaz and Kalaoglu, 
2012) 
 (listed for references in column one) 
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Table 2.1 contd  
b Physical properties 

properties 
references 

wool fibre cotton fibre effect of fabric structure 

flexural rigidity 
(mNmm2/tex2) 
(Chadwick, Pollitt, and 
Taylor, 1963; Hearle and 
Morton, 2008) 

0.53, high movement in 
the fabric structure 

0.2, freedom of 
movement in yarn and 
fabric structure 

high surface area to 
thickness and mass ratio 
yielded from yarn 
structure 
movability with 
interlocked loops 
compared to interlaced 
yarns of wovens 

    
static electricity 
(Hearle and Morton, 
2008) 

low static electricity static electricity may 
occur when dry 

nil 

    
dimensional stability 
(Rippon, 2008) 

susceptible to felting, 
shrinking from 
directional frictional 
effect of scales 
Hercosett® treatment 
can reduce effects 
wash of low 
temperature, slow 
agitation spin speed, 
specific detergent, flat 
air dry 

good stability 
high temperature, fast 
agitation, and tumble 
drying are typical 

fabric structures typically 
resilient to wash 

    
abrasion resistance poor, propensity for 

holing 
crimp provides give for 
extension rather than 
direct pull out from the 
structure 

average, pull out of 
staple fibres 

yarns in interlocked 
structures of knits 
provides more 
movability and possible 
distortion than the 
interlaced yarns of 
wovens which pull 
across yarns 

    
pilling susceptibility  pills form and shed due 

to staple length, shed, 
not held in the fabric 

 

pills can form, often 
shed, sometimes held in 
the fabric with longer 
fibre lengths 

dense and tight 
structures trap fibres 
preventing yarn pull out 
or pills may form, and 
part of the fibre trapped 
in the structure becomes 
an anchor 

    
fibre shedding 
(Hearle, Lomas, and 
Cooke, 1998) 
 

pulled or broken from the fabrics with one of sharp 
transverse breaks, transverse cracks, granular 
fracture, fibrillation, breaks with multiple splitting, 
axial splits, surface wear, and/or breaks with a 
bushy end, may be later rounded yielding smooth 
surface 

tighter structure may 
reduce fibre pull out and 
if the fibres are weaker 
than the force holding 
fibres in the structure 
breaks can occur 
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Table 2.1 contd  
c Health and Environmental effects 

properties 
references 

wool fibre cotton fibre effect of fabric structure 

tactile acceptability 
(Harnett, 1984; 
Garnsworthy, Mayfield, 
Gully, Westerman, and 
Kenins, 1985; Gwosdow, 
Stevens, Berglund, and 
Stolwijk, 1986; 
Garnsworthy et al., 1988; 
Naylor, 1992; Naylor, 
Veitch, and Kettlewell, 
1992; Naylor, Phillips, 
Veitch, Dolling, and 
Marland, 1997; Wang, 
Zhang, Postle, and 
Phillips, 2003; Sneddon, 
Lee, and Soutar, 2012; 
Naebe, McGregor, Swan, 
and Tester, 2015; Naebe, 
McGregor, Dowling, and 
Tester, 2017)  

desirable, warm 
although sometimes 
prickle from fibres 
indenting the skin, can 
elicit skin irritation, 
redness 

cool, stiff  
staple fibres can indent 
the skin, sometimes 
bend 

fibres indenting the skin 
can be averted with yarn 
and fabric structures that 
contain fibres in the 
structure 
 
(also differs with body 
section: finger tips > 
forearm > chest > 
stomach > back) 
corresponding with the 
number of receptors with 
somatosensory cortex 
(Ackerley, Carlsson, 
Wester, Olausson, and 
Wasling, 2014; Amthor, 
2016) 

    
odour production 
(McQueen, Laing, Brooks, 
and Niven, 2007; 
McQueen, Laing, 
Delahunty, Brooks, and 
Niven, 2008; Millington 
and Rippon, 2017; 
Richter, Bremer, Silcock, 
and Laing, 2018; Richter, 
Laing, and Bremer, 2020) 

high volatile 
absorption and low 
release 

low volatile absorption 
and low volatile release 

nil 

    
environmental effects 
(Simpson, 2002; Bide, 
2009; Biswas, Graham, 
Kelly, and John, 2010; 
Chavan, 2011; Siegle, 
2011; Fletcher, Grose, and 
Hawken, 2012; Muthu, Li, 
Hu, and Mok, 2012; 
Fletcher, 2013; Russell, 
Swan, Trebowicz, and 
Ireland, 2016; Laitala, 
Klepp, and Henry, 2017; 
De Falco, Gullo, Gentile, 
Di Pace, Cocca, Gelabert, 
Brouta-Agnesa, Rovira, 
Escudero, Villalba, 
Mossotti, Montarsolo, 
Gavignano, Tonin, and 
Avella, 2018; Cotton USA, 
2019) 

large land area to rear 
sheep (often with 
limited alternative uses 
(e.g. high-country 
merino stations)), often 
with high rainfall 
reducing need for 
irrigation  
low energy 
pesticides, insecticides, 
fertiliser 
methane emissions 
processing, scouring, 
carding, shrink 
proofing, bleaching, 
dyeing, finishing 
washed less frequently 
or with gentle cycles 
reduces fibre loss 

extensive land use, 
copious water required 
to grow >3,500L/kg, 
often grown in regions 
with low rainfall 
requiring irrigation 
insecticides and 
pesticides used 
comprise ~16% and 11% 
of world consumption, 
respectively 
social issues of picking 
cotton from fields, 
inhalation of 
contaminates from the 
ginning process 
dispersion of fibre with 
abrasion and wash 

biodegradable, 
recyclable8 

 
  

 

8 Albeit, apparel constructed from these fibres may contain other components which are not biodegradable (e.g. fastenings, 
dyes) (Fletcher, Grose, and Hawken, 2012). 
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Table 2.2 
Graphene treatment processes used to functionalise wool fabrics and effects on conductivity 

100% wool fabric graphene 
treatment 

treatment 
application 

drying 
temperature 
and time 

number 
of cycles 

electrical 
properties, 
reference 

1x1 rib knit, 
scoured in 
acetone, rinsed 
with deionised 
water, dried 40°C 

graphene oxide 
reduced L-
ascorbic acid or 
heated 180°C for 
2h 

pad dyeing, 
reduction 

40°C 10min 1, 3, 5, 7, 
9 

12.3KΩ/square > 
598KΩ/square, 
respectively for 
curing 
(Xu, Luo, He, and 
Yang, 2020) 

      
weft knit ~0.7mm 
thickness, 
~509.7µm yarn 
diameter, 
~49.8µm fibre 
diameter, area 
density 
~0.38kg/m2; 
100mm x 6mm 

graphene 
nanoplatelets 
and carbon 
black 

20min 
immersion, 
ultrasonication 

110°C 1h nil 232.15±35.21Ω 
after encapsulation 
with Ecoflex® 
1.22±0.15KΩ 
(Souri and 
Bhattacharya, 
2018c) 

      
plain woven, 
170g/m2 

graphene oxide 
reduced with 
sodium 
hydrosulphite 
and titanium 
dioxide 

immersed, 
reduced, 
rinsed 

60°C 30min  
110°C 4min  
60°C 30min 

nil 330x103Ω/square 
(Shirgholami, 
Loghman, and 
Mirjalili, 2016) 

      
plain woven, 
worsted yarn 
300g/m2 

graphene oxide 
reduced with 
UV curing 

brush coating, 
reduction 

90°C 10min 5 45KΩ/square 
(Javed et al., 2014) 
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Table 2.3 
Graphene treatment processes used to functionalise cotton fabrics and effects on conductivity 

100% cotton fabric graphene 
treatment 

treatment 
application 

drying 
temperature 
and time 

number 
of cycles 

electrical properties, 
reference 

130g/m2, 133 x 100 
density, 40 x 40 
yarn count; pre-
treated with 
polymer, ethyl 
cellulose 

binder for 
graphene 
nanoflakes 6:1 
ratio 

screen print 
(polyester 
screen mesh) 
graphene 2mm 
space between 
fabric/mesh, 
silicon squeegee 
45° angle 

80°C 30min 1, 2, 3, 6 sheet resistance for 1, 
2, 3, 4 print passes: 
418±21Ω/square, 
197±7Ω/square, 
104±5Ω/square, 
96±8Ω/square, 
respectively 
(Xu et al., 2020) 

      
plain woven 90°, 
45° angles between 
intertwined yarns 
(vertical, 
horizontal); yarn 
count, Ne 40s; 
density 60 × 60 
2 specimens - 60mm 
x 60mm x 0.2mm3; 
30mm x 10mm x 
0.46mm3 

multilayer 
graphene 
nanosheets 
4mg/mL 
dispersion 

dipped for 24h 80°C 3 decrease from 61.84Ω 
to 0.08Ω with 
increase in dipping-
drying, 3 cycles 
selected 
0.21Ω, 0.49Ω before 
encapsulation to 
0.26Ω, 0.68Ω for 45° 
(Zheng, Li, Zhou, Dai, 
Zhang, Zhang, Liu, 
and Shen, 2020) 

      
plain woven, 
117g/m2 sodium 
hydroxide treated, 
15% weight, 20°C, 
10min, dried 60°C, 
10min; 
ethanol/water 6:4, 
10min at 20°C, 
sealed bag 1h at 
70°C; washed 3 
cycles, neutralise 
with acetic acid, 
washed 3 cycles, 
dried 60°C 

graphene 
oxide 
0.5mg/mL; 
partial 
reduction with 
4g/L sodium 
hydrosulphite 

dipped 25°C for 
15min, washed 
3min, reduced 

60°C 10min 1, 5, 10 conductivity 
increased with 
increased cycles, not 
sufficient with only 
one cycle; form 
continuous 
conductive film with 
multiple cycles 
(Liu, Xia, Zhang, Guo, 
Wang, Xu, and Wang, 
2019) 

      
cotton fabric graphene 

oxide 
concentration 
with water 
borne 
polyurethane 
cured with UV 
lamp and 
reduced with 
sodium 
hydrosulphite 

screen printed, 
reduced 

80°C 15min nil conductivity not 
measured 
(Song, Wang, Fan, Ge, 
and Wang, 2019) 

      
commercial fabric 
40 x 40 yarn count, 
133 x 100 density, 
mass 130g/m2; 
carboxymethyl 
cellulose 

water-based 
graphene 
nanoplate 
conductive ink 

screen printed 80°C 30min 1, 2, 3 42.2Ω/square with 4 
printing passes 
1 printing pass 
200Ω/square, 
decrease 65% with 2 
printing passes 
3 printing passes 
46.6Ω/square 
(Xu, Luo, He, Guo, 
and Yang, 2019) 
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Table 2.3 contd 

100% cotton fabric graphene 
treatment 

treatment 
application 

drying 
temperature 
and time 

number 
of cycles 

electrical properties, 
reference 

plain woven 
130warp/cm, 
130weft/cm, 
60g/m2 

0.8% graphene 
oxide 
dispersion, 
reduced with 
hydrazine 
hydrate 

dipped 60°C 
1.5h, reduced 

80°C 1h 2 2.71Ω/square 
(He et al., 2018) 

      
cloth, area density 
0.22kg/m2, fibre 
diameter 
~15.1±0.8μm; yarn 
diameter 
~223.9±27.4μm 

graphene 
nanoplatelets 
and carbon 
black 

3min immersion 
with stirring 

110°C 1h nil 101.24±8.06Ω  
after encapsulation 
with Ecoflex® 
539.92±16.34Ω 
(Souri and 
Bhattacharya, 2018b) 

      
weft knit, thickness 
~0.55±0.05mm, yarn 
diameter 
~223.9±27.4μm, 
fibre diameter 
~15.1±0.8μm, area 
density ~0.22kg/m2 
100mm x 6mm 

graphene 
nanoplatelets 
and carbon 
black 

20min 
immersion, 
ultrasonication 

110°C 1h nil 286.54±24.23Ω  
after encapsulation 
with Ecoflex® 
1.95±0.31KΩ  
(Souri and 
Bhattacharya, 2018c) 

      
plain woven 120 
g/m2, 125weft/cm, 
115warp/cm, 40mm 
x 40mm  

0.4mg/mL, 
0.7mg/mL, 
1.0mg/mL 
graphene 
oxide, 
thermally 
reduced 
(160°C, 200°C, 
250°C) 

dipped for 2h at 
60°C, reduced 

room 
temperature, 
time not 
given 

3 ∼108Ω/m2 

(Cai et al., 2017) 

      
knit and woven 
matched mass 
140g/m2, boiled in 
sodium hydroxide 

graphene 
oxide 0.75%, 
1.5%, 2.25% 
reduced with 
sodium 
dithionate 

immersed for 
30min 

room 
temperature 
over night 

nil 0.26MΩ/square  
(Chatterjee, Kumar, 
and Maity, 2017) 

      
3/1 twill, desized, 
scoured, bleached 

reduced 
graphene 
oxide 
(1mg/mL) 
with poly-
(styrene-
sulfonate) 

pad-dry process 100°C 10min 1, 2, 3, 4, 
5, 6, 7, 8, 
9, 10 

36.94KΩ/square  
(Karim et al., 2017) 

      
plain woven pre-
treated with diethyl 
ether and 
anhydrous ethanol 
extraction, 
145g/m2, 0.36mm 
thickness, 205 
weft/10cm, 
295warp/10cm 

graphene 
(8nm 
monolayers, 
particle, lateral 
particle size 
550 nm) and 
reduced 
graphene 
oxide 
both with 
silicon 

surface roll 
padding, 1m/ 
min 

100°C 15min, 
rinsed, 
dried room 
temperature 

4 1.7x105±0.2x105Ω  
(Kowalczyk, 
Fortuniak, Mizerska, 
Kaminska, 
Makowski, 
Brzezinkski, and 
Piorkowska, 2017) 
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Table 2.3 contd  

100% cotton fabric graphene 
treatment 

treatment 
application 

drying 
temperatur
e and time 

number of 
cycles 

electrical properties, 
reference 

fabric 130g/m2, 40 x 
40 stitch density 

5mg/mL 
graphene 
oxide, 
thermally 
reduced 
(180°C, 30min 
to 180min) 

vacuum 
filtration, 
reduced 

not given nil 0.9KΩ/square  
(Ren et al., 2017) 

      
plain knit  10mg/mL, 

20mg/mL 
graphene 
oxide, 
thermally 
reduced 

spraying for 10s, 
reduced 

dried 60°C  
cured 
100°C 
60min 

2, 5, 10 for 2, 5, 10 cycles: 
10mg/mL: 
181.67Ω/square, 
152.92Ω/square, 
131.25Ω/square 
20mg/mL: 
75.00Ω/square, 
43.75Ω//square, 
40.83Ω/square 
(Nooralian, Gashti, 
and Ebrahimi, 2016) 

      
plain woven, 
30warp/cm, 
28weft/cm, 
102g/m2 

graphene 
oxide weight 
0.04%, 0.08%, 
0.12%, 0.20%, 
0.40% and 
titanium 
dioxide weight 
0.10%, 0.50%, 
1.00% 

immersion 1h at 
80°C, reduced 

100°C 
15min 

nil 303±5KΩ/square  
(Karimi et al., 2016) 

      
plain woven, 
160g/m2, thickness 
0.58mm, 
60warp/cm, 
60weft/cm 

poly(3,4-
ethylenedioxyt
hiophene) 
polystyrene 
sulfonate/ 
graphene and 
chitosan 

layer by layer 
electrostatic self-
assembly: 
immersion for 
20min 

dried in 
fume hood 

1, 2, 3, 4, 5, 
6 

2.29Ω/m  
(Tian, Hu, Qu, Zhu, 
Sun, and Han, 2016) 

      
plain woven, 
102g/m2, bleached 

graphene 
oxide 0.07%, 
0.25%, 0.40%, 
0.42%, 0.50% 
and titanium 
dioxide, UV 
irradiation 

immersion 
45min at 70°C, 
reduced 

80°C 
30min 

nil conductivity not 
measured 
(Karimi, 
Yazdanshenas, 
Khajavi, Rashidi, and 
Mirjalili, 2015) 

      
~1mm thickness, 
33warp/inch, 
64weft/inch, 4cm2 

graphene 
nanoribbon 
2.5mg/mL 

dipped 45°C time 
not given 

multiple 
times until 
constant 
resistance 

~80Ω  
(Gan, Shang, Yuen, 
and Jiang, 2015) 

      
plain woven, 
190g/m2 

25mg/mL 
graphene-
nanoplate/ 
waterborne 
anionic 
aliphatic 
polyurethane 

pad-dry-cure for 
100min in 
ambient 
conditions 

dried 70°C 
10min  
cured 
125°C 
5min 

2 2.94x101Ω/m  
(Hu, Tian, Qu, Zhu, 
and Han, 2015) 
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Table 2.3 contd  

100% cotton fabric graphene 
treatment 

treatment 
application 

drying 
temperature 
and time 

number 
of cycles 

electrical properties, 
reference 

woven, 115g/m2, 
35warp/cm, 
31weft/cm, de-
sized, scoured, and 
bleached, wetting 
time <3s, pH 7.0 

0.1% graphene 
oxide, 
chemically 
reduced with 
hydrazine 

30min at 80°C, 
reduced  

80°C 30min process 
repeated 
(number 
not 
given) 

40Ω  
(Sahito et al., 2015b) 

      
woven, 115 g/m2, 
35warp/cm, 
31weft/cm 

1% graphene 
oxide 
nanosheets, 
chemically 
reduced with 
hydrazine 

30min 
immersion at 
80°C, reduced 

100°C 30min nil 9.68 Ω/cm2 
(Sahito et al., 2015a) 

      
woven de-sized, 
scoured, and 
bleached  

5mg/mL 
graphene 
oxide and 
polyaniline  

vacuum 
filtration 

60°C for 
30min 

nil 48.35Ω/cm  
(Tang et al., 2015) 

      
fabric 2mg/mL 

graphene 
oxide, reduced 
with sodium 
borohydride 

dipped, soaked 
for 30min at 
room 
temperature, 
reduced 

50°C 2h 20 611Ω/square  
(Xu, Guo, Liu, and 
Bian, 2015b) 

      
~2mm thick, 
volume density 
30mg/cm3 cleaned 
with sodium 
hydroxide 

graphene 
oxide, reduced 
300°C for 2h 

dipped, reduced 90°C time 
not given 

5 graphene oxide 
1.09×105KΩ/square 
reduced graphene 
oxide 0.91KΩ/square 
(Zhou et al., 2015) 

      
plain woven, 
141g/m2 

graphene 
oxide reduced 
by UV curing 

brush coating, 
reduced 

90°C 10min 1, 2, 3, 4, 
5 

100.8KΩ/square  
(Javed et al., 2014) 

      
plain woven 
bleached, 
30warp/cm, 
28weft/cm, both 
16.3tex, 102g/m2 

graphene 
oxide weight 
0.02%, 0.05%, 
0.10%, 0.20%, 
0.50% and 
titanium 
dioxide 

immersion 
45min at 70°C 

80°C 30min nil 3.6x103Ω/square  
(Karimi, 
Yazdanshenas, 
Khajavi, Rashidi, and 
Mirjalili, 2014) 

      
woven graphene 

oxide  
cladding, 
followed by 
reduction 

  0.05S/cm  
(Samad, Li, Alhassan, 
and Liao, 2014) 

      
plain woven, 
190g/m2 

25mg/mL 
graphene-
nanoplate 
with 
waterborne 
anionic 
aliphatic 
polyurethane 

pad-dry-cure, 
immersion for 
1h 

65°C 5min 
cured 110°C 
5min 

2 conductivity not 
measured 
(Qu, Tian, Hu, Wang, 
Zhu, Guo, Han, 
Zhang, Sun, and 
Tang, 2014) 
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Table 2.3 contd  

100% cotton fabric graphene 
treatment 

treatment 
application 

drying 
temperature 
and time 

number 
of cycles 

electrical properties, 
reference 

de-sized, scoured, 
and bleached 

0.05% 
graphene 
oxide, 
reduction with 
sodium 
borohydride, 
hydrazine, L-
ascorbic acid, 
sodium 
dithionite, or 
sodium 
hydroxide 

30min at room 
temperature, 
reduced 

90°C 30min 3 34,600KΩ/cm, 
62.7KΩ/cm, 
31.2KΩ/cm, 
19.4KΩ/cm, 
23,300KΩ/cm, 
respectively  
(Shateri-Khalilabad 
and Yazdanshenas, 
2013a) 

      
woven 0.25g 

graphene 
oxide in water, 
UV reduced 

dip coating and 
stirring 300rpm 
for 24h, reduced 

35°C 1day 
vacuum 
desiccator 

nil conductivity not 
measured 
(Krishnamoorthy et 
al., 2012) 

      
twill woven, yarn 
thickness 10mm, 
fabric thickness 
300mm (as 
reported), cleaned 
with sodium 
hydroxide 

graphene 
oxide ink 
2mg/mL, 
thermally 
reduced 300°C 
for 2h 

brush coating, 
reduced 

150°C 10min 50 1560Ω/cm  
(Liu et al., 2012) 

      
woven 4g/L, 3.2g/L, 

1.6g/L, 0.8g/L 
graphene 
oxide reduced 
with 
hydrazine 

soaked for 
30min with and 
without 
ultrasonication 
and reduced 

60°C time no 
given 

nil 2.0132×107Ω  
(Gu and Zhao, 2011) 

 
  



 

31 

to obviate ink passage and transfer the desired pattern through the area with no substance (Krebs, 
2009). Pressure is applied to a 'squeegee' as it moves over the screen forcing graphene through. Both 
knits and wovens can be screen printed with graphene to yield conductivity (Jost et al., 2013; Xu et 
al., 2013; Huang et al., 2015). Print variables, ink stability, ink viscosity, applied shear rate, print speed 
and force (Krebs, 2009) can be changed to optimise application and resulting properties, especially 
conductivity (Xu et al., 2013). 

Inkjet printing is another option. Droplets are generated with mechanical compression or heat and 
transferred to a surface via electrostatic charging (Derby and Reis, 2003; Krebs, 2009). Course or fine 
resolution printers are available with maximum resolution of 40 lines per inch and 300 lines per inch, 
respectively (Kan and Yuen, 2012). Fine resolution include drop-on-demand and continuous inkjet 
printers (Kan and Yuen, 2012). Advantages of ink jet printing include computer generated and 
additive patterning, efficiency, minimal waste, and efficacy on different surfaces (Dua, Surwade, 
Ammu, Agnihotra, Jain, Roberts, Park, Ruoff, and Manohar, 2010; Lim, Kang, Kwak, Lee, Lim, and 
Cho, 2012; Kan and Yuen, 2012; Secor et al., 2013). Ink viscosity, density, surface tension, nozzle 
diameter and droplet size, and composition of the surface to be functionalised contribute to the 
success of inkjet printing (Derby and Reis, 2003). High concentration is desirable to minimise repeated 
printing and maintenance of properties, such as flexibility (Carey et al., 2017). Graphene inks and 
dispersions have been applied to fabrics and plastics with inkjet printing (Dua et al., 2010; Shin, Hong, 
and Jang, 2011; Kong et al., 2012; Lim et al., 2012; Secor et al., 2013; Zhao et al., 2013; Carey et al., 2017). 
Predominantly woven cotton and polyester have been used, knits and wovens of other fibre types 
have been used less frequently (Kan and Yuen, 2012). 

Immersion can require as little as one bath and allotted space to dry. Uniform coverage on the fabric 
surface, among and within yarns, and penetration of fibres can be readily achieved with immersion. 
When fabric is immersed both sides and all edges are exposed to the treatment compared to one 
surface with painting and printing. Treatment conditions, particularly pH, temperature, and time 
govern effectiveness and conductivity (Zhao et al., 2013). Disadvantages include the large volume 
required and contaminated waste, also sometimes use of high temperature. Fabrics have been 
successfully functionalised with immersion in graphene based treatments (Fugetsu et al., 2010; Zhao 
et al., 2013; Liu et al., 2014; Xu et al., 2015b; Xu et al., 2015a). Exertion of pressure or rinsing are used 
to remove excess treatment. One cycle of dipping and drying can confer adequate conductivity 
(Karimi et al., 2016; Shirgholami, Loghman, and Mirjalili, 2016; Souri and Bhattacharya, 2018b, c; 
Zheng et al., 2020). Multiple dipping cycles can increase conductivity (Xu et al., 2015b) (e.g. five (Zhou 
et al., 2015), 20 (Xu et al., 2015b)). However, treatment build up can result in a fabric with quite 
different performance. Returning to the same bath is acceptable for multiple dipping with the 
assumption constituents of the bath are taken up equally and contamination is nil.  

Pad-bath and pad-dry printing are also efficient treatment processes. For instance, up to 105 meters 
per minute can be processed (Karim et al., 2017). Pad-bath and pad-dry printing has been used to 
confer graphene treatments to fabrics (Qu et al., 2014; Tissera et al., 2015; Karim et al., 2017). A large 
volume is initially required, although often less than immersion; high concentrations are frequently 
used which can result in less effluent. Fabrics are first immersed then compressed between rollers 
pushing treatment in the fabric to help yield molecular bonds and to remove excess treatment 
(Chakraborty, Mohapatra, and Kumar, 2018). Printing treatment returned to the padding bath can be 
used in sequential runs. Possible contamination (e.g. fibre fragments, fabric finishes) and changing 
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treatment constituents is a disadvantage for subsequent runs. Thus, padding has similar challenges 
to immersion. 

Brush coating involves painting treatment onto the fabric surface. Brush coating is simple, requires 
low volumes, minimal rinsing, producing small amounts of effluent (Liu et al., 2012). Brush technique 
determines efficacy and reproducibility. Graphene has been applied to fabrics with brush coating (Liu 
et al., 2012; Javed et al., 2014). Brush strokes by hand vary in type, pattern, and applied pressure which 
determine resulting deposition. Many passes (e.g. five; 50) are required to achieve efficacy (i.e. ample 
conductivity) (Liu et al., 2012; Javed et al., 2014). Multiple cycles of painting build up graphene on the 
fabric surface which can increase conductivity. The greater the number of layers the more likely fabric 
properties will change wear related performance (e.g. tactile acceptability, permeability to air, water 
vapour, thermal and moisture transfer). Changes may be considered undesirable depending on the 
application and pre-treatment and post treatment of fabric becomes desirable to retain or re-introduce 
desirable properties.  

Transferring designs from a stamp or other flexible material to surfaces could be implemented to 
functionalise fabrics with graphene. Stamping has been seldom used for fabrics but has been used to 
transfer treatments to other surfaces (e.g. poly(ethylene terephthalate) (Chen, Ishigami, Jang, Hines, 
Fuhrer, and Williams, 2007; Kim, Zhao, Houk, Lee, Kim, Kim, Ahn, Kim, Choi, and Hong, 2009; Choi, 
Park, Kim, Joh, Park, Kim, Kim, Choi, Yang, Cho, Hwang, Nam, Hyeon, Kim, and Kim, 2015; Chen, 
Huang, Zhang, Zou, Liu, Tao, Fan, and Wang, 2016), silicon (Liang, Fu, and Chou, 2007; Allen, Tung, 
Gomez, Xu, Chen, Nelson, Zhou, Kaner, and Yang, 2009; Song, Ci, Gao, and Ajayan, 2009)). Different 
designs can be fabricated by changing raised sections of the stamp (Forrest, 2004). Potentially low 
cost and acceptable for mass production (because roll stamps are currently used for commercial 
colouring of fabrics (Forrest, 2004)), transfer/gravure printing involves flooding (applying graphene 
to raised sections), doctoring (removing excess from raised sections), and printing (transferring the 
pattern to a surface) (Secor et al., 2014). Stamp surfaces should not absorb graphene and need a 
weaker affinity for graphene than the surface to be printed (Liang, Fu, and Chou, 2007). Application 
is principally reliant on the operator applying pressure, uniform contact between the stamp and 
surface to be printed, and volume applied to the stamp (Allen et al., 2009). Fixation to surfaces has 
been attributed to van der Waals attraction (Choi et al., 2015). Thickness and spreading may be 
difficult to control. 

Although not frequently used, spray coating is another relatively simple application option. Spray 
coating graphene on a 100% cotton knit yielded a conductive fabric (Nooralian, Gashti, and Ebrahimi, 
2016). Liquid in a nozzle produces a mist which fixes to the surface of the textile (Krebs, 2009). 
Viscosity is key and can be manipulated by dilution with water and/or solvents (Krebs, 2009). 
Comparatively weak and non-uniform coatings are often produced, and multiple layers are typically 
required for continuity and acceptable conductivity. 

2.4.2 Functions of graphene-based sensors 
Resistance changes with temperature supports use of graphene as temperature sensors. Pre 2015, 
publications concerning graphene-based temperature sensors are described in Table 2.4. High 
thermal conductivity of graphene (3,100 Watts per metre Kelvin to 3,500 Watts per metre Kelvin) is 
suitable for use in temperature sensors because the rapid change in temperature of the graphene  
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Table 2.4 
Temperature sensors manufactured from graphene functionalised materials 

graphene type, reference methods results 

double helix core-sheath 
graphene-based microfibres  
(Zhao et al., 2015) 

20°C to 50°C 
I-V current (electrical property) 

I-V current changed with temperature 
(4°C increment) 
sensitivity of ~16 per °C in temperature 
range 20°C to 50°C (humidity and force 
signals negligible)  
stable over 1,000 cycling tests 

   
graphene nanowall film on 
polydimethylsiloxane  
500µm thick  
20mm x 10mm  
(Yang, Wei, Tang, Song, Luo, 
Chu, Gao, Shi, and Du, 2015) 

25°C to 120°C 
35°C to 45°C (simulate 
temperature of back of hand)  
hotplate set to temperature, 
maintained with specimen to 
reach equilibrium 
atomic force microscopy with a 
thermal application controller 
and video camera to assess 
morphology at different 
temperatures 

resistance increased from 706.2Ω at 
25°C to 98.04KΩ at 120°C (138fold) 
cracks formed with increased 
temperature, wider and denser at 
higher temperatures, increased length 
of conduction path 
crack size decreased with lower 
temperature (reversible process) 
reproducible over 10 heating-cooling 
cycles 
resistance on the back of the hand 
1,345.0Ω estimated as 35.6°C (based on 
linear function) 
short response 1.6s and recovery 8.52s 
time (decrease with temperature 
increase) 
reliability over two days, two weeks, 
two months in ambient conditions 

   
thermally reduced graphene 
oxide  
silver nanowires for electrodes 
embedded in 
polydimethylsiloxane 
(Yan, Wang, and Lee, 2015) 

increased from 30°C to 100°C 
measured every 5°C  
electrical current and resistance, 
Keithley analyser 
stabilised for 5min at each 
temperature before taking 
measurement 

non-extended: 0.79µA, 12.63MΩ at 
30°C to 1.34µA, 7.45MΩ at 100°C, 
negative temperature coefficient, non-
linear change 

   
thermally reduced graphene 
oxide mixed with cellulose 
(cotton pulp 98% purity) 
3cm x 3cm x 0.25µm 
(Sadasivuni, Kafy, Kim, Ko, 
Mun, and Kim, 2015) 

25°C to 40°C, 60°C, and 80°C  
capacitance change with 
temperature, inductance, 
capacitance, resistance meter, 
measure of distance between the 
charge carriers 
heat element distance of 5mm 
5 to 10 repeats 

capacitance increased as temperature 
increased (6 times from 25°C to 80°C)  
linear change 20°C to 3°C but 
indistinguishable change 3±0.5°C 
heating caused separation between 
filler particles increasing capacitance 
can recover with cooling 
increased temperature reduced 
moisture presence in cellulose 
contributing to increased capacitance 

   
mono-layer graphene, channel: 
100nm width, 500nm length on 
silicon dioxide, thickness 20nm 
(Banadaki, Mohsin, and 
Srivastava, 2014) 

0°C to 600°C 
resistance measured with source 
and drain electrodes 

resistance increased with increased 
temperature, non-linear at high 
temperatures 
average variation 28Ω per °C, increase 
from 0.13Ω at 0°C to 80Ω at 600°C 
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Table 2.4 contd 

graphene type, reference methods results 

reduced graphene 
oxide/poly[(vinylidene 
fluoride)-co-trifluoroethylene] 
nanocomposite channel 
thickness 90nm, 128nm, 204nm 
and graphene % weight of 8, 10, 
12 
(Trung, Ramasundaram, Hong, 
and Lee, 2014) 

30°C to 40°C, 1°C interval 
30°C to 80°C, 5°C interval 
measured resistance 
204nm and 8% weight to 
determine repeatability 
 

resistance decreased as temperature 
increased (i.e. semi-conducting) 
hole and electron field-effect mobilities 
increased with increased temperature 
detect change of 0.1°C 
responsive to human body 
temperature 
response to temperature increased 
with increased thickness and reduced 
graphene oxide concentration 

   
mono-layer, bi-layer, few-layer 
graphene on silicone substrate 
(Al-Mumen, Rao, Dong, and Li, 
2013a, b) 

room temperature to 80°C 
(important in electronic 
instruments and circuits) 
resistance measured with 
Keithley picoammeter 

higher negative temperature coefficient 
(increased resistance with decreased 
temperature) with bilayer graphene 
than monolayer or few-layer graphene 
(-0.007°C-1, -0.003°C-1, and -0.0015°C-1, 
respectively) 
high length to width ratio had high 
resistance 

   
thermally reduced ~200°C, 
12min graphene oxide dispersed 
in water (0.2% weight) inkjet 
printed on polyethylene 
terephthalate, glass slides, 
Kapton-HN, silicon 
(Kong et al., 2012) 

tapping electrode with human 
finger at room temperature  
optimise spacing between inkjet 
droplets and number of printed 
layers 
resistance, four-point probe 
digital multimeter, temperature 
dependence measured with a 
tuneable hot plate 

sheet resistance as low as 
0.3MΩ/square  
temperature coefficient -0.0148K-1 at 
298K 
tapping caused a decrease in 
resistance, no difference with objects of 
same thermal properties in the room 
fast response time ~0.5s and recovery 
~10s 

   
graphene flakes deposited on 
silicon dioxide layer on silicon 
monolayer ~10µm length, 
~1.45µm width 
(Skakalova, Kaiser, Yoo, 
Obergfell, and Roth, 2009) 

4.2 Kelvin to 70 Kelvin  
resistance four-point probe 
Keithley meter 

resistance reproducible from cycling 
from 4 Kelvin to 50 Kelvin 
mesoscopic resistance fluctuations 
occur at low temperatures 
 

   
single- and bi-layer graphene 
produced by mechanical 
exfoliation on silicon, with 
platinum electrodes 
(Shao et al., 2008) 

300 Kelvin to 500 Kelvin  
micro-Raman, SEM 
resistance measured with 
electrodes 

current increased with increased 
temperature 
resistance decreased 30% and 70% for 
single- and bi-layer graphene, 
respectively with increased 
temperature from 300 Kelvin to 500 
Kelvin 

   
mechanically exfoliated 
graphene flake in silicon 
dioxide/silicon substrate 
microlithographically patterned 
gold electrodes  
(Bolotin, Sikes, Hone, Stormer, 
and Kim, 2008) 

5 Kelvin to 240 Kelvin  
resistance measured with 
electrodes 

resistivity increased with higher 
temperature above 50 Kelvin 
before current annealing small 
resistivity variation <30% between 5 
Kelvin and 230 Kelvin; after annealing 
>200% variation between 5 Kelvin and 
230 Kelvin 
linear increase in resistance with 
higher temperature 
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elicits a change in conductivity (Balandin, Ghosh, Bao, Calizo, Teweldebrhan, Miao, and Lau, 2008; 
Shao, Liu, Teweldebrhan, and Balandin, 2008). Applications benefiting from temperature sensing 
include health, indicated by temperature of skin and breath, performance during sports and fitness, 
or in the workplace with exposure to extreme environmental conditions or high exertion and 
metabolic input. Links between respiratory temperature and body temperature, respiratory 
frequency and heart rate, respiratory humidity and skin humidity are evident (i.e. same trend of 
increase or decrease with exertion and relaxation) (Zhao, Zhao, Cheng, and Qu, 2015). Therefore, skin 
and respiratory measurements can be used to infer less accessible parameters that require more 
invasive measurements. Moreover, safety of electronic components can be improved by detecting 
temperature to prevent overheating and associated damage to the device and/or user (Shao et al., 
2008), particularly important in next-to-skin wearable technologies.  

Based on identified publications, diverse temperature ranges have been investigated, reported in 
Kelvin or ºC. Desired ranges depend on intended end-uses, specific applications were often not stated. 
Temperature of selected body sections (e.g. trunk, upper and lower extremities) is a potential option 
for sensing applications. The extent of discrimination among temperatures is important, and 
contingent on the application. Healthcare applications may require high discrimination (e.g. 0.1°C or 
0.5°C) while other applications (e.g. garment microclimate) may have a wider acceptable range (e.g. 
1°C or 5°C.) Two studies were identified investigating responses in conductivity related to human 
physiology. Skin temperature was considered by tapping the sensor with a finger at room 
temperature (Kong et al., 2012) and temperature of human breath with a bionic nasal cavity sensor 
(Zhao et al., 2015). Objects from the room were assumed to have the same thermal properties (Kong 
et al., 2012) but effects, such as time in the room and material composition could result in temperature 
differences. Additionally, whether humidity was controlled was not clear and in-depth details for the 
methods would be useful. 

The response depends on carrier density of graphene (Bolotin et al., 2008). A number of sensors 
produced, described in Table 2.4, had increased resistance with increased temperature suggesting 
high carrier density (similar to metals) (Bolotin et al., 2008; Morozov, Novoselov, Katsnelson, Schedin, 
Elias, Jaszczak, and Geim, 2008; Al-Mumen et al., 2013a, b; Banadaki, Mohsin, and Srivastava, 2014; 
Sadasivuni et al., 2015; Yang et al., 2015) while others showed decreased resistance with increased 
temperature and therefore lower carrier density which is the opposite to metals (Bolotin et al., 2008; 
Shao et al., 2008; Kong et al., 2012; Trung et al., 2014; Yan, Wang, and Lee, 2015; Zhao et al., 2015). 
Semi-conducting capability has been attributed to reduced graphene oxide nanosheets having larger 
contact area between neighbouring sheets rather than end to end connections (Trung et al., 2014). 
Fabric-based graphene temperature sensors could be investigated, especially pertaining to effects of 
the base fabric. 

Research papers investigating humidity effects on graphene-based sensors are described in Table 2.5. 
Of note is the consistent decrease in resistance with increased humidity. Linear and exponential 
decrease occurred with increased humidity. Typically, temperature was maintained at ~25ºC (often 
referred to as room temperature), minimising interference due to changing temperature. Researchers 
suggest water molecules dope graphene (Smith, Elgammal, Niklaus, Delin, Fischer, Vaziri, Forsberg, 
Rasander, Hugosson, Bergqvist, and Schroder, 2015), produce protonation and density charge of 
carriers (Borini, White, Wei, Astley, Haque, Spigone, Harris, Kivioja, and Ryhanen, 2013), and/or   
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Table 2.5 
Humidity sensors produced from graphene functionalised materials 

graphene type methods results 

cotton, medical cotton, 
polyester, each plain 
woven, thickness 
0.256mm, 0.306mm, 
0.199mm, respectively 
embroidered  
Shieldex® 117/17 
2-ply polyamide coated 
with silver 
(Martinez-Estrada, 
Moradi, Fernandez-
Garcia, and Gil, 2018) 

impedance measured with inductance, 
capacitance, resistance meter from 20 
Hertz to 200 Hertz  
30%RH to 80%RH at 20°C 
analyse permittivity performance against 
relative humidity 

at 40%RH, impedance module 
decreased with frequency 
module impedance varied for medical 
cotton 6.6MΩ to 29KΩ, standard cotton 
176MΩ to 40KΩ, polyester 1.19GΩ to 
41KΩ 
30%RH to 80%RH range from 13.3MΩ 
to 0.99MΩ on cotton; 3.86MΩ to 4KΩ 
on medical cotton; 14.7MΩ to 6.33MΩ  
cotton effected in greater way than 
polyester 

   
double layer graphene 
on silicon 
(Fan, Elgammal, Smith, 
Ostling, Delin, Lemme, 
and Niklaus, 2018) 

humidity ranges 8% to 18%, 20% to 100% 
(water vapour pumped in chamber) 

humidity decreased, resistance 
increased: 18%RH to 9%RH from 
477.63Ω to 478.03Ω, sensor response of 
0.084% 
response and recovery time 5.5s and 
8.5s, respectively  
decrease of 1Ω with increase from 
20%RH to 100%RH 
with decrease of ~8%RH to ~2%RH 
resistance increased 477.4Ω to 477.8Ω 
humidity less than 3% showed no 
significant influence on resistance 

   
graphene and methyl-
red composite and 
silver nanoparticle 
inkjet printed on 
polyethylenetereph-
thalate film 
(Ali, Hassan, Hassan, 
Bae, and Lee, 2016) 

resistance measured with ohmmeter 
nitrogen decrease relative humidity from 
40% to 0% 
increased from 0%RH to 100%RH by 
increasing water vapour with commercial 
humidifier  

resistance 11MΩ to 0.4MΩ 
change in capacitance was 2.3 pico 
Farads to 66 nano Farads from 5%RH 
to 95%RH 
decreased resistance with increased 
relative humidity 
96% resistive and 2,869,500% capacitive 
sensitivity 
no cross-sensitivity with nitrogen 
resistance decreased with exhaled 
breath, increased with inhaled breath  
6.3MΩ to 0.4MΩ from 35%RH to 
100%RH 

   
tin dioxide/reduced 
graphene oxide 
(hydrothermal 
reduction) 
nanocomposite film on 
polyimide 
(Zhang et al., 2016) 

11%RH to 97%RH  
tested at room temperature 
capacitance response, recovery 
saturated liquid of lithium chloride, 
potassium acetate, magnesium chloride, 
potassium carbonate, magnesium nitrate, 
cupric chloride, sodium chloride, 
potassium chloride, and potassium 
sulphate in a closed vessel used to 
produce relative humidity of 11%, 23%, 
33%, 43%, 52%, 67%, 75%, 85% and 97%, 
respectively 
recovery in 0%RH with phosphorous 
oxide 

as relative humidity increased, 
capacitance increased 
change from 246.53 pico Farads to 
138267 pico Farads increased from 
11%RH to 97%RH, 1604.89 pico 
Farads/%RH or 550-fold increase 
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Table 2.5 contd 

graphene type methods results 

single-layer of graphene 
deposited on silicon 
dioxide layer on silicon 
wafer 
(Smith et al., 2015) 

1%RH to 96%RH  
vacuum chamber below 
atmospheric pressure and 
humidity chamber at 
atmospheric pressure with 
humidifier 
humidity measured with 
commercial sensor 
carried out at room temperature  
Wheatstone bridge 
configuration to measure 
resistance, response, recovery, 
sensitivity 

minimal response to any change in 
temperature 
increased humidity caused absorption of 
water molecules, recovery with decreased 
humidity 
similar trend to commercial sensor 
no response to individual exposure of 
nitrogen, oxygen, or argon (dry) but 
responds to humid air 
exhaling breath (~100%RH) caused 
decreased resistance 
0.6s to 0.8s response and 0.4s to 1s recovery 
sensitivity 0.31% 

   
double helix core-sheath 
graphene-based 
microfibres, graphitic 
carbon nitride (80nm thick) 
electrochemically 
deposited (30µm diameter) 
twisted with another 
graphene fibre 
(Zhao et al., 2015) 

stepwise increase in humidity, 
1% to 45% 
I-V current (electrical property) 

electrical current changed with humidity 
(3%RH) 
relative humidity: sensitivity of 23 per 
1%RH with less than 5%RH, 7 per 1%RH 
with 5%RH to 45%RH 
reliable between 0%RH and 3%RH after 
1,000 cycles 

   
graphene oxide (reduced 
with sodium borohydride) 
on a gold electrode on a 
polyethyleneterephthalate  
four reduction times 0min, 
1min, 3min, 5min 
(Su and Chiou, 2014) 

30%RH to 90%RH (divided 
humidity generator) 
impedance measured with 
inductance, conductance, 
resistance meter 
water resistance with immersion 
in water then tested at 30%RH, 
60%RH, 90%RH 

impedance decreased with increased 
reduction time 
3min reduction impedance decreased with 
increased relative humidity 
5min lesser change with changes in 
humidity, 3min used 
maintained performance after soaking in 
water 
response time 28s, recovery time 48s 
sensor response was consistent for at least 42 
days at 30%RH, 60%RH, 90%RH 

   
reduced graphene oxide 
and poly 
(diallylimethyammonium 
chloride) on a polyimide  
(Zhang, Tong, and Xia, 
2014) 

11%RH to 97%RH  
source meter unit for resistance 
lithium chloride, potassium 
acetate, magnesium chloride, 
potassium carbonate, 
magnesium nitrate, cupric 
chloride, sodium chloride, 
potassium chloride, and 
potassium sulphate yield 
relative humidity 11%, 23%, 
33%, 43%, 52%, 67%, 75%, 85%, 
97%, respectively 
0%RH environment with 
phosphorous oxide  
room temperature 25ºC 
100s response and recovery 
cycles with each %RH from 
0%RH 

response: 8.69%, 13%, 14.99%, 18.23% 
20.91%, 25.32%, 28.14%, 31.19%, 37.41% with 
exposure to relative humidity of 11%, 23%, 
33%, 43%, 52%, 67%, 75%, 85%, 97%, 
respectively 
repeatable at 43%RH, 75%RH, 97%RH with 
error less than 1.5% 
sensor response consistent over 60 days at 
23%RH, 52%RH, 75%RH 
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Table 2.5 contd 

graphene type methods results 

multi-layered graphene 
oxide and 
poly(diallyldimethylammo
nium chloride film by 
layer-by-layer self-
assembly on a polyimide 
substrate 
(Zhang et al., 2014a) 

11%RH to 97%RH  
room temperature 25ºC 
humidity levels obtained with 
saturated aqueous liquid 
lithium chloride, potassium 
acetate, magnesium chloride, 
potassium carbonate, 
magnesium nitrate, cupric 
chloride, sodium chloride, 
potassium chloride, and 
potassium sulphate in a closed 
vessel yield relative humidity of 
11%, 23%, 33%, 43%, 52%, 67%, 
75%, 85%, 97%, respectively 
capacitance response, complex 
impedance spectra 
response and sensitivity 

capable of monitoring human breath 
capacitance decreased as relative humidity 
decreased, increased with higher relative 
humidity, 50 pico Farads at 11%RH and 
133546 pico Farads at 97%RH 
response of 265640% and sensitivity 1552.3 
pico Farads/%RH 
typically recovered in 125s at 11%RH 
capacitance increased when breath was 
exhaled and decreased with inhalation 
response and recovery within 1s 
stable capacitance at 11%RH, 43%RH, 
67%RH, 85%RH for 60 days 
shape of impedance curve differed with 
each relative humidity 

   
graphene oxide (modified 
Hummers method) and 
poly(sodium 4-
styrenesulfonate), reduced 
(Yu, Kim, Kim, Bae, Seo, 
Kim, Kang, and Kim, 2014) 

0%RH to 80%RH increments of 
20%RH  
capacitive properties measured 
with dielectric spectrometer, 
voltage output in response to 
humidity 
glycerol and water to control 
humidity levels 
digital multimeter for electrical 
measurement 

poly(sodium 4-styrenesulfonate) included to 
improve permeation of water in the 
graphene oxide platelets 
capacitance increased after exposure to high 
humidity 
response time ~150s and recovery time ~50s 

   
graphene chemically 
vapour deposited on 
copper foil, transferred to a 
glass substrate 
(Chen, Hsu, and Hsueh, 
2014) 

44%RH compared to 35%RH, 
55%RH, 75%RH, 98%RH  
resistance measured with a 
multimeter 
room temperature 25ºC 

the response of graphene increased with 
increased humidity 
lower current at lower relative humidity and 
increased as relative humidity increased 
sensitivity 18.1% 

   
graphene and polypyrrole 
chemical oxidative 
synthesis 
graphene concentrations 
5%, 10%, 20%, 30%, 40% 
dip coated on an 
aluminum substrate 
(Lin, Chang, and Wu, 2013) 

12%RH to 90%RH  
inductance, capacitance, 
resistance meter used for 
humidity sensing 
response, recovery, sensitivity 

impedance of 106Ω to107Ω at 12%RH 
small reduction with increased humidity 
10% graphene and polypyrrole showed the 
greatest sensitivity 12%RH 2112.3KΩ to 
90%RH 153.3KΩ 
exponential decrease in impedance with 
increased relative humidity 
response of 15s and recovery of 20s 
decreased from 70%RH to 12%RH 
128% sensitivity for 10% 
graphene/polypyrrole 
non-continuous layers at lower relative 
humidity results in greater impedance 
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Table 2.5 contd 

graphene type methods results 

graphene oxide films 
deposited with drop 
casting or spray on 
polyethylene naphthalate 
electrodes with screen 
printed silver 
(Borini et al., 2013) 

30%RH to 80%RH  
10ºC to 40ºC 
impedance spectrum 

0.03s response and recovery time 
charge transfer resistance and constant 
phase element affected by relative humidity 
and temperature 
presence of moisture produced protonation 
and density of charge carriers 

   
reduced graphene oxide  
(Bi, Yin, Xie, Ji, Wan, Sun, 
Terrones, and Dresselhaus, 
2013) 

23%RH and 86%RH  
climatic test chamber, kept at 
25ºC 
lithium chloride, potassium 
acetate, magnesium chloride, 
potassium carbonate, 
magnesium nitrate, cupric 
chloride, sodium chloride, 
potassium chloride, and 
potassium sulphate yield relative 
humidity of 13%, 23%, 33%, 53%, 
75%, 86%, 87%, and 97%, 
respectively 
sensitivity, stability, response 
time, recovery time with 
capacitance 

sensitivity up to 37,800% 
increasing from 15%RH to 95%RH 
increased capacitance from 9.8 pico Farads 
to 3,710 pico Farads 
variation less than 4% for repeatability over 
30 days with relative humidity of 15%, 35%, 
55%, 75%, and 95% 
sensor response ~10.5s from 23%RH to 
86%RH and recovery time ~41s 
 

   
graphene oxide on silicon 
bilayer, reduced 
(Yao, Chen, Zhu, Zeng, 
Wu, and Li, 2012) 

10%RH to 98%RH  
atomic force microscopy 
digital multimeter used for 
sensor performance in milli Volts 
sensitivity, repeatability 
between ~45%RH and 95%RH 
for response and recovery 

response time 19s and recovery time 10s 
response from humidity induced 
deformation (swelling or shrinking) of the 
graphene oxide on the silicon substrate 
 

   
graphene oxide of 
polyethylene terephthalate 
reduced with two-beam-
laser interference  
(Guo, Jiang, Shao, Zhang, 
Xie, Wang, Li, Jiang, Chen, 
Zhang, and Sun, 2012) 

lithium chloride, potassium 
acetate, magnesium chloride, 
potassium carbonate, 
magnesium nitrate, cupric 
chloride, sodium chloride, 
potassium chloride, and 
potassium sulphate in a closed 
glass vessel to yield relative 
humidity of 11%, 23%, 33%, 43%, 
54%, 59%, 75%, 85%, 95%, 
respectively 
ambient temperature 25ºC 
resistance measured with 
inductance, capacitance, 
resistance meter 

resistance did not change with graphene 
oxide exposure to different relative 
humidity 
reduced graphene oxide increased more 
than two orders of magnitude from 11%RH 
to 95%RH 
linear response to change in RH 
response time 2s from 11%RH to 95%RH, 
recovery time greater than 100s  
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enhance polarisation and increase dielectric constant (Zhang, Tong, and Xia, 2014; Zhang, Tong, Xia, 
and Xue, 2014a; Zhang, Chang, Li, Liu, and Xue, 2016). Higher levels of humidity allow a continuous 
layer of water to cover the graphene surface reducing resistance (Lin, Chang, and Wu, 2013).  

Therefore, although not typically investigated, wetting with liquid moisture could have more marked 
effects than ambient humidity. Exposure to liquid moisture is also a pertinent issue for next to the 
skin and other wearable applications due to perspiration, sweating, exposure to rain. Wetting can 
serve sensor functions or pose interference for other sensing functions. Presence and/or volumes of 
wetting from the body, such as blood, sweat, urination can be detected. Detection is useful for those 
which may not have efficient senses to detect themselves, to gauge volumes, or to alert others which 
may be caring for at risk individuals, including elderly, rehabilitation, operations, post-operative care. 
Exposure to liquid contaminants, such as chemicals and allergens, may also be alerted to. 

Graphene showed both rapid response and recovery (usually less than 20s) to changes in relative 
humidity (Table 2.5), desirable because changes can be detected more or less immediately. One study 
investigated resistance changes of graphene oxide and poly(sodium 4-styrenesulfonate) as exposure 
to humidity changed (Yu et al., 2014). Including an additive was intended to increase permeation of 
water in the graphene oxide to improve performance (Yu et al., 2014). Additional pre- or post- 
processing treatments may be used to increase response to changes in humidity. 

Schedin et al (Schedin, Geim, Morozov, Hill, Blake, Katsnelson, and Novoselov, 2007) were among 
the first to discover the response of graphene to gas. Graphene absorbs analyte molecules through 
electron transfer which can yield sensors responsive in conductivity to presence of gas molecules 
(Zhang, Chen, Zhou, Liu, Zeng, Zhang, and Peng, 2009; Nemade and Waghuley, 2013). Doping and 
imparting defects can increase sensitivity of graphene (Zhang et al., 2009). Graphene gas sensors have 
low noise compared to other options (e.g. metallised fibres) producing good signal to noise ratio 
(Schedin et al., 2007). The two-dimensional structure exposes the total surface to gas increasing 
adsorption proficiency, detection limit, and aptness to detect small amounts of gas. For example, one 
gas molecule adsorbing and desorbing prompts one by one electron transfer with graphene 
generating step-like changes in resistance (Schedin et al., 2007). Whether the change in conductivity 
is positive or negative depends on the gas. For example, nitrogen dioxide enhances doping level of 
graphene decreasing resistance whereas ammonia increased resistance (Yuan and Shi, 2013). 

Processing graphite to graphene oxide to reduced graphene oxide is the presiding method to yield 
graphene-based gas sensors (Lu, Ocola, and Chen, 2009; Hu, Wang, Chai, Gao, Yang, Kong, and 
Zhang, 2012). Two gas sensors were identified that were produced from textiles treated with 
graphene. Graphene-treated nylon-6, polyester, and cotton yarns had a reliable sensor response 
following repeated adsorption and desorption of nitrogen dioxide (Yun et al., 2013); graphene applied 
to cotton yarn conferred conductivity and detection of 250ppb at 'room temperature' with a light 
signal after detection (Yun et al., 2015). Repeatability was reported based on consistent response to 
nitrogen dioxide (0.25ppm) over 30min exposure for seven consecutive days (Yun et al., 2015). 
Depositing graphene on textiles can yield gas sensors for which there are gaps for investigation. 

CO2 is a colourless, odourless, tasteless gas therefore presence is difficult for humans to perceive. The 
gas is an asphyxiant causing a reduction in oxygen concentration. Oxygen content in the air should 
be between 19.5% and 23.5% (Worksafe New Zealand, November 2017 (Amended January 2018)). 
Atmospheric concentration of CO2 averages 400ppm (Permentier, Vercammen, Soetaert, and 
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Schellemans, 2017; Smith, Elgammal, Fan, Lemme, Delin, Rasander, Bergqvist, Schroder, Fischer, 
Niklaus, and Ostling, 2017). The work place exposure standard of CO2 is 5,000ppm/61 milligrams 
per metre of air and 30,000ppm/54,000 milligrams per metre of air for time weighted average (eight-
hour work day over 40h week) and short term exposure limit (15min), respectively (Worksafe New 
Zealand, November 2017 (Amended January 2018)). The presence and/or level of CO2 gas can 
provide an indication of indoor air quality, particularly important in confined spaces such as marine 
vessels, greenhouses, lung function, and several industrial processes. Places which store CO2 have a 
higher chance of excess CO2 exposure including laboratories, hospitals, or areas with regular use, 
including breweries. Exhalation from large numbers of people within a room increase CO2. 

Disruptions to human health are caused by CO2 reducing oxygen in the blood or acting as a toxin. A 
decrease in cognitive performance, such as decision making, has been shown to occur at 
concentrations greater than 1,000ppm in an office setting (Satish, Mendell, Shekhar, Hotchi, Sullivan, 
Streufert, and Fisk, 2012). Exposure to concentrations of 5,000ppm or greater can cause respiratory 
acidosis, shortness of breath, hypercapnia, depression of respiration and/or circulation (Ikeda, 
Takahashi, Umetsu, and Suzuki, 1989). Greater than 10,000ppm can lead to convulsions, coma; levels 
greater than 20,000ppm cause shortness of breath, greater than 30,000ppm loss of consciousness can 
occur within seconds, 40,000ppm makes breathing difficult, greater than 100,000ppm may result in 
vision interference, tremors, loss of consciousness, while above 250,000ppm can cause death (Lipsett, 
Shusterman, and Beard, 1994; Langford, 2005; Zaba, Marcinkowski, Wojtyla, Tezyk, Tobolski, and 
Zaba, 2011). Exhaled CO2 is also proportional to CO2 levels in the blood which is useful as an indicator 
of health, especially anaesthesiologists, and first responders to monitor patients because a sudden 
change in CO2 levels can be indicative of changes in heart and/or lung function (CO2 Measurements 
Specialists, November 6, 2013). 

Graphene has been used to produce CO2 sensors, mostly for monitoring environmental CO2 levels 
such as industrial exhaust gas, rather than physiological levels of exhaled CO2 from lungs. Sensors 
are not generally designed with the intention of being wearable nor for incorporaton in textiles. Table 
2.6 includes details of scientific literature among which various concentration ranges have been 
investigated under different environmental conditions, and graphene-based sensors prepared with 
disparate processes. CO2 was reported as an electron donor, increasing conductance by increasing 
electron concentration (Muhammad Hafiz, Ritikos, Whitcher, Razib, Bien, Chanlek, Nakajima, 
Saisopa, Songsiriritthigul, Huang, and Rahman, 2014) or an electron acceptor linked to the interaction 
between CO2 molecules and absorbed oxygen in the graphene (Nemade and Waghuley, 2013). 
Differences in performance may relate to processing of graphene (e.g. electrochemical exfoliation 
used to produce graphene based sensor on a glass substrate compared to use of chemical vapour 
deposition and a silicone substrate (Muhammad Hafiz et al., 2014; Smith et al., 2017; Fan et al., 2018)). 
No carbon dioxide sensors being produced from graphene functionalised textiles were identified, 
therefore gaps in knowledge are evident. 

Changes in temperature and humidity could interfere with carbon dioxide sensor performance (and 
vice versa) as each can affect conductivity. For instance, graphene functionalised silicon had cross-
sensitivity between carbon dioxide and humidity (Smith et al., 2017). Changes in resistance were less 
for carbon dioxide, compared to air suggesting humidity may be dominant as opposed to other gas 
in the air (i.e. hydrogen, oxygen) (Smith et al., 2017). Furthermore, reduced response of a graphene-
based carbon dioxide sensor (reduced graphene oxide with hydrogen plasma reduction) was evident   
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Table 2.6 
Carbon dioxide sensors yielded from graphene functionalised materials 

graphene type methods results 

double layer graphene on 
silicone substrate (silicon 
dioxide on silicon) 
(Fan et al., 2018) 

vacuum chamber connected 
via pipes to nitrogen, argon, 
CO2 tanks, vacuum pumping 
system 
commercial humidity sensor 
to monitor concentration 
CO2 concentration controlled 
by pumping and venting 
CO2 (number of CO2 
molecules expressed by 
molar volume) 
maintained 3%RH for CO2 
response 

change in gas pressure did not affect resistance 
decreased linearly (~477Ω to ~476.65Ω) with 
increased concentration of CO2 gas (0.073% 
relative change) and linear increase in resistance 
with removal of CO2 (476.65Ω to 476.92Ω) 
recovery property attributed to weak interaction 
between CO2 gas molecules and graphene 
resistance decreased with first exposure, no 
significant change with second and third steps 
of pumping in CO2 
saturation of CO2 above 35L/mol 
same performance with three sequential cycles 
and recovery 

   
silicon substrate chip, 
silicon dioxide to 300nm, 
20nm titanium, 80nm gold 
graphene applied by wet 
transfer 
(Smith et al., 2017) 

CO2 vented and pumped in 
evacuated vacuum chamber 
CO2 measured with a 
commercial CO2 sensor (up 
to 4,000ppm) 
humidity and temperature 
also monitored with sensors 
oxygen, argon, nitrogen, and 
air pumped in the chamber 

0.284% response, linear response 
response to CO2 stable when chamber pressure 
held constant 
response time less than 3s 
dominant humidity effect compared to gas, CO2 
concentration in air had negligible effects on the 
sensitivity to water, no risk of cross-sensitivity 
to gas composition 
resistance decreased with increased CO2 
concentration  

   
reduced graphene oxide 
with hydrogen plasma 
under two different 
durations (20s and 40s) 
and hydrogen flow rates in 
standard cubic meters per 
min: 50, 20 
spin coated on pre-
patterned silicon die with 
3µm electrode fingers 
(Muhammad Hafiz et al., 
2014) 

0ppm to 1,500ppm 23ºC and 
37%RH in nitrogen 
environment 
air environment (23ºC, 
68%RH) 
CO2 concentration 350ppm 
to 750ppm (1st cycle), 
769ppm (2nd cycle) in air 
environment at 23°C and 
68%RH 
baseline measurement in 
nitrogen environment 

sensor response increased monotonically with 
increased CO2 concentration at 37%RH, less 
change in 68%RH in 300ppm to 1,500ppm 
slope below 100ppm is larger than above 
100ppm 
non-linear sensing response related to 
adsorption of CO2 molecules on sp2 crystallite 
sites 
decreased sensitivity when most sites covered 
with CO2 molecules 
repeatability exposed to 750ppm to 769ppm 
response and recovery time ~4min 
where CO2 concentration did not change fast the 
sensor performance may be acceptable (e.g., 
monitoring indoor air quality) 

   
few-layered graphene 
(electrochemical exfoliation 
of graphite), silver 
electrode cathode 
(Nemade and Waghuley, 
2013) 

gas-sensing chamber 
temperature and humidity 
controlled 
resistance measured with a 
voltage drop method 
different concentrations 
(ppm) and temperatures 
volume of test gas using a 
gas-injection syringe of 
different volumes 

baseline resistance of 2.236x106Ω 
resistance increased with exposure to CO2, 
electron-withdrawing power 
gas chemisorbed in bridging oxygen atoms  
3.83 sensing response 
11s response time, 14s recovery time 
resolution limit 3ppm 
highest CO2 response at 423K 
lower response at high temperatures could 
relate to absorbed oxygen being desorbed  
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Table 2.6 contd 

graphene type methods results 

SYLGARD™ stamps 
transfer highly ordered 
pyrolytic graphite flakes to 
thermally oxidized silicon 
(Yoon, Yang, Zhou, Yang, 
and Cheng, 2011) 

exposure 10ppm to 100ppm 
CO2 
chamber constant 
temperature, humidity 
two-input mixer mixing CO2 
and compressed air 
semiconductor parameter 
analyser 

1.4KΩ at 22°C, 44%RH 
conductance increased linearly with increased 
CO2 from 10ppm to 100ppm, levels off and 
reaches steady-state value; increased ~26% 
response 8s, recovery 10s (weak interaction 
between CO2 and graphene) 
response time similar with different 
temperatures (22°C, 40°C, 60°C), different 
conductance: 4.37%, 7.27% of 40°C and 60°C 
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in 'normal' air compared to 100% nitrogen dioxide owing to greater humidity of the air environment 
(68%RH > 37%RH; both 23ºC) (Muhammad Hafiz et al., 2014). As a result, humidity levels have been 
tightly controlled during tests to restrict potential interference of moisture presence (e.g. 3%RH (Fan 
et al., 2018), 1%RH (Smith et al., 2017)). Performance at a particular relative humidity should not be 
extrapolated to others. Temperature may have comparatively small effects on gas sensor performance 
(e.g. temperature had minimal effects on carbon dioxide sensing ability of graphene silicon sensor 
(Fan et al., 2018)). However, conductivity response of a graphene sensor to carbon dioxide at 40ºC 
and 60ºC compared to 22ºC differed (Yoon et al., 2011). Temperature should not be discounted as an 
influencing factor but is perhaps less important than moisture presence.  

Sensors designed to monitor parameters next to the skin, other than temperature and humidity, 
should remain stable over the range of relative humidity and temperature of the air which occur 
during wear. Ambient conditions can vary over a wide range, typical conditions during wear include 
next-to-skin: 'dry' being less than 40%RH and sweating near 100%RH (skin temperature >35ºC); 
human breath close to 100%RH at 34ºC to 35ºC; ambient air less than 40%RH when 'dry', 100%RH 
when raining (can be higher than 100% that is dependent on temperature and vapour pressure) and 
ISO standard conditions for textile testing 65% and 20ºC. 

Fabrics worn in next-to-skin apparel are mostly subject to ~33°C from heat emanating from the skin, 
variation is relatively low compared to environmental temperatures which range from -40°C to +50°C 
depending on the climate in which the sensor would be used (Kar, Fan, and Yu, 2006). Stability with 
changing temperature conditions has been reported (e.g. poly(3,4-ethylenedioxythiophene)-treated 
pineapple woven fabric specimens (2 x 1 inch2) maintained stable conductivity up to 60ºC heated on 
a hotplate for 10min under air (Zhang, Fairbanks, and Andrew, 2017)). What is missing is 
investigation of change in conductivity with different temperature exposure and potential effects on 
performance when sensing other parameters. Environmental temperatures are of particular interest 
given increased frequency of extreme weather events.  

2.4.3 Graphene functionalised apparel 
Apparel items have additional functionalities conferred by graphene. A reversible graphene 
nanoplatelet coated 100% nylon jacket (Volleback™) with a polyurethane membrane claims to be 
conductive, antimicrobial, have high strength, thermal conductivity, and have reduced humidity in 
the garment microclimate to assist with thermal regulation while being waterproof and permeable to 
water vapour (Vollebak, 2018). The Graphene Plus Graphene Aero Jersey (developed by Oakely® 
and Bioracer™; manufactured by Directa Plus®) was shown at Eurobike® in Germany and claimed 
to promote heat dissipation and improve thermal balance and energy exertion of cyclists (The Textile 
Institute, 2018). Eurojersey® in collaboration with Directa Plus® revealed graphene enhanced warp 
knits for high performance sportswear at the Première Vision Paris conference and exhibition of 
February 2018 (Knitting Industry, 2018). Billabong produced a wetsuit, Furnace graphene, with 
graphene lining for their 2019 full suit collection (Graphene Experts, 2019). Sport and outdoor wear 
have been primarily produced. Graphene functionalised masks are also available: graphene-
enhanced face mask (planarTECH and IDEATI’s 2AM, patent pending) composed on graphene 
treated polyester and inner cotton lining compliant with EN 14683:2019+AC:2019 Type I Harmonized 
Standard and can withstand 100 wash cycles (planarTECH, 2020). Other examples include the 
SuperHC disposable graphene face masks constructed of non-permeable outer layer, melt blown 
middle filter layer, and inner layer graphene soft fabric layer and V1 graphene face mask reusable 
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and washable up to 14 repeat uses (woven outer layer, middle graphene filter, inner cotton fabric). 
However, the function is for antibacterial performance rather than wearable technologies. 

2.4.4 Potential health implications with close contact to the human body 
New materials or use of pre-existing materials in new ways are desirable to confer performance 
functions that would not otherwise be possible. New risks and challenges arise; and risks that are not 
necessarily new, but because interactions between the body and environment undesirable pathways 
and outcomes can be triggered (Shvedova, Kagan, and Fadeel, 2010). Graphene is one such material, 
which due to the numerous different states of the material can be considered a class of materials 
(Fadeel et al., 2018). Biological effects of materials on humans and the environment can be 
investigated in vivo or in vitro (Fadeel et al., 2018). Graphene attributes may have effects on 
biodistribution, translocation to secondary organs, accumulation, degradation, and/or clearance 
(Fadeel et al., 2018). The Graphene Flagship investigated safety of graphene considering humans and 
the environment. Graphene can potentially affect the environment and human body at different 
stages of the life cycle: production, use, ageing, disposal, and recycling (Fadeel et al., 2018). Effects on 
organisms such as bacteria, algae, plants, invertebrates, and/or vertebrates in different ecosystems 
may be problematic (Fadeel et al., 2018). 

For wearable next-to-skin applications direct contact with the skin needs to be considered as well as 
dispersion and transfer to other body areas and routes of entry. Main exposure routes for graphene 
and key target organs include the immune system, skin, lungs, cardiovascular, gastrointestinal, 
nervous system, reproductive system that need to be addressed (Fadeel et al., 2018). Dermal 
absorption, inhalation, and ingestion are the most likely routes of unintended exposure (Oberdörster, 
Oberdörster, and Oberdörster, 2005; Stone, Miller, Clift, Elder, Mills, Møller, Schins, Vogel, Kreyling, 
Alstrup Jensen, Kuhlbusch, Schwarze, Hoet, Pietroiusti, De Vizcaya-Ruiz, Baeza-Squiban, Teixeira, 
Tran, and Cassee, 2017). Skin irritation or sensitisation from effects on proteins can result (Zhang, Bai, 
Jia, Gao, Li, Zhang, Jiang, and Yan, 2014b; Pelin, Sosa, Prato, and Tubaro, 2018). Graphite has been 
associated with skin disorders such as contact dermatitis (Eedy, 1996; Shvedova, Castranova, Kisin, 
Schwegler-Berry, Murray, Gandelsman, Maynard, and Baron, 2003). Additionally particles taken in 
orally may be absorbed in the gastrointestinal tract (Cao, Li, Liu, Li, Jiang, Cheng, and Gu, 2016; 
Pietroiusti, Bergamaschi, Campagna, Campagnolo, De Palma, Iavicoli, Leso, Magrini, Miragoli, 
Pedata, Palombi, and Iavicoli, 2017). For example, following oral gavage, small and large reduced 
graphene oxide sheets with 125I were found in the heart, blood, lungs, liver, kidneys; suggested to 
have been absorbed in the gastrointestinal tract and entered secondary organs via systemic circulation 
(Zhang, Zhang, Liu, Chu, Yang, Li, Shao, Yue, and Xu, 2015). 

Some negative effects on skin keratinocytes and/or fibroblasts have been identified (i.e. cytotoxic) 
(Liao, Lin, Macosko, and Haynes, 2011; Li, Yuan, von dem Bussche, Creighton, Hurt, Kane, and Gao, 

2013; Pelin, Fusco, Leoń, Martín, Criado, Sosa, Vaźquez, Tubaro, and Prato, 2017). Effects of graphene-

based materials on cells have been reported to varying extents (Yue, Wei, Yue, Wang, Luo, Gao, Ma, 
Ma, and Su, 2012; Russier, Treossi, Scarsi, Perrozzi, Dumortier, Ottaviano, Meneghetti, Palermo, and 
Bianco, 2013; Ma, Liu, Wang, Liu, Chen, Valle, Zuo, Xia, and Liu, 2015). No cytotoxicity of graphene 
treated fabrics, similar to non-functionalised fabrics was demonstrated after exposure to human 
fibroblast cells from neonatal foreskins (Karimi et al., 2014; Shirgholami, Loghman, and Mirjalili, 
2016). Pulmonary effects have been shown with mice after pharyngeal aspiration where high 
concentrations (i.e. 40µg/mice compared to 4µg/mice) caused size-dependent lung inflammation, 
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additionally the graphite was persistent, but no fibrosis or granulomatous lesions were observed 
(Roberts, Mercer, Stefaniak, Seehra, Geddam, Chaudhuri, Kyrlidis, Kodali, Sager, Kenyon, Bilgesu, 
Eye, Scabilloni, Leonard, Fix, Schwegler-Berry, Farris, Wolfarth, Porter, Castranova, and Erdely, 2015). 
Inhalation also has the possibility to result in cardiovascular effects (Donaldson, Duffin, Langrish, 
Miller, Mills, Poland, Raftis, Shah, Shaw, and Newby, 2013; Bengtson, Knudsen, Kyjovska, Berthing, 
Skaug, Levin, Koponen, Shivayogimath, Booth, Alonso, Pesquera, Zurutuza, Thomsen, Troelsen, 

Jacobsen, and Vogel, 2017; Contreras-Torres, Rodríguez-Galvań, Guerrero-Beltrań, Martínez-Lorań, 

Vaźquez-Garza, Ornelas-Soto, and García-Rivas, 2017). The immune system may be able to manage 

and eliminate graphene which enters the body or persistence in the body may result in illness 

(Bhattacharya, Andoń, El-Sayed, and Fadeel, 2013). 

2.5 Encapsulation of functionalised fabrics 
Encapsulation processes can be used to protect functionalised textiles. Applying a polymer layer is 
the typical process used to encapsulate fabrics. Publications related to encapsulating functionalised 
fabrics are described in Table 2.7. A physical barrier between the fabric surface and external 
environment is produced, typically repellent and not permeable to water and other contaminants. 
Non-permeability is desirable in terms of protection during use and cleaning; however, transmission 
of water vapour and air is important for the textile-body interaction. Effects of encapsulation will be 
more pronounced with double-sided encapsulation. All exposed surfaces will be protected but also 
potentially yield different fabric performance for all areas. Single-sided encapsulation may be more 
desirable in maintaining conventional performance of next-to-skin fabric applications. Unless the 
intended sensor function, exposure to heat and perspiration from human skin, and movement of the 
body can influence performance. Efficacy of cleaning may to be affected (i.e. water cannot penetrate) 
but required frequency of cleaning may also reduce. Tactile acceptability (i.e. how a fabric feels to the 
touch) may also be adversely affected. Separate cleaning cycles with specific conditions or additives 
(e.g. Granger’s® Performance Wash) are typically required to ensure acceptable performance over 
time with washing. Additional costs, treatments, and separating items are inconvenient in terms of 
normal wash procedures.  

Encapsulation processes used in the electronics industry, not related to textiles, such as transfer 
molding, glob top encapsulation, and hot melt application (Linz, Vieroth, Dils, Koch, Braun, Becker, 
Kallmayer, and Hong, 2008) involve conditions (e.g. high temperature, pressure) not compatible with 
textiles. Therefore, modification of such encapsulation processes is required for acceptable 
performance on textiles. Commercial production and use is the ultimate end goal, thus using a simple 
and efficient method with adequate performance with minimal change in conductivity and fabric 
properties and increased durability is desirable (Vervust, Buyle, Bossuyt, and Vanfleteren, 2012). Of 
note is the range of mediums used for encapsulation: polydimethylsiloxane, silicon, epoxy resin, 
Ecoflex®, application of tape (e.g. BEMIS™ Seam Tape, Bondex®/MD Mend and Repair™ Fabric 
Mending Tape), and iron on adhesives (e.g. Heat n Bond® Iron-on adhesive), or other liquid 
adhesives. Most materials would be suitable for use by manufacturers preparing functionalised 
fabrics.  

Polydimethylsiloxane is a key material used for encapsulation, made of repeating units of -OSi(CH3)2- 
groups (Figure 2.4 a) (Lee, Park, and Whitesides, 2003). Polydimethylsiloxane is inexpensive, elastic, 
stable with temperature, highly soluble in nonpolar solvents, has low glass transition temperature,   
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Table 2.7 
Encapsulation processes of functionalised fabrics and effects on performance 

fabric and technological 
component, reference 

encapsulation layer effects of encapsulating the fabrics 

100% Nomex single jersey, digital 
printed circuit board (10Ω), 
Kapton electrodes 
Shieldex® 234/34-2 ply, silver 
coated polyamide, linear 
resistance <100Ωm 
(Matsouka, Vassiliadis, Tao, 
Koncar, Bahadir, Kalaoglu, and 
Jevsnik, 2018) 

printed circuit board 
encapsulated in silicon 
transmission lines covered 
with thermoplastic 
polyurethane film 
(thickness 1mm), 
thermoset with press 180ºC 
for 20s 

silicon encapsulant did not affect 
resistance 
durability to wash increased with 
encapsulation 

   
soldered component joints on 
100% cotton and 100% polyester, 
plain twill woven variation, 
similar weight (ASTM D3776) 
(Molla, Compton, and Dunner, 
2018)  

12 encapsulation 
techniques in pilot study 
(five liquid and seven tape) 
five chosen for further 
experiments, four tape and 
one liquid: Gear Aid Sil-
Net™ Silicone Seam Sealer  

addition of encapsulant treatments 
increased stiffness, polyester greater 
stiffness than cotton 
resistance lower after encapsulation (bar 
no effect of MelcoTM seam tape) 
the liquid silicon seam sealer had the 
second lowest resistance (28.26Ω/m) 
liquid silicon seam sealer was reported to 
perform most effectively 

   
ultrasonicated with graphene 
nanoparticles and carbon black 
cloth, area density 0.22kg/m2, 
fibre diameter ≈15.1±0.8μm; yarn 
diameter ≈223.9±27.4μm 
(Souri and Bhattacharya, 2018b) 

Ecoflex® (0030) layer, 
liquid elastomer 

101.24±8.06Ω  
after encapsulation with Ecoflex® 
539.92±16.34Ω 

   
graphene nanoparticles (5nm 
thickness, 5µm width) and carbon 
black 
weft knit cotton (0.55mm 
thickness, 223.9µm fibre diameter, 
0.22kg/m2 area density) 
weft knit wool (0.7mm thickness, 
509.7µm fibre diameter, 
0.38kg/m2 area density) 
a 'dog bone' shape (100mm x 
6mm) 
(Souri and Bhattacharya, 2018c) 

Ecoflex® (0030) layer, 
liquid elastomer (mold up 
to 1.5mm thickness), cured 
90ºC for 45min, fabric 
placed in this layer and 
non-cured Ecoflex® on top, 
cured, yield total thickness 
4mm 

surface resistance ~286.54Ω and 232.15Ω 
for cotton and wool, respectively; 
increased to 1.95KΩ and 1.22KΩ with the 
Ecoflex® layer, respectively 
presence of elastomer reduced heating 
and cooling speed, cooling with Ecoflex® 
similar for both wool and cotton 

   
graphene nanoplatelets (5µm 
width and 5nm thickness) and 
carbon black (30nm)  
flax yarns bleached and 
unbleached (400µm) 
mass ratio (1:3, 1:2, 2:3) and 
deposition time (3min, 5min, 
10min, 15min, 20min) 
(Souri and Bhattacharya, 2018d) 

Ecoflex® (0030) layer, 
liquid elastomer poured to 
make up half thickness, 
cure 90ºC for 45min, yarns 
positioned, then Ecoflex® 
was poured on and cured 
total thickness 2mm and 
4mm, 60mm length and 
10mm width for both 

resistance changed from ~600Ω to 8KΩ 
following encapsulation due to partial 
elastomer penetration in the fibres 
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Table 2.7 contd 

fabric and technological 
component, reference 

encapsulation layer effects of encapsulating the fabrics 

polyurethane sponge immersed in 
carbon nanotubes 
(Chen, Su, Song, Cheng, Chen, 
Meng, Song, Chen, and Zhang, 
2017) 

half cured (70ºC, 20min) 
polydimethylsiloxane to 
prevent reduction of the 
sponge porosity and the 
sensitivity of the carbon 
nanotube treated sponge 

after one dip 450KΩ, after 5 dips 2.3KΩ  
 

   
stretchable electronic module 
attached with fabric adhesive 
conductive fabric leads attached 
to the waterproof bonding tape 
garment assembly of compression 
shirt and shorts, sports bra 
(Dabby, Aleksov, Lewallen, Oster, 
Fygenson, Lathrop, Bynum, 
Samady, Klein, and Girouard, 
2017) 

waterproof elastomer on 
top side 
waterproof bonding tape 
attached to fabric with heat 
press and over conductive 
leads 

worn for an hour, no discomfort noted 
comparable performance to Polar H6 
chest strap for heart rate monitoring 
measured simultaneously 
all passed the JoyFay Watch Waterproof 
Test: water indicator tape did not change, 
and worked normally after exposure 

   
nickel nanoparticles and graphene 
(reduced with hydroiodic acid) 
treated polyurethane sponge 
(Han, Li, Zhao, Zhang, Huang, 
Zhang, Sun, and Wong, 2017) 

polydimethylsiloxane 
upper and lower layer, half 
cured increased viscosity 
to reduce permeation in 
polyurethane sponge 
 

resistance 2.5MΩ after one absorption, 
reduction cycle, 29.72KΩ after five cycles 
improved durability and stability to 
bending and extension (1,000 cycles) with 
encapsulation 

   
polybutylene terephthalate puffy 
yarns dip coated in graphene 
resistive ink 
(Nejad, Punjiya, and Sonkusale, 
2017) 

dip coated in 
polydimethylsiloxane by 
passing through a hole and 
curing treated yarn 
 

measure up to 50% change in length, 
reduced resistance (piezoresistive) of 
those not encapsulated 
resistance increased with strain for 
encapsulated fabrics, the encapsulant 
insulates and hold fibres in position 
(tensile force and not torsional force) 

   
small light emitting diode as an 
array (nickel-plated copper wire 
and silver-plated silver copper 
tinsel woven in fabric), 
electrocardiogram textronic 
devices, soldered with tin and 
glued with a silver adhesive 
transmission wire silver-plated 
polyamide yarn Shieldex® 
234/34-2 ply, <100Ω/m, sewn in 
zig-zag pattern 
(Tao, Koncar, Huang, Shen, Ko, 
and Jou, 2017) 

thermoplastic 
polyurethane adhered with 
press (3 bars) under 
controlled temperature 
(180ºC) for 20s to protect 
the conductive yarn and 
connection (30µm 
thickness) 

lower resistance with encapsulation film 
51Ω/m <77Ω/m 
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Table 2.7 contd 

fabric and technological 
component 

encapsulation layer effects of encapsulating the fabrics 

flexible organic light emitting 
diodes 
graphene films of polyethylene 
terephthalate substrate 
(Seo, Park, Kim, Kwon, Jeong, and 
Lee, 2016) 

polydimethylsiloxane 
(SYLGARD™) spin coated 
on graphene (2, 4, 6 layers)/ 
polyethylene terephthalate, 
cured 1h at 80ºC 
assembly was laminated and 
encapsulated with a UV-
curable epoxy resin on the 
polymer light emitting 
diodes, sealed with 
polyimide tape 
polydimethylsiloxane/ 
polyethylene terephthalate 
and polyethylene 
terephthalate only 

no damage due to encapsulation  
polyethylene terephthalate was least 
effective for current efficiency and 
polydimethylsiloxane /graphene/ 
polyethylene terephthalate performed 
best 

   
copper filament fibres (0.55Ω/cm) 
and elastic in single jersey, intarsia 
pattern 
160g/m2, thickness 800µm, 
10loops/cm 
(Li and Tao, 2014) 

polyurethane coating on 
copper filament fibres 
(50µm) 
3µm coating thickness 

pre-stretch elastic yarns, when released 
cover copper fibres 
ball punch test to examine three-
dimensional deformability, revealed 
approximately 150% (metal fibre loops 
slide and adjust), both out of plane and 
in plane deformation 
intended for use as a smart bulletproof 
vest 

   
Shieldex® size 33 yarn (sewing 
over itself reduces resistance) 
Shieldex® size 40 yarn, ply yarn, 
conductive and not yarn (runs 
better through a sewing machine) 
conductive ink screen printed 
applied to twill cotton drill 
12 test conditions investigated 
with combinations of the 
treatments 
(Zeagler, Gilliland, Audy, and 
Stanner, 2013) 

Plastisol ink (screen printing 
ink) over conductive ink, 
cured as plastic after heat 
applied 

conductive  
reduced degradation with wash 
following encapsulation 

   
standard packaged components 
and meander-shaped copper 
tracks 
woven fabric (99%polyester/1% 
carbon) and knit fabric 
(polyamide, elastane mixture) 
(Vervust et al., 2012) 

polydimethylsiloxane Dow 
Corning 9601, 9600, 184, 186 
screen printed on fabrics, 
module positioned on the 
polydimethylsiloxane and 
encapsulates the module 
with a second layer over the 
module 
cured 100ºC 10min 

polydimethylsiloxane mechanically 
protected and insulated electrical 
connections 
total fabric thickness at least doubled 
after encapsulation and had greater 
density 
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Table 2.7 contd 

fabric and technological 
component 

encapsulation layer effects of encapsulating the fabrics 

six e-fibres woven in a ‘smart 
textile’ 
(Cherenack, Zysset, Kinkeldei, 
Munzenrieder, and Troster, 
2010) 

silicone spray on to protect 
fibres during the 
manufacturing process 
thermoplastic 
polyurethane substrate 
ironed on the top of the 
treatment substance and 
fabric with glob top 
treatment 

thermoplastic polyurethane protects and 
adheres the sensors together 
perform effectively as temperature and 
humidity sensors 

   
printed circuit boards with 
metallised fabric of copper and 
tin and heat activated 
adhesive, laser cut or hand cut 
to produce circuit; electronic 
sequins; socket buttons 
(Buechley and Eisenberg, 
2009) 

epoxy resin, urethane resin 
couching embroidery stitch 
iron on insulators 
latex, acrylic gel, fabric 
paints 

encapsulation techniques did not affect 
resistance of circuits 
all reduced flexibility of the treated area 
insulated and protected from corrosion and 
wear 
fabric paint changed look and feel, raised 
area evident 

   
miniaturised embroidery 
circuits 
conductive silver coated yarn 
with 500Ω/m as top and 
bottom yarn for embroidery 
(Linz et al., 2008) 

double sided encapsulation 
with hot melt (substance 
not described) 
encapsulation and transfer 
molding of epoxy resin 
and hardener 

after both encapsulation techniques the 
module was not flexible 
temperature cycling for 1,000 cycles between 
85ºC and -40ºC for 15min each, 1% failure 
with transfer molding 
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Figure 2.4 
Chemical structure of encapsulant constituents  

a Polydimethylsiloxane b Toluene 
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low polarity, resistance, permeability to gas, and oxidation and radiation has negligible effects (Lee, 
Park, and Whitesides, 2003). Some products have high viscosity which could result in large changes 
to the fabric properties. Low viscosity encapsulants can fix to fabric, yarn, and fibre contours, filling 
interstitial spaces, or increase effective diameter of the yarn, while high viscosity encapsulants remain 
on the surface (Vervust et al., 2012). By changing the thickness of an encapsulating treatment, 
conductivity and sensor performance can be altered (Souri and Bhattacharya, 2018c, d). 

Encapsulants and treatments differ in desirability and usability for use by consumers and/or 
manufacturers. Key considerations relate to ease of application, availability, price, and effectiveness. 
Products typically confer water repellence or proofing. Consumer end use products include 

Granger'sÒ Clothing Repel, Scotchguard™ Fabric and Upholstery Protector, 303Ò Fabric Guard, 
BEMIS™ Seam Tape, Gear Aid Sil-Net™ Silicon Seam Sealer, Liquid Electrical Tape, Plasti Dip multi-
purpose rubber coating. Those more suitable from a manufacturer's perspective include 

polydimethylsiloxane polymers in liquid form, EcoflexÒ and SYLGARD™ 184 Silicone Elastomer Kit. 
The latter are often of higher cost, require curing at elevated temperatures, possibility additives to the 
polymers, and are designed for longevity of protection. Consumer based products differ in the design 
of use for simplicity, convenience, and likely require re-application over time or following exposure 
to potentially degrading processes such as cleaning and abrasion. Some products have poor 
environmental properties mostly linked to bioaccumulation (e.g. Scotchguard™ fluorocarbon 
urethane (Renner, 2000)). Petroleum based sprays are least desirable due to the chemical properties 
and potential interactions with the skin. Silicon based polymers have no marked environmental 
effects with some evidence of biodegradation, albeit still a synthetic polymer (Graiver, Farminer, and 
Narayan, 2003). Polymers are generally safe when in contact with skin as silicone molecules are too 
large to penetrate. If fully encapsulated, the layer may prevent transfer and therefore contact of the 
underlying functionalised surface with the skin. Ecoflex® has also been reported as skin safe, certified 
by ISO 10993-10 Biological evaluation of medical devices (International Organization for 
Standardization, 2010). 

Solvents can be used to thin treatments potentially yielding a coating more likely to fix to contours of 
yarns and fibres rather than forming a thick surface coating over the fabric and interstitial spaces. 
Toluene is one such solvent, an aromatic hydrocarbon attributed with high solubility (Figure 2.4 b). 
Polydimethylsiloxane absorbs the solvent from the microchannel and will saturate the solvent over 
time (Lee, Park, and Whitesides, 2003). Toluene and polydimethylsiloxane have similar cohesive 
energy densities and separation of molecules permits penetration of solvent molecules (Lee, Park, 
and Whitesides, 2003). The solubility parameter of polydimethylsiloxane is approximately 7.3 
(calories per cm3)1/2 and that of toluene is 8.9 (calories per cm3)1/2  and therefore relatively close (Lee, 
Park, and Whitesides, 2003). 

Penetration of encapsulants beyond the fabric surface within yarns and fibres can decrease 
conductivity and change thermal properties (Vervust et al., 2012; Souri and Bhattacharya, 2018c, d). 
The insulative material can become deposited amongst the conductive substance and fibres, 
prohibiting transfer of electricity. A surface layer creates a physical insulative barrier between the 
fabric and connectors of electrical measurement devices (e.g. multimeter). Fabric edges may need to 
remain non-encapsulated to fasten clips of measurement devices to contact the conductive surface. 
Changes to non-encapsulated edges may confound obtained results as non-encapsulated areas are 
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included in the measurement. Furthermore, non-permeability can restrict sensing applications 
because penetration of the desired agent is required to effect conductivity. Constraints on encapsulant 
thickness may ensure measurements of conductivity are possible and accurate. 

Curing parameters can be manipulated to change deposition. Greater penetration in a fabric 
reportedly results from longer curing time with lower temperature (e.g. 'room temperature' for 24h) 
whereas shorter curing time and higher temperature (e.g. 10min at 100°C) can yield a surface 
treatment by preventing penetration (Vervust et al., 2012). Investigating parameters to optimise 
performance is desirable while some aspects are pre-determined by the manufacturer. The structure 
of the underlying fabric can affect encapsulant deposits on the fabric. For instance, 
polydimethylsiloxane was evident in the yarn cross-sections of knits but not present in that of wovens 
(Vervust et al., 2012). This could relate to the size of interstitial spaces and differences in yarn 
placement of each respective structure. Other fabric parameters such as stitch density, thickness, mass 
per unit area were not controlled in this investigation but may differ among fabrics and affect 
outcomes. 

Encapsulation with polymers such as polydimethylsiloxane, warrants investigation because previous 
work indicates possible protection and low adverse effects on performance. Other polymers, such as 
Ecoflex® and epoxy resin, were considered undesirable due to potential for increased thickness and 
change to fabric properties (e.g. permeability to air and water vapour) (Souri and Bhattacharya, 2018c, 
d). Sealants were also not explored as they would likely add bulk, stiffness, and may result in an 
unacceptable feeling next to the skin. Iron on adhesives and tape were omitted because each is visible, 
covers the fabric (fibres, yarns, interstitial spaces), and has potential to cause undesirable changes to 
fabric properties. Such products could also be anticipated to fail (i.e. detach from the fabric surface) 
due to potentially restricted adhesion. 

2.6 Methods to determine properties of apparel fabrics 
International, national, and regional standard test methods are available and use widely reported in 
the textile literature to demonstrate performance of fabrics. Standards have not been used to the same 
extent to evaluate performance of functionalised fabrics. Use of standard test methods is preferred 
unless there is a critical reason for not doing so. Standard test methods for fabric properties may not 
be acceptable to examine functionalised fabrics due to additional components which may pose issues 
(e.g. reactivity) not evident with non-treated fabrics (Decaens and Vermeersch, 2018). Properties of 
individual components (fibres, yarns, fabrics, functionalising components) cannot be surmised to the 
performance of functionalised fabrics. Interactions that occur among the separate components will 
yield an assembly likely with different properties to the sum of properties of all the individual 
components. 

Properties of apparel fabrics which have been the subject of many research papers include thermal, 
air, vapour and liquid moisture transfer (Havenith, 2002; Das, Das, Kothari, Fanguiero, and de 
Araujo, 2007; Oglakcioglu and Marmarali, 2007; Das and Alagirusamy, 2010; Stanton, 2010; Laing, 
MacRae, Wilson, and Niven, 2011; Zeng et al., 2014; MacRae, Laing, Wilson, and Niven, 2014; Huang, 
2016; Cao and Wang, 2018), elasticity (Kirk and Ibrahim, 1966; Baird, Laird, and Weedall, 1995; Smuts 
and Hunter, 1995; Stevens and Mahar, 1995; Wuliji, Land, Endo, Andrews, Dodds, and Turner, 1995; 
Kisilak, 1999; Scilingo et al., 2005; Huang et al., 2008; Metcalf et al., 2009; Sular and Seki, 2018), flexural 
rigidity (Chadwick, Pollitt, and Taylor, 1963), tactile properties (Chambers IV and Baker Wolf, 1996; 
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Brandt, Brown, Burns, Cameron, Chandler, Dallas, Kaiser, Lennon, Pan, Salusso, and Smitley, 1998; 
Lawless and Heymann, 1999; Cardello, Winterhalter, and Schutz, 2003; Behery, 2005; Kitaguchi, 
Kumazawa, Hiroyuki, Endo, Sato, and Sukigara, 2017), resistance to abrasion (International 
Organization for Standardization, 2016a; Chatterjee, Kumar, and Maity, 2017), care and cleaning 
(International Organization for Standardization, 2006; Ali et al., 2017; Chatterjee, Kumar, and Maity, 
2017), and environmental effects in use, and disposal (Kohler, Lauterbach, Steinhage, Buiter, and 
Techmer, 2012; Kohler, 2013; van der Velden, Kuusk, and Kohler, 2015; Yasin and Sun, 2019). 
Evidence for investigating such properties is sparse for functionalised fabrics, especially wool and 
cotton knits treated with graphene. Thus, there is a need for comprehensive examination of effects 
that arise based on functionalising apparel fabrics with conductive treatments. 

2.7 Performance of functionalised fabrics  
2.7.1 Electrical conductivity, sensor function, reliability 
KΩ or low MΩ are considered acceptable for textile sensing applications (Kaynak, 2016). One study 
suggested failure for readings >10Ω (Bogan, Seyam, and Slade, 2019) notwithstanding resistance is 
typically reported as higher in most publications. Use in textile sensing applications may permit 
lower conductivity because change with exposure is critical rather than the level of conductivity 
(Collie, 2009). The proportion of conductive substance is small compared to the insulative fabric 
which may explain use of 'resistance' (Zhang, Fairbanks, and Andrew, 2017). Descriptions of resistive 
and conductive terms are often not specified by descriptors (i.e. electrical, thermal), which can reduce 
clarity, especially when discussing textiles, as resistance also refers to factors pertaining to thermal 
properties or durability (e.g. resistance to wash and abrasion). 

The Van der Pauw method (van der Pauw, 1958) has been used to measure specific surface resistivity 
of fabrics mostly based on four-point probe measurements, especially when examining irregular 
material shapes (Tadesse, Loghin, Chen, Wang, Catalin, and Nierstrasz, 2017; Tokarska and Orpel, 
2019). This method assumes specific conditions (i.e. homogenous, uniform thickness, isotropic, 
surface singly connected with no isolated holes) which are perhaps not met with a regularly shaped, 
non-uniform fabric structure of intertwined or interlaced yarns. Additionally, ensuring the area of 
electrode contact is, at minimum, an order of magnitude less than the specimen size can be difficult 
with small fabric specimens (Heany, 2003). The two-point probe method permits measurement of 
electrical current passing through both the conductive treatment and yarns and fibres present which 
remain partially non-treated and insulative. The four-point probe method that yields surface 
resistivity may measure the current flowing through the conductive surface coating only (Kaynak, 
2016). Greater consistency in measurement can be achieved by measuring along the wales and courses 
of knits or warp and weft of wovens. Fabrics with a high stitch density of fine yarns per 10mm and 
little variability in thickness, with treatments partially or completely filling interstitial spaces, can 
produce a more homogenous surface than the initial fabric. This is desirable for electrical performance 
and possibly fabric properties. However, measurements with the two-probe method include 
resistance of the textile, leads, and connectors which can vary among instruments (Ghahremani 
Honarvar and Latifi, 2017). Some measurement aspects are difficult to control or specify, specifically 
the amount of material grasped by connectors (e.g. alligator clip), pressure, and/or number of contact 
points with fibres/yarns. Each of the possible methods for electrical measurement have advantages 
and disadvantages regarding validity of measurements. 
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Use of standard methods in published research was sparse; instead instruments and techniques were 
described (e.g. multimeter, two-point probe, four-point probe, replicate measurements). 
Conductivity was determined at one point in time or over time with exposure to an agent (e.g. 
temperature, humidity, gas, volatiles) or process (e.g. wash, abrasion). Reports of conductive and 
resistive properties were identified. Resistivity and conductivity describe the property relative to a 
defined area whereas conductance and resistance do not reference area (American Association of 
Textile Chemists and Colorists, 2011; Kaynak and Foitzik, 2011; Woltornist et al., 2015; Kaynak, 2016). 
Reporting per specified dimensions allows more direct comparisons among fabric specimens 
differing in dimensions. Fabric specimen length, width, and thickness influence electrical properties 
(e.g. resistance increased linearly with increased measurement distance (Zhang, Fairbanks, and 
Andrew, 2017)). Although not the typical practise, conversion to conductivity (Siemens) may be best 
suited for interpretation of results. 

Measurements of resistivity were commonly used in the scientific literature, including ohm/square 
(Heany, 2003; Rosace, Trovato, Colleoni, Caldara, Re, Brucale, Piperopoulos, Mastronardo, Milone, 
De Luca, and Plutino, 2017; Tadesse et al., 2017; Manasoglu, Celen, Kanik, and Ulcay, 2019; Afroj et 
al., 2019; Islam, Khair, Ahmed, and Shahariar, 2019; Afroj, Tan, Abdelkader, Novoselov, and Karim, 
2020; Xu et al., 2020) or ohm/meter (Heany, 2003; Cao and Wang, 2018; Schal, Junger, Grimmelsmann, 
and Ehrmann, 2018; Zheng et al., 2020; Zulan, Zhi, Lan, Sihao, Dayang, and Fangyin, 2019; Afroj et 
al., 2020) sometimes converted to Siemens/meter (Ryan, Mengistie, Gabrielsson, Lund, and Muller, 
2017; Barakzehi, Montazer, Sharif, Norby, and Chatzitakis, 2019; Chun, Son, Kim, Lee, Min, Jung, 
Kwon, Kim, Kim, Lim, and Pang, 2019; Jia, Xu, Ren, Ren, Yan, and Li, 2019; Liu et al., 2019). Fabrics 
are anisotropic (i.e. weft/warp and wales/courses) as are the conferred properties. Findings from one 
investigation suggested measurements parallel to the course direction had greater stability (Metcalf 
et al., 2009) while another suggested that wale orientations were more stable (Paradiso and De Rossi, 
2006). Contradictions in literature may relate to different applications of the textiles, methods used 
for functionalisation, material composition, and/or experimental design. 

Insufficient moisture can cause static electricity build up (Castano and Flatau, 2014). Hydrophilic 
fibres (e.g. cotton, wool) are more effective at avoiding this issue than hydrophobic fibres (e.g. 
polyester, polyamide). Hydrophobic fibres may ameliorate moisture related interference such as 
short circuiting (Castano and Flatau, 2014) which is a challenge for hydrophilic fibres. Nevertheless, 
moisture can still accumulate in fabric interstitial spaces and similar issues may arise. Unfortunately, 
in terms of fabrics functionalised to be conductive, transfer of heat and moisture through fabrics can 
deteriorate conductivity or interfere with the level of conductivity while the fabrics are being used as 
a sensor for another parameter. Therefore, such effects also need to be considered and/or 
demonstrated.  

Irrespective of composition, adding a non-textile component to textiles will likely modify properties. 
The issue is the measurability and perceptibility of the differences. Investigated properties of 
functionalised wool and cotton are listed in Appendix A Table A.1 and A.2. Differences in electrical 
performance can be attributed to fibre type and fabric porosity (Zhang, Fairbanks, and Andrew, 2017). 
Specifically, electrical properties of graphene functionalised wool and cotton textiles are given in 
Table 2.2 and 2.3. As evident in the table, wool and cotton constructed in wovens and knits have been 
functionalised with graphene yielding a conductive fabric. The graphene treatments successfully 
conferred conductivity to the otherwise non-conductive fabrics. Instability of staple fibres within 
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yarns and fabrics can interfere with electrical performance (i.e. connectivity and stability for 
interactions with the human body). During use, variation in conductivity may occur that is not 
attributable to the agent of interest.  

Deposits of treatment and resulting conductivity are affected by the underlying fabric. For example, 
polypyrrole coatings formed on wool by fusing ~200nm diameter spheres, some accumulated and 
chemically bonded on tips of cuticles while ~100nm spheres formed on cotton fibres using the same 
process (Johnston et al., 2006). Wool was toilsome to coat, requiring a pre-treatment to remove surface 
lipids (not necessary for cotton). Additionally, conductivity of wool fibres was less, 10-4S/cm, 
compared to 2x10-1S/cm to 2x10-3S/cm of cotton fibres (Johnston et al., 2006) suggesting lower 
deposition or connectivity through the coating achieved on wool fibres. The desired outcome will 
therefore influence selection of the underlying fabric to be functionalised. 

The sensing response is based on change in conductivity when exposed to a measurable parameter. 
Resistance after exposure to an agent has been used to quantify the sensor response and recovery 
as % change (Chung, Kim, Lee, Kim, Choi, Seo, Yoo, Hong, Kang, and Kim, 2012). Response time is 
defined as time required for conductance to reach 90% of the initial level of conductance (Yoon et al., 
2011; Fan et al., 2018). Formulae utilised to determine response time involve exposure to a standard 
environment (e.g. nitrogen dioxide) and exposure to an agent (e.g. carbon dioxide). Formulae to 
determine sensor response include: 

response	(%) = 	
∆R
R 	𝑥	100 

(Fan et al., 2018) 

where ∆R is the change in resistance with exposure to gas, and R the initial resistance before exposure 

response	(%) = 	
R − R0
R0 	𝑥	100 

(Wu, Chen, Zhu, Zhou, Yao, Quan, and Liu, 2013; Qi, Xinxin, Liu, and Lau, 2014) 

where R is the sensor response to exposure and R0 the initial resistance 

response	(%) = 	
R0	 − 	Rg

R0 	𝑥	100 

(Yoon et al., 2011; Chung et al., 2012) 

where R0 is the resistance before exposure, and Rg is the resistance after exposure 

Recovery time has been defined as time from when exposure stops until 90% of the initial 
conductance is reached (Nemade and Waghuley, 2013; Fan et al., 2018). Recovery time can be 
determined with exposure to an agent and after the point of removal, as well as time required to 
return to the initial response, usually at least 90% (Yoon et al., 2011; Nemade and Waghuley, 2013; 
Wu et al., 2013; Muhammad Hafiz et al., 2014; Fan et al., 2018). A formula for recovery was identified: 

recovery	(%) = 	
Ra	 − 	Rg
R0	 − 	Rg 	𝑥	100 

(Chung et al., 2012) 
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where R0 is the resistance before exposure, Rg the resistance after exposure, and Ra the resistance 
after a given recovery time. 

Exposure under different concentrations of an agent (Yoon et al., 2011; Wu et al., 2013; Muhammad 
Hafiz et al., 2014),  temperatures (Yoon et al., 2011), and relative humidity's (Fan et al., 2018) have 
been tested to demonstrate reproducibility with multiple sequential exposure periods, essential for 
multiple use products. Regardless of the parameter to which the fabric responds, multiple repeat 
cycles are important to illustrate reproducibility. 

2.7.2 Evidence of deposits 
Spectroscopy and microscopy techniques produce information related to physical deposits down to 
the fibre level within the fabric and formation of chemical bonds between the treatment and fibres. 
Multiple assessment techniques are often employed in each study to determine surface properties 
(Appendix A Table A.1 and A.2). SEM and TEM were used to examine surface characteristics, 
especially visual evaluation of adherence of the treatment on the fabric, and yarns and fibres in the 
fabric (Wang et al., 2005; Pahuis et al., 2007; Kaynak, Najar, and Foitzik, 2008; Varesano and Tonin, 
2008; Karimi et al., 2014; Hu et al., 2015; Motaghi and Shahidi, 2015; Wu, Zhang, Wu, Wang, Ma, Yu, 
Li, and Li, 2015; Karimi et al., 2016; Ali et al., 2017; Chatterjee, Kumar, and Maity, 2017; Zhang, 
Fairbanks, and Andrew, 2017). FTIR, X-ray diffraction, atomic force microscopy, and Raman 
spectroscopy provide chemical evidence of treatment deposits (Pahuis et al., 2007; Karimi et al., 2014; 
Javed et al., 2014; Karimi et al., 2016; Shirgholami, Loghman, and Mirjalili, 2016; Chatterjee, Kumar, 
and Maity, 2017).  

Infrared spectra (FTIR) characteristics (cm-1) of graphene include 2,935: stretching vibrations of −CH; 
1,695: stretching vibrations of C=O; 1,142: stretching vibrations of −COOH; 1,023: stretching 
vibrations of C–O (Shateri-Khalilabad and Yazdanshenas, 2013a; Chatterjee, Kumar, and Maity, 2017). 

Raman band (𝝂8/cm-1) characteristics of graphene are 1,345: Graphene D band (intensity of D peak 
typically greater than G peak for reduced graphene oxide); 1,600: Graphene G band; 2,700 to 2,900: 
Monolayer of Graphene (2D band) (Ferrari, Meyer, Scardaci, Casiraghi, Lazzeri, Mauri, Piscanec, 
Jaing, Novoselov, Roth, and Geim, 2006; Johra, Lee, and Jung, 2014). 

Functional groups pertinent for wool with their respective wave number region (cm-1) related to 
infrared spectra (FTIR) are O-H 3,200 to 3,550; C-H (CH2, CH3, CH) 2,850 to 3,000; C=C, C=O (amide 
1) 1,630 to 1,680; C-H (CH2, CH3), N-H (amine 2) 1,400 to 1,600; C-O 1050 to 1,150; C-H 675 to 1,000; 

N-H (amine 2) 600 to 800. That of bands (𝝂8/cm-1) from Raman spectra are CH2 and CH3 bending 
modes 1,448; amide I 1,665; CH2 asymmetric stretch 2,930; amide B C-N-H bend overtone 3,068; amide 
A N-H stretch 3,309 (Carter, Fredericks, Church, and Denning, 1994). An example of infrared spectra 
of wool is given in Figure 2.5 a.  

Functional groups appurtenant to cotton (Figure 2.5 b) and the respective wave number region (cm-

1) related to infrared spectra (FTIR) are O–H stretching vibration 3,200 to 3,600; C–H stretching 
vibrations 2,900; C=O stretching vibrations 1,650; O–H bending of adsorbed moisture 1,635; –C–H 
deformation vibration 1,375; asymmetric CH3 deformation vibration 1,428; CH2 wagging 1,300; CH2 
rocking vibrations 500 and 700 (Chung, Lee, and Choe, 2004; Cai et al., 2017; Chatterjee, Kumar, and 

Maity, 2017; Souri and Bhattacharya, 2018b). That of bands (𝝂8 /cm-1) from Raman spectra are 
symmetric δ(CCC) ring 375; symmetric ν(C-O-C) in plane 895; ν(C-O-C) glycosidic link 1,094;   
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Figure 2.5 
Typical infrared spectra (FTIR) of wool and cotton fibres 

a Wool b Cotton 
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symmetric ν(C-O-C) vibrations of glycoside bond (Cellulose) 1,116; asymmetric ν(C-C) ring breathing 
1,153; δ(CH2) wagging (Cellulose) 1,329; CH2 bending and skeletal modes 1,378. 

Fabric colour changes with functionalisation. Cotton fabrics begin white, often scoured, mercerised, 
bleached, while wool fabrics have cream colouration. Graphene oxide produces brown and reduction 
reactions result in a grey or black colour (Javed et al., 2014; Karimi et al., 2016; Shirgholami, Loghman, 
and Mirjalili, 2016). Direct application of reduced graphene oxide or a graphene ink will yield 
immediate grey or black colour. Colour change indicates successful coating and/or reduction of 
graphene oxide and is proportional to conductivity. Typically a greater change in colour corresponds 
with higher conductivity (Kaynak, 2016). Treatment fixation and uniformity is often surmised from 
fabric appearance. Treatments can form films over the fabric or penetrate in the fabric, yarn structure, 
and/or within fibres. For instance, fabric coverage of reduced graphene oxide was reported albeit no 
treatment on individual fibres within fabrics (Chan, Fawcett, and Poinern, 2016; Zhang, Fairbanks, 
and Andrew, 2017). Challenges with treating fabrics include coverage variation due to the reverse or 
inner side of yarn intersections and fibres within the centre of yarns not being effectively treated 
(Zhang, Fairbanks, and Andrew, 2017). Whether to treat the technical face, technical rear, or both 
surfaces need to be determined early in the process. In some instances, penetration of the treatments 
may not be controllable to one surface the treatment will penetrate through the entirety of the fabric. 

Few studies acknowledge detrimental effects for colouration. The typical dark colour (e.g. dark grey, 
black) conferred by functionalising treatments limits colour options. Focus has mostly been 'proof of 
concept' rather than product development for real life applications, for this reason, consideration of 
colour may have been omitted. Bleaching would be required post treatment deposition to apply 
colour, likely not possible without degrading conductivity. Applying treatments to pre-dyed fabrics 
is another option, necessitating understanding of interactions between conductive treatments and 
dye constituents. The resulting colour may differ from that intended due to the underlying colour (i.e. 
not bleached white). An example of application to pre-dyed wool textiles in a patent for abrasion 
resistant wool textiles treated with polypyrrole explored this process (Kaynak, Lin, Foitzik, Wang, 
and Wang, 2006). Alternatively, dyes and functionalising treatments can be mixed. For example, 
graphene oxide nanosheets were successfully dyed with red dye (rhodamine 6G) producing 
graphene oxide coated yarns which were twisted with reduced graphene oxide coated nylon yarn to 
impart colour, while also conferring conductivity (Yun et al., 2013). Depositing a thin coating (e.g. 
single layer of vapour or spray polymerisation) lessens colour change but conductivity conferred may 
also be less because fewer connections can be made in the fabric. Reduced conductivity may be 
acceptable for applications where appearance and colour have precedence (Kaynak and Foitzik, 2011) 
such as non-critical sensing apparel applications in general use, well-being, fashion. 

For wool fibre, functionalising textiles may change scale presence. As for cotton fibres, twists and 
folds may be mitigated or accentuated. The whole fibre may be covered/smoothed or applied 
substances may accumulate under scale protrusions lifting the scales and increasing prominence. For 
example, polypyrrole coating decreased the friction coefficient and directional friction effect in wool 
and alpaca fibres due to smoothing over the scales (Wang et al., 2005). Accumulation at scale tips has 
also occurred (Johnston et al., 2006). Accentuation or mitigation of scales results in non-uniformity 
and may elicit consequences for conductivity and durability. Conductivity is possible with non-
uniform treatments if routes for transfer among fibres and yarns are possible, as a single line for 
conduction cannot occur. Conductivity may be decreased because the indirect path electrical signals 
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travel is greater in distance. Electrical transmission may also be disrupted due to movement in the 
structure separating and connecting yarns (Zhang, Fairbanks, and Andrew, 2017). In this respect, 
non-continuous treatment deposits may be desirable to prevent degradation from repeated 
separation and/or connection 

2.7.3 Thermal, air, and moisture transfer related properties 
Seven studies investigated effects of functionalising treatments on thermal and moisture transfer 
(Table 2.8). Of note is the different methods used among studies for which results can differ causing 
complex comparisons. What is not clear with these studies is whether changes are perceptible. Mostly 
decreases were reported, resulting in less permeability (heat, air, water vapour) compared to the 
original state of the fabric. Consequences for wear performance are likely. 

Acceptability for next-to-skin apparel may be further reduced with encapsulation, also related to 
reductions in permeability. However, research providing information for effects of encapsulants on 
thermal and moisture transfer relevant for next-to-skin applications was not found. A small section 
or patch on a garment with adversely affected properties may be acceptable as performance of the 
whole garment will not be greatly affected. If encapsulation creates an impermeable layer, trapped 
moisture, heat, and vapours may unfavourably affect conductivity. For example, Ecoflex® 
encapsulated graphene treated cotton and wool weft knits had similar heat transfer properties 
attributed to the elastomer layer (Souri and Bhattacharya, 2018c). The encapsulant dominated transfer 
properties. An associated lag time may also occur that would otherwise not be present due to the 
presence of an additional treatment layer (Seo et al., 2016). Therefore, transfer may be slowed yielding 
a buffering effect between the external environment and garment microclimate. 

Oftentimes, contact angle is quantified to infer water transfer properties of functionalised surfaces 
defined as the angle between a surface and tangential line of a droplet (i.e. the interface between the 
surface and liquid (Li and Zeng, 2012; Yuan and Lee, 2013)). Complete wetting is surmised from 0°. 
High wettability is denoted by contact angle <90°, greater contact yields high absorption, while >90° 
to 180° indicates minimum wettability as droplets remain on the surface, and greater than 150° 
suggests superhydrophobicity (Njobuenwu, Oboho, and Gumus, 2007; Yuan and Lee, 2013; Kles, 
2017). Methods differ with respect to liquid droplet composition, volume and size, environmental 
conditions, instruments, and analysis used. Deionised water was common and other liquids include 
chemicals, detergents, and dyes. Measurements may not be reliable due to the small droplet size and 
therefore small fabric area included, as well as user error if visually detecting the tangent line (Yuan 
and Lee, 2013). Effects can be mitigated with multiple repeats on several different areas of the surface 
(Yuan and Lee, 2013). With respect to fabrics this would involve taking measurements from areas of 
the fabric with different yarns of the wale and course or warp and weft. Moreover, contact angle of 
fabrics is complex because interlocked/interlaced yarns yield a non-uniform surface of yarn, air, and 
projecting fibres which can disrupt the surface tension of the droplet altering the resulting contact 
angle. 

Properties of the liquid, surface of treatment and underling fabric, and attractive and repulsive forces 
of hydrogen bonds or Van der waals forces among liquid molecules versus adhesion between 
dissimilar liquid molecules and intermolecular forces of fabrics determine interactions (Wang, Zhang, 
Abidi, and Cabrales, 2009; Rafiee, Mi, Gullapalli, Thomas, Yavari, Shi, Ajayan, and Koratkar, 2012; 
Kles, 2017). Weak cohesion among liquid molecules and high adhesion forces between liquid and   
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Table 2.8 
Effects of functionalisation on selected thermal, air, and moisture  

transfer performance properties 

materials methods results 

reduced graphene oxide (sodium 
dithionate) functionalised cotton woven 
and knit with matched mass 140g/m2 

(Chatterjee, Kumar, and Maity, 2017) 

air permeability (ASTM 
D737-04) 
pore size (ASTM 
D6767-14) 
particle size of 
graphene powder 
(ASTM E2651-13) 
water vapour 
permeability (ISO 8096) 

air permeability decreased 41% 
knit, 27% woven 
pore size decreased; thickness 
increased 
water vapour permeability in 
grams per m2 per day decreased 
2,000 and 2,287 to 1,700 and 1,740 
for woven and knit, respectively 

   
silver nanoparticle coated cotton plain 
woven, 160g/m2 with differing number of 
dips (50, 100, or 150) and concentration 
(0.10mol/mL) 
(Ali et al., 2017) 

air permeability (ISO 
9237) 
water vapour 
permeability (ISO 
11092) 

with 50, 100, 150 dips, air 
permeability decreased 790mm/s 
> 782mm/s, 770mm/s, 756mm/s 
and there was no significant 
change in water vapour 
permeability (78.8% > 77.5%, 
74.6% and 73.9%, respectively 

   
three-layered weft knit cotton and 
polyester blends: polyester carbon core 
yarns, stainless steel/polyester blends, 
polypropylene 
water proofing and oil repellence finishes 
(polyurethane) 
(Varnaite-Zuravliova et al., 2016) 

air permeability (ISO 
9237) 
water vapour 
permeability: cup 
method 
water retentivity 
(immersion) 
water penetration (EN 
20811) 

permeability to air and water 
retentivity each showed a large 
decrease, permeability to water 
vapour was changed to a lesser 
degree 
surface wetting increased with 
coating (from grade 1 to grade 3) 
resistance to water penetration 
increased  

   
twill, plain woven, 100% wool 
polypyrrole and carbon sputter 
(Wang et al., 2006) 

thermal conductivity increased thermal conductivity 
following polypyrrole treatment; 
minimal change with carbon 

   
woven, 100% polyester with light emitting 
devices 
(Verboven, Stryckers, Mecnika, 
Vandevenne, Josse, and Deferme, 2018) 

air permeability air permeability increased with 
pixel size of light emitting diodes 

   
warp knit, stainless steel wire, antibacterial 
nylon, polyester filament core 
(Yu, He, Zhang, Lou, Chen, and Lin, 2015) 

air permeability air permeability increased with 
increased polyester content, 
greater than 40cm3/cm2/s 

   
graphene films of polyethylene 
terephthalate substrate 
polymer/graphene and SYLGARD™ spin 
coated on graphene (2, 4, 6 layers)/ 
polyethylene terephthalate 
assembly was laminated and encapsulated 
with a UV curable epoxy resin on the 
polymer light emitting diodes, sealed with 
polyimide tape 
polydimethylsiloxane/ polyethylene 
terephthalate and polyethylene 
terephthalate only 
(Seo et al., 2016) 

water vapour 
transmission 

water vapour transmission rate 
decreased with the encapsulation 
from polyethylene terephthalate 
to polyethylene terephthalate/ 
polydimethylsiloxane and with 
the graphene 
transmission decreased with 
increased number of graphene 
layers 
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fabric result in interactions producing small contact angles: strong adhesive forces within liquid 
compared to adhesion between liquid molecules and surface result in large contact angles (Kles, 2017).  

Graphene oxide is hydrophilic attributed to carboxyl, epoxy, and hydroxyl groups (Fadeel et al., 2018), 
while reduced graphene oxide and graphite are hydrophobic (Wang et al., 2009; Fadeel et al., 2018). 
One study suggests graphene does not affect intrinsic wetting properties of copper, gold, silicon to 
which it is applied (i.e. 1% to 2% change was reported after various layers of deposition), possibly 
due to coating thickness (Rafiee et al., 2012). More pronounced differences were identified with 
graphene films on glass, 20.2° was recorded of glass, then depositing 1, 1-2, 2-3, 4-6, 6-9 layers 
increased contact angle to 48.1°, 54.3°, 87.1°, 94.2°, respectively (Rafiee et al., 2012). Small change has 
been challenged by more recent studies suggesting hydrophobicity was conferred. For instance, 
contact angles for water, formamide, diiodomethane, ehtylene glycol, and glycerol were 98.3°, 45.4°, 
21.9°, 55.9°, 66.6° on graphite; 67.4°, 18.5°, 38.5°, 21.6°, 49.7° on graphene oxide; and 127°, 80.4°, 42.6°, 
76.3°, 111.3° on reduced graphene oxide, respectively (Wang et al., 2009). Deposition of nanodroplets 
yielded a contact angle of 87°on graphene, and monolayer graphene with 400 molecule water droplet 
elicited a contact angle of 96°, while 95° to 100° were reported depending on the number of layers 
with 4,000 molecule water droplets (Wang et al., 2009; Li and Zeng, 2012; Shih, Wang, Lin, Park, Jin, 
Strano, and Blankschtein, 2012; Taherian, Marcon, and van der Vegt, 2013). 

No reports of contact angle of graphene treated wool were identified. That of cotton stipulated that 
contact angle increased following functionalisation with graphene treatments. For example, graphene 
and graphene/methyltrichlorosilane treated cotton fabric had contact angles of 143.2±2.9º and 
163.0±3.4º while 119º, 125º, 133º; 126°, 132°, 133° were reported with 1, 5, and 10 coatings of 10mg/mL 
or 20mg/mL graphene/polyvinylphosphonic acid on plain knit; that of water on plain woven fabric 
(120g/m2, 125weft/cm, 115warp/cm) graphene oxide treated was 0° after 16s, and that thermally 
reduced became 125° after 32s; in comparison ~146° was found of a twill weave (253g/m2, 0.568mm, 
41warp/cm, 21weft/cm) treated with reduced graphene oxide/titanium dioxide (Abbas et al., 2013; 
Shateri-Khalilabad and Yazdanshenas, 2013b; Sahito et al., 2015b; Tissera et al., 2015; Nooralian, 
Gashti, and Ebrahimi, 2016; Cai et al., 2017; Stan et al., 2019). Performance may differ with application 
of other graphene-based treatments (i.e. graphene ink). Thus, further investigation would be useful. 

2.7.4 Tactile acceptability 
Tactile properties of conventional apparel fabrics have been widely investigated (Laing and Wilson, 
1985; Brandt et al., 1998; Sular and Okur, 2007; Harpa and Hanganu, 2015; Süpüren Mengüç, Özdil, 
and Hes, 2015; Kitaguchi et al., 2017; Wiskott, Weber, Heimlicj, and Kyosev, 2017). Choice of 
procedure determines conclusions that can be drawn from results and statistical tests which can be 
run. Unipolar, bipolar, and hedonic tests indicate difference, the magnitude of difference or of some 
property. Whether a difference is present can be determined by paired comparisons (International 
Organization of Standardization, 2017; Lawless and Heymann, 1999), the two-out-of-five-test 
(International Organization of Standardization, 2017), triangular test (International Organization of 
Standardization, 2017), or duo-trio test, "A"-" not A" test (International Organization of 
Standardization, 2017). The size or order of differences and organising into categories can also be 
estimated by rating (Stevens and Galanter, 1957; Winakor, Kim, and Wolins, 1980; Burgard and 
Kuznicki, 1990; Lawless and Heymann, 1999; Cardello, Winterhalter, and Schutz, 2003); scoring 
(Süpüren Mengüç, Özdil, and Hes, 2015; International Organization of Standardization, 2017); 
ranking (Chen, Barker, Smith, and Scruggs, 1992; De Boos, 2005; International Organization of 
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Standardization, 2017); grading (Lawless and Heymann, 1999; International Organization of 
Standardization, 2017); magnitude estimation (Stevens, 1957; Lawless and Heymann, 1999; 
International Organization of Standardization, 1999; Cardello, Winterhalter, and Schutz, 2003; 
Kitaguchi et al., 2017). 

Assessment can be conducted by one of five types of assessors, either naive (Brandt et al., 1998; 
Alimaa, Matsuo, Nakajima, and Takahashi, 2000; Harpa and Hanganu, 2015), consumers (Lawless 
and Heymann, 1999; Giboreau, Navarro, Faye, and Dumortier, 2001), selected assessors, experts 
(Sular and Okur, 2007; Mahar, Wang, and Postle, 2013), or specialist experts. Experts quantify sensory 
characteristics or specify attributes but do not provide information on consumer response (i.e. experts 
say how 'soft' a fabric is, consumers say how 'soft' they like) (Lawless and Heymann, 1999; Giboreau 
et al., 2001). The purpose of the investigation determines which type of assessor will provide correct 
information to answer the posed question. Some attributes require movement over the surface of the 
fabric (e.g. roughness), others involve squeezing the fabric (e.g. thickness), while some require static 
touch (e.g. prickle). The part of the hand used for sensory assessment also requires attention. 
Fingertips are frequently used to assess surface characteristics of fabrics such as 
roughness/smoothness and softness/hardness (Sular and Okur, 2007; Harpa and Hanganu, 2015)). 
The palm of the hand can also be used (Bacci, Camilli, Drago, Magli, Vagnoni, Mauro, and Predieri, 
2012). 

Of particular interest is ranking by experts. Whether a difference among fabrics with different 
functionalisation treatments is present can be identified. Ranking is also one of the most common 
methods for sensory assessment (De Boos, 2005). Three or more specimens are presented at the same 
time and participants (>two experts, >five selected assessors, >10 assessors, >100 consumers) arrange 
specimens in an order of intensity or degree of a specific attribute (Chen et al., 1992; International 
Organization of Standardization, 2017). Ranking is efficient and particularly valuable for small 
numbers of specimens with complex attributes, or large numbers of specimens, but discrimination 
can be limited (International Organization of Standardization, 2017).  

Functionalisation which may evoke tactile responses can be positioned in areas with low sensitivity 
to achieve acceptability, not necessarily possible in high sensitivity areas. Pertinent areas based on 
potential applications (i.e. temperature and humidity, wetting, gas) for next-to-skin fabrics 
functionalised as sensors include the chest, shoulders, head, arm, and hand. Approximate % area and 
number of mechanoreceptors of these five areas are as follows: 12.8%, 319; 1.9%, 101; 3.9%, 1728; 4.8%, 
61, 3%, 261 (upper arm and forearm); 1.2%, 18675, 1.2%, 301 (glabrous, dorsam), respectively 
(Johansson and Vallbo, 1979; Boniol, Verriest, Pedeux, and Doré, 2008; Mancini, Bauleo, Cole, Lui, 
Porro, Haggard, and Iannetti, 2014; Goldstein and Brockmole, 2016; Taube Navaraj, García Núñez, 
Shakthivel, Vinciguerra, Labeau, Gregory, and Dahiya, 2017). If functionalisation has potential to 
elicit undesirable tactile properties, the chest and shoulder may be most suitable among these body 
areas. 

Yielding functionalised fabrics often involves incorporation of substances conventionally not worn 
on the body, especially next to the skin, and may have previously had minimal contact with the 
human body. Dyes are known to affect handle (Associazione Tessile e Salute-Health and Textile 
Association, 2013). Although, effects of functionalising treatments are largely unknown, particularly 
with respect to the long-term consequences of wear. Some researchers state tactile properties are 
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maintained following functionalisation with conductive substances (Hu, Pasta, La Mantia, Cui, Jeong, 
Deshazer, Choi, Han, and Cui, 2010) and silk treated with PEDOT retained handle of non-treated 
fabrics based on rubbing with bare hands (Zhang, Fairbanks, and Andrew, 2017). Methods are seldom 
those traditionally used to demonstrate tactile properties of fabrics and reliability and validity may 
be questionable. Undesirable tactile properties may be mitigated with treatments (e.g. prickle, 
roughness), either by reducing potentially extending fibres by way of enzyme treatments (Bishop, 
Shen, Heine, and Hollfelder, 1998; Das and Ramaswamy, 2006) or smoothing the surface and 
entrapping fibres within the yarn and fabric structure. Such effects, especially 'smoothing' could be 
achieved with functionalising treatments. Infelicitous performance may also result from 
functionalisation. Contact dermatitis is a potential issue caused by fabrics or additions to fabrics worn 
next to the skin. The cause of contact dermatitis varies, one study found approximately 70% of cases 
could be attributed to fabrics, 17% too metallic and accessories in garments, and around 14% linked 
to shoes (n=401 patients, 5 to 84 years old) (Associazione Tessile e Salute-Health and Textile 
Association, 2013). Additionally, 44% of cases were linked with dyes and intermediary agents with 
approximately 13% of cases associated with shirts (Associazione Tessile e Salute-Health and Textile 
Association, 2013). Therefore, application of functionalising treatments may irritate the skin. 

2.7.5 Durability to mechanical properties and exposure to cleaning, abrasion, storage 
Decay of conductivity depends on ageing of fibres and functionalisation treatments; fabric flexibility; 
cleaning multifaceted with moisture, detergent, and mechanical agitation; abrasive processes; 
atmospheric conditions during wear and storage, including temperature, relative humidity, and light 
(Kaynak, 2016; Stoppa and Chiolerio, 2016). Relative importance of tests differs with application. 
Cleaning and storage are ubiquitous for multi-use products. Flexibility is critical for body areas 
involved in movement (e.g. joints) and abrasion is most important for underlayers in multi-layer 
assemblies such as underwear or upper-body garments worn under an overlayer. In comparison, a 
patch in the upper chest area of a garment or face mask will be subject to lower levels of movement 
and abrasion (assuming the garment has appropriate give, and no other clothing is worn over it). 
Therefore, the experimental design should be tailored to the intended use of the functionalised fabrics. 

Considering potential dispersion of functionalising substances in the environment during use (e.g., 
wear and cleaning) and that which occurs at the end of life (e.g. reuse and disposal) is important to 
mitigate any negative effects on human health and ecosystems. Diverse chemical compositions of 
substances used to functionalise fabrics could heighten risks associated with pollution, absorption, 
dissemination, and consumption of contaminants (Rochman, Tahir, Williams, Baxa, Lam, Miller, Teh, 
Werorilangi, and Teh, 2015). Durability to cleaning is an ongoing challenge which poses risks to 
ecosystem health from dispersal of functionalised substances. Environmental effects are still largely 
unknown due to the novelty of some materials (e.g. graphene) and the way materials are used and 
disposed of. Future investigation is considered desirable. 

A property critical to apparel fabrics is flexibility which enables fabric to follow the contours of the 
body and move with the body. Two issues are key for flexibility 1 how the treatment applied affects 
flexibility and 2 how flexing the fabric affects the treatment (i.e. cracking/other disruptions), the latter 
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not considered critical in the present work9. Fabric treatments modify inter-fibre and inter-yarn 
friction and adhesion which can influence flexibility (Chadwick, Pollitt, and Taylor, 1963). 
Compacting fabrics or increasing adhesion among fibres increases stiffness while lubricating 
treatments decrease adhesion among fibres and lessen stiffness. Establishing whether the difference 
is of practical importance is requisite to understand effects. Functionalising fabrics introduces 
treatment materials which may have incompatible rigidity. Equal flexural rigidity of conductive 
substances and fabrics is desirable to successfully combine materials (Karaguzel, 2006).  

Some published research suggests flexibility remains similar or improves following treatment 
thereby acting as a lubricating treatment (Post et al., 2000; Castano and Flatau, 2014; Huang et al., 
2015; Kaynak, 2016; Ghahremani Honarvar and Latifi, 2017). Increased stiffness or reduced flexibility 
has also been identified with application of treatments. Adhesion among fibres and yarns in the fabric 
is the likely cause yielding a more rigid structure. For instance polypyrrole applied to 100% wool knit 
increased stiffness compared to the same fabric with no treatment (Varesano and Tonin, 2008). 
Flexural rigidity, shear modulus, and force hysteresis (Fabric Assurance by Simple Testing (FAST) 
method and Kawabata Evaluation System for Fabrics (KES-FB)) increased following polyurethane 
treatment of three-layer weft knits (stainless steel/polyester and carbon core/polyester) (Varnaite-
Zuravliova et al., 2016). FAST and KES-FB are established but not standard methods nor widely 
adopted. Although favourable compared to simpler methods such as bending fabrics between fingers, 
other established methods are preferred. Bending length and flexural rigidity are alternative 
measures for which internationally and national standard methods are available. 

Research papers on functionalised fabrics which investigate durability to cleaning are described in 
Table 2.9 a-b. Notable is that methods and results for durability of functionalised wool and cotton are 
inconsistent. Both standard test methods and those developed by researchers have been used. 
However, some trends can be discerned. Greater initial change with exposure to cleaning was 
suggested as a result of unfixed graphene removed from the surface; not an issue for subsequent 
washes (Karim et al., 2017; Ren et al., 2017). Stability following a certain number of washes may occur 
suggesting pre-washing may be desirable. Inherent degradation of treatments, fibres and/or 
disruption to fabric structure may still occur where graphene is well fixed. Instances where standard 
methods were used were identified (Table 2.9 a). Such methods are desirable, albeit with small 
specimen sizes, exposure can be difficult to control in 'normal' washing machines. Simulating wash 
in a smaller scale may be desirable (e.g. thermal magnetic stirrer). Conditions of the wash 
(temperature, rpm, volume) can be controlled easily to indicate durability like that of typical washing. 
The number of washes is also a critical consideration. Typically, a small number of washes were tested, 
not indicative of frequency of cleaning required for most end uses of functionalised apparel. 
Therefore, performance may be difficult to relate to end use. Test to failure may be a useful way to 
demonstrate performance. Demonstrating performance with 'gentle' processes by immersion in water 
or stirring for a period that are typical of published research described in Table 2.9 b may suggest that 
anything further would largely degrade performance. For the stage of the research (e.g. proof of 
concept, preliminary work) these methods may be sufficient.   

 
9 Resistance to uniaxial bending of treated fabrics has been assessed mostly through bending textile specimens between the 
thumb and finger for multiple cycles (Choi, Jeong, Lee, Choi, and Choi, 2013; Yun et al., 2013; Yun et al., 2015; Ren et al., 2017). 
Use of recognised standards was not identified. 
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Table 2.9 
Cleaning effects on graphene functionalised fabrics 

a Standard test methods 

fabric structure and fibre 
content 

method result 

woven 100% cotton treated with 
graphene oxide and polyaniline 
(vacuum filtration deposition) 
(Tang et al., 2015) 

AATCC Test Method 61-2006, standard 
colour fastness to washing laundering 
machine with 500mL (75mm x 125mm) 
stainless-steel lever-lock canisters, 
200mL aqueous treatment of an 
AATCC standard detergent and 10 
stainless steel balls 

increased resistance from 
48.35Ω/cm to 52.37Ω/cm after 
10 cycles 

   
woven, 100% cotton, 140g/m2, 
thickness 0.41mm, 
25.98warp/cm, 22.83weft/cm, 
warp 28sNe, weft 19sNe  
knit, 100% cotton, 140g/m2, 
thickness 0.58mm, 
22.83course/cm, 12.60wales/cm, 
yarn count 30sNe, loop length 
2.72cm 
dipped in graphene oxide, 
chemically reduced  
(Chatterjee, Kumar, and Maity, 
2017) 

ISO 105 C10:2006A; 5g/L non-ionic 
surfactant at 40°C, for 30min in a 
Launderometer 

surface resistivity increased 
following washing: 
0.19MW/square and 
0.26MW/square to 
1.75MW/square and 
2.39MW/square for the knit 
and woven, respectively 
 

   
3/1 twill, 100% cotton pad dried 
(5 passes) with reduced 
graphene oxide 
(Karim et al., 2017) 

ISO BS EN 105 C06; 4g/L reference 
detergent, 10 stainless steel balls at 
40°C for 30min, rinsed, air dried 

resistance increased from 
36.94KΩ/square to 
70.32KΩ/square after one 
cycle; 139.09KΩ/square after 
10 cycles 

   
plain knit, 100% cotton with 
spray coating layer by layer of 
graphene 
(Nooralian, Gashti, and 
Ebrahimi, 2016) 

ISO 105-C03 surface resistance increased 
after wash 

   
plain woven, 100% polyester, 
70g/m2, treated with reduced 
graphene oxide 
(Kale, Potdar, Kane, and Singh, 
2018) 

AATCC 61-2A, 50°C for 30min, liquor 
ratio 1:50 with AATCC soap, 5 cycles 

surface and volume resistivity 
increased 

   
plain woven, 100% cotton, mass 
190g/m2 (50mm x 100mm) 
treated with graphene nanoplate 
and polyurethane dispersion 
(Hu et al., 2015) 

AATCC 61-2006; 500mL (75mm x 
125mm) stainless steel lever lock 
canisters; 200mL standard detergent 
with 10 stainless steel balls, 10 cycles 

surface resistivity increased 
from 2.94x101-1Ω/m to 
3.35x101-1Ω/m after 10 cycles 
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Table 2.9 contd  
b Other methods 

fabric, reference method result 
100% cotton (image shows knit) 
coated with reduced graphene 
oxide and single walled carbon 
nanotubes 
(Kim, Song, Yi, Min, Mondal, An, 
and Choi, 2018b) 

rinsed in deionised water with a 
magnetic stirrer, 10 kPa pressure, 10 
cycles 

minimal change in resistance 

   
woven 100% cotton, 100% viscose, 
100% linen, 100% polyester coated 
with graphite/polyurethane 
dispersion 
(Schal et al., 2018) 

household washing machine, heavy 
duty detergent at 40°C, 1,400rpm, 10 
or 50 cycles 

graphite flakes removed after 
10 cycles 
resistance increase greatest for 
viscose and polyester 
less change observed with 
higher graphite concentration 
and fine flakes 

   
piece of jeans, polyester from lab 
coat, nonwoven material from 
swabs, all graphene-treated 
(Simard-Normandin, Ho, 
Rahman, Ferguson, and Manga, 
2018) 

beaker with water, 450rpm for 16h no delamination 

   
100% cotton 40 x 40 yarn, 
130g/m2, treated with graphene 
oxide with vacuum filtration, 
thermally reduced 
(Ren et al., 2017) 

Labortex Ltd. oscillating type dyeing 
machine, 100mL deionised water, 
2mg/mL sodium carbonate, 5mg/mL 
soap, 60°C for 30min, 10 cycles 

0.9KΩ/square before wash, 
remained lower than 
2KΩ/square after 10 cycles 

   
100% polyethylene terephthalate 
inkjet printed with graphene with 
a polyurethane layer 
(Carey et al., 2017) 

immersion in 100mL deionised water 
with 2mg/mL sodium carbonate and 
5mg/mL soap at 50°C in a beaker, 
tumble washed for 30min according 
to Ren et al (Ren et al., 2017) 

decreased performance but 
still conductive after 20 cycles 

   
plain woven 100% wool treated 
with graphene/titanium dioxide 
(Shirgholami, Loghman, and 
Mirjalili, 2016) 

1 cycle, 60°C for 20min, 1g/L non-
ionic detergent, rinsed with distilled 
water, dried 

durable to wash based on 
minimal change in resistivity 
after one wash 
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Several studies were identified which examined effects encapsulation can have on durability to wash 
(Table 2.10). No evidence of performance evaluation of encapsulated functionalised wool or cotton 
was found. One of the primary purposes for encapsulating functionalised fabrics is to confer 
durability. Therefore, the greater number of studies that have been carried out with encapsulated 
functionalised fabrics may relate to the intended purpose. Identified studies agree that encapsulation 
increased durability to wash in terms of maintaining conductivity with exposure superior to that of 
functionalised fabrics not encapsulated. Despite increased durability, conductivity still decreased 
with exposure to wash. Oftentimes minimal effects to the encapsulant layer occurred while a decrease 
in conductivity occurred. Therefore, inherent degradation below the encapsulant may be possible. 
Evidence of encapsulating functionalised wool and cotton was found elsewhere, durability to wash 
was not investigated (Souri and Bhattacharya, 2018b, c). 

Most processes during manufacture and use involve exposure to abrasion, including yarn, fabric, 
and apparel processing, wear, cleaning, and handling. Treatments can increase fabric stability owing 
to adhesion among fibres and yarns (Varesano and Tonin, 2008; Castano and Flatau, 2014; Kaynak, 
2016; Ghahremani Honarvar and Latifi, 2017) while other treatments can cause degradation such as 
fibrillation. Investigations on resistance to abrasion of functionalised wool and cotton are summarised 
in Table 2.11. Common among the publications is that dry and moist rubbing result in a decrease 
conductivity. Standard test methods are preferred where possible for comparability and 
reproducibility compared to 'developed' methods. Even with standard test methods, relating abrasive 
exposure to that during use can be problematic. Additionally, performance in one instance may not 
represent performance over time or that of multiple exposures. 

A patent of an abrasion resistant conductive material comprising pre-dyed wool fibre, yarn, or fabric 
and conjugated polymer (e.g. polypyrrole) with an additional surface treatment step was identified 
(Kaynak et al., 2006). Khaki green was achieved with a yellow pre-dyed surface yielding resistivity 

of 2KW/cm2 while red dyed wool yarn had resistivity 3KW/cm2 and blue dyed wool fabric 1.2KW/cm2 
(Kaynak et al., 2006). The patent is a useful contribution to colour related aspects and abrasion 
resistance, seldom found in the scientific literature. What is not clear is the potential challenges 
and/or effects that may arise based on structural/construction aspects of the textiles (e.g. fabric 
structure). Additionally, wash durability was omitted, arguably most pertinent. No evidence of 
performance with exposure to abrasion was found for fabrics with encapsulant treatments. Thus, 
there remains scope to understand effects encapsulation can have on durability to abrasion. 

Conditions of storage need to be considered in terms of unknown time required for logistical 
purposes of supply as well as shelf life, storage of the fabrics while not in use (i.e. in a closet), and 
with repeated use. Storage over long periods is especially important with preference for multiple use 
products compared to single use items. During experimental work, storage may be critical if a lag 
time is associated with experiments, either before they are carried out or for sequential measurements 
over time. Careful experimental design is required. Folding fabrics can pose issues. Separation of 
conductive fibres is important to prevent short-circuiting and possible degradation along folded lines 
(e.g. treatment cracking and displacement) (Post et al., 2000). Flat storage promotes persistence over 
time, although not always possible with conventional storage, but small specimens used to establish 
performance in experiments (i.e. <100mm) can be stored flat. Hanging can result in dimensional 
changes due to effects of mass of the fabric, typical of knit structures, which may be greater with   
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Table 2.10 
Cleaning effects on encapsulated functionalised fabrics  

fabric, reference method result 
250µm wide copper tracks connect 
to multiple flexible conductivity 
module, embedded in 
SYLGARDÔ 
(Pourkheyrollah, Shahandashti, 
Meimandi, Jahanshahi, and 
Ghafoorifard, 2019) 

dipped in water for 10h 25% encapsulation  
wash capability 
regions made using flexible materials 
(e.g. polyimide) 

   
astable circuit with light emitting 
diodes on polyimide structure, 
serpentine tracks on Pyralux® AP 
9111, rear encapsulated with 
SYLGARDTM 
(Pourkheyrollah et al., 2019) 

water immersion for 10h, 
limited due to time constraints 

electrical circuits remained functional, 
not change in light performance (i.e. 
no failure) 

   
knit silver plated nylon yarns 
polyester fabric with expanded 
polytetrafluoroethylene 
membrane bonded with heat-
welding adhesive 
(Huang, Zhang, Yu, Yu, Long, 
Wang, Zhang, and Zhu, 2019) 

90mm x 100mm in commercial 
washing machine (XQG80-
HB14636, Haier) with several 
normal clothing items, 
laundry detergent; total 1h 

0.120±0.03Ω/square, after 10 cycles, 
sheet resistance 0.125±0.05Ω/square 

   
100% silk integrated with copper 
polyamide substrate connected to 
touch sensor encapsulated with 
polydimethylsiloxane 
(Ojuroye, Torah, and Beeby, 2019) 

ISO 6330:2012; type A 
washing machine, 2kg cotton 
fabric: 15min 30°C 1,200rpm, 
37min 30°C 400rpm, 42min 
30°C 400rpm with fabric 
conditioner (35mL) and 
detergent (37mL); dried flat on 
stainless steel rack at 25°C for 
90min 

maximum charge voltage decreased 
as the number of cycles increased; 
circuit function lost after 1 cycles for 
800rpm, retained 10 to 15 cycles with 
wash of 400rpm 

  
100% Nomex® single jersey with 
silver coated polyamide covered 
with a thermoplastic polyurethane 
film 
(Matsouka et al., 2018) 

ISO 6330:2012; 40°C for 30min 
with a Datacolour Ahiba IR 
laboratory dying machine for 
50 cycles 

resistance increased ~4 times due to 
increased contact resistance between 
fibres of conductive yarn and 
electrodes 
no degradation, peeling, cracking of 
the thermoplastic polyurethane tape 
or silicon 

   
soldered component joints on 
100% cotton and 100% polyester, 
plain twill woven variation, 
similar weight (ASTM D3776) 
12 encapsulation techniques in 
pilot study (five liquid and seven 
tape) 
five chosen for further 
experiments, four tape and one 
liquid: Gear Aid Sil-Net™ Silicone 
Seam Sealer 
(Molla, Compton, and Dunner, 
2018) 

durability to home laundering 
(Whirlpool® Ultimate Care II 
washing and tumble-drying 
machines) 

0% failure rate for components of 
solder joints, 0.38Ω/m following 
16.67h washing and drying  
durability varied between 
encapsulation products according to 
fabric (i.e. cotton or polyester) and 
presence of electronics 
the silicon seam sealer had among the 
greatest durability for cotton with 
electronic components 
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Table 2.10 contd 

fabric, reference method result 
stretchable electronic module 
attached with fabric adhesive 
conductive fabric leads attached to 
the waterproof bonding tape 
garment assembly - compression 
shirt and shorts, sports bra 
waterproof elastomer on top side 
waterproof bonding tape attached 
to fabric with heat press and over 
the conductive leads 
(Dabby et al., 2017) 

AATCC test method 135 all functional following 10 cycles, 
some functionality lost after ~20 
cycles related to delamination 
electrocardiogram or Bluetooth® low 
energy radio failure 

   
polybutylene terephthalate puffy 
yarns dip-coated in graphene 
resistive ink 
dip coated in 
polydimethylsiloxane by passing 
through an orifice and curing the 
treated yarn 
(Nejad, Punjiya, and Sonkusale, 
2017) 

no experimental evidence sspeculated durable to wash  

   
small light emitting diode and 
array, electrocardiogram textronic 
devices, soldered with tin, glued 
with a silver adhesive 
nickel-plated copper wire and 
silver-plated copper tinsel, woven 
in fabric 
transmission wire silver-plated 
polyamide yarn ShieldexÒ 
234/34-2 ply, <100Ω/m, sewn in 
zig-zag pattern 
flexible printed circuit board, 
Pyralux® for electrode parts  
thermoplastic polyurethane 
adhered with press (3 bars) under 
controlled temperature (180ºC) for 
20s to protect the conductive yarn 
and connection (30µm thickness) 
barrier of latex over the light 
emitting diodes 
(Tao et al., 2017) 

up to 50 standardised cycles, 
30ºC (ISO 6330) 

all exhibited linear increase in 
resistance 
silver plated polyamide yarn: without 
encapsulation exponential increase 
with encapsulation linear increase 
after 10 cycles 
resistance without encapsulation 
greater than during wash 
nickel-plated copper wire, after 5 
cycles and exponential increase, not 
measured after 20 cycles, after 50 
cycles increased 50 times, all with the 
thermoplastic film could be measured 
after 50 cycles 
interconnections similar linear 
increase following 10 cycles with and 
without encapsulation, thereafter, not 
encapsulated were damaged and 
resistance lost after 20 cycles, some 
failure after 50 cycles with 
encapsulation 
light emitting diodes soldered were 
easily damaged with wash, some 
broken after 18 cycles, glued showed 
better performance 
after 5 cycles the electrocardiogram 
device failed 
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Table 2.10 contd 

fabric, reference method result 
industrial cover stitch sewing 
machine  
ShieldexÒ silver coated nylon 
yarn 
stitched to elastomeric jersey knit 
non-insulated and insulated 
insulated with 3M 7012 stitchless 
bonding film (fusible 
polyurethane film) 
(Berglund, Coughlin, Gioberto, 
and Dunne, 2014) 

machine wash and air dry, 
machine wash and tumble dry 

increased resistance after 5 cycles, 
machine and tumble dry had greater 
change compared to the air dry 
delamination of insulation evident 
after machine wash and greater with 
tumble drying 

   
copper filament fibres (0.55Ω/cm) 
and elastic in single jersey, intarsia 
pattern 
160g/m2, thickness 800µm, 10 
loops/cm 
polyurethane coating (3µm) on 
copper filament fibres (50µm) 
(Li and Tao, 2014) 

washed 40°C, dried 75°C, 30 
times according to AATCC 
standard 135 

electrical failure occurred after 10 

cycles; 84% had small or no change in 
resistance 5.5Ω  
after 30 cycles, with wash bag 89% 
retention 
no visible fractures after 30 cycles 
with delicate cycle no degradation 
evident after 30 cycles 
 

   

ShieldexÒ size 33 yarn (sewing 
over itself reduces resistance) 
ShieldexÒ size 40 yarn, ply yarn, 
conductive and not yarn (runs 
better through a sewing machine) 
conductive ink screen printed 
applied to thick twill woven 
cotton drill 
12 test conditions investigated 
with combinations of treatments 
Plastisol ink (screen printing ink) 
over conductive ink, cured as 
plastic after heat applied 
(Zeagler et al., 2013) 

standard upright agitator 
washing machine (GE 
Spacemaker Model 
WSM2700HAWWW), 1 ounce 
of All 2x Ultra detergent 
same water fill level and cycle 
to standardise mechanical 
factors 
all specimens washed together 
resistance measured before 
wash and after each of the 6 
cycles 
 

resistance increased following wash 
40 size yarn: combination of 
conductive ink and conductive yarn 
showed better durability than 
conductive yarn only but yarn 
abraded the conductive ink 
33 size yarn: durable to 6 cycles, 
conductive inks filled puncture holes 
from sewing and improved durability 
those with ink only had small cracks 
which caused loss of conductivity, 
Plastisol ink protected conductive ink 
from wash 

   
standard packaged components 
and meander-shaped copper 
tracks covered with polyimide 
elastomer material 
polydimethylsiloxane Dow 
Corning 9601, 9600, 184, 186 
screen printed on a woven fabric 
(99%polyester/1% carbon) and 
knit fabric (polyamide, elastane 
mixture), module positioned on 
the polydimethylsiloxane and 
encapsulated the module with a 
second layer over the module 
cured 100ºC 10min 
(Vervust et al., 2012) 

50 cycles following ISO 
6330:2000 following procedure 
5A in a protective bag  
immersion in water (60ºC, 3h), 
water and soap (2.5g/L 
standard detergent from ISO 
6330:2000) 
industrial washing - 40ºC, 
65°C wash with tumble drying 
80ºC 
gyro washing 
 

the encapsulation was stable after 50 
cycles 
retained functionality after 5 cycles 
with protective bag, open air drying, 
but lost functionality after 6 cycles 
without protective bag and open air 
drying as well as the second cycle of 
protective bag and tumble drying  
stable after immersion in water, water 
and soap, and gyro washing 
withstood 5 cycles of industrial 
washing at 40ºC, but lost function 
after 65ºC wash 
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Table 2.10 contd 

fabric, reference method result 
printed circuit boards with 
metallised fabric of copper and tin 
and heat activated adhesive, laser 
cut or hand cut to produce circuit; 
electronic sequins; socket buttons 
epoxy resin, urethane resin 
couching embroidery stitch 
iron on insulators 
latex, acrylic gel, fabric paints 
(Buechley and Eisenberg, 2009) 

commercial washing machine 
warm wash 20ºC, cold rinse 
settings; high drying 
temperature in commercial 
clothes dryer 
5 wash cycles, 1 drying cycle 

all joints encapsulated with urethane 
resin maintained functionality after 
wash, while 4 in fabric paint, and 7 
with epoxy resin retained function 
sequins on cotton fabric with clear 
fabric paint maintained performance 
after 12 wash cycles, 4 drying cycles 

   
miniaturised embroidery circuits 
conductive silver coated yarn with 
500Ω/m as top and bottom yarn 
for embroidery 
double sided encapsulation with 
hot melt (substance not described) 
encapsulation and transfer 
molding of epoxy resin and 
hardener 
(Linz et al., 2008) 

ISO 6330:2000 - 6A: 40ºC 
washing cycle, dripped dried, 
20 cycles 

no decrease in function after 20 cycles 
for transfer molding, 19% failure 
outside of encapsulated area 
hot melt encapsulation performed 
poorly in terms of durability to wash 
(delamination) and temperature 
cycling (components broke) 
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Table 2.11 
Effects of abrasion on performance of functionalised fabrics 

fabric, reference process outcomes 
graphene-treated 100% cotton knit 
fabric 
(Chatterjee, Kumar, and Maity, 
2017) 

10 cycles dry and wet in a 
crockmeter as per ISO 105-
X12:2001 

resistivity increased 0.69 times dry 
following dry cycles from 
6.47MΩ/square to 10.96MΩ/square 
resistivity increased 0.67 times when the 
fabric was wet 

   
graphene-treated cotton fabric 
(Shateri-Khalilabad and 
Yazdanshenas, 2013a) 

ASTM D4966-98 
Martindale method 

small increase in resistance 1.7KΩ/cm to 
2.6KΩ/cm 

   
graphene treated polyester fabric 
with and without plasma and 
bovine serum albumin pre-
treatments 
(Molina, Fernandez, Fernandes, 
Souto, Esteves, Bonastre, and 
Cases, 2015) 

ISO 105-X12:2001, cotton 
abradant, 10 cycles 

increase of 11% and 7% in resistance with 
and without plasma and bovine serum 
albumin pre-treatments, respectively 
removal of some graphene was 
evidenced by white patches and 
suggested delamination of the coating 
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functionalisation. Encapsulant treatments can further result in potential for change. Distortion or 
other changes as a result of folding or hanging (e.g. cracking, twisting, extension) can detrimentally 
alter the functional performance. Layering fabrics may also be associated with undesirable 
compression effects.  

Examples of investigation in scientific literature (Table 2.12) show evidence of performance of 
functionalised fabrics with storage. Of note is the decrease in conductivity. Changes in conductivity 
over time are difficult to estimate and depend on the conditions of storage, including temperature, 
relative humidity, and light (Kaynak, 2016; Stoppa and Chiolerio, 2016). Previous investigations are 
often limited in scope with reference to time and conditions of storage. Measuring properties 
immediately following application is not utterly indicative of performance of the product over time. 
Often effects of temperature, relative humidity, and light are not separated, and descriptions were 
incomplete. Extent of degradation over time will vary based on the materials and each of the 
environmental variables. Effects of variables cannot always be discriminated due to omitted details 
and/or not controlled aspects of storage. No information concerning performance of graphene 
functionalised wool or cotton fabrics with storage was found. 

2.8 Conclusions and gaps in knowledge 
Textiles, especially apparel fabrics, can be functionalised with conductive treatments to confer 
sensing functions. Sensing performance is based on changes in conductivity with exposure to an 
agent (e.g. temperature, humidity, wetting, sweat, presence of defined substances, gases). 
Functionalised fabrics can facilitate many applications and end uses by simplifying, yielding better 
management, or adding new dimensions to these areas. Of current research, applications and end 
uses are not typically specified. Considering end use early is desirable to ascertain pertinent needs, 
constraints, and/or exposure conditions. Possible apparel items include next-to-skin upper body 
garments, balaclavas, face masks, or gloves. Inserting a patch of the functionalised fabric appropriate 
to the designated end use is desirable compared to functionalising an entire garment. This is 
particularly pertinent when the materials are relatively high cost (i.e. graphene). Because the end use 
designates required performance, properties can be prioritised based on application. Prioritising 
performance is desirable since optimising one property often results in a compromise of one or more 
other properties. 

Fibre type, yarn structure, and fabric structure dictate treatment fixation with respect to patterns of 
deposition, the resulting conductivity, durability, and sensor performance. Factors are interrelated 
and difficult to separate unless all else, but the property of interest, is identical. Ultimately apparel 
construction will also influence performance as sensor and functioning as a garment. However, this 
is beyond the scope of most current published research related to functionalised textiles, and that of 
the present work. Additional processes such as pre-treatments and/or post treatment of 
encapsulation may be required to yield durable functionalised fabrics. Care is essential to ensure pre-
treatments do not degrade the fibre and that encapsulation does not result in an impermeable surface. 
The former can be monitored by determining physical and chemical surface properties and the latter 
involves properties related to air and moisture transfer (wettability, regain, permeability to water 
vapour and to air).  
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Table 2.12 
Effects of storage on performance of functionalised fabrics10 

fabric, reference method result 
silk, cotton dyed with 
PEDOT:PSS 
 
(Ryan et al., 2017) 
 

16-week stability test 
 

silk: 14S/m to 15S/cm; cotton: 12S/cm to 
15S/cm 
long term stability, doubled in the first two 
weeks, subsequent 14 weeks resistance 
changes <10% 

   
PEDOT coated (100 nm) 
pineapple fibre woven fabric 
 
(Zhang, Fairbanks, and Andrew, 
2017) 

6 months of storage on a 
bench top under air; no 
additional information 
provided 

retained conductivity of 298S/cm after 
storage 
conductivity decreased with increased 
atmospheric humidity 

   
polypyrrole treated wool knit 
20% treated/80% non-treated, 
100% treated 
 
(Varesano and Tonin, 2008) 

exposure to light 100% polypyrrole treated wool fabric 
showed better light fastness compared to a 
blend of 20%polypyrrole treated/80%non-
treated wool 

   
polypyrrole treated wool fabric 
 
(Varesano, Dall'Acqua, and 
Tonin, 2005) 

exposure to light and heat light and heat increased resistivity linearly 
and asymptotically, respectively 

   
polypyrrole films doped with p-
toluenesulfonate 
 
(Kaynak, Rintoul, and George, 
2000) 

4 months of ageing at 
room temperature 

increased in stiffness and brittleness, and 
decreased in conductivity, breaking strain, 
elasticity, and elongation 

 

  

 

10 No evidence of performance of graphene functionalised textiles with storage. 
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Many conductive materials and application processes have been investigated to functionalise textiles 
with graphene treatments which differ in fibre composition and structure. Fibres and yarns are an 
option, but functionalising fabrics is desirable due to minimal subsequent processing, only requiring 
apparel manufacture. Functionalisation of existing fabrics is therefore the most desirable method for 
the present work. Most published descriptions of fabrics are inadequate, foremost fibre content (e.g. 
polyester, polyamide, cotton, wool, silk) and fabric structure (i.e. knit - single jersey, rib, interlock; 
woven - plain, twill, basket) are omitted. Other properties such as mass, thickness, and stitch density 
are also useful to provide. Details about functionalising treatments are much more complete. Interest 
in carbon-based products, principally graphene, is high due to the natural source and high 
conductivity. Of particular interest is treatment functionalisation of wool and cotton knits with 
graphene. In published research, knits are scarcely investigated, and wool seldom used. Woven 
cotton fabrics are a common option for functionalisation, as are synthetic wovens. Use of knits 
constructed of natural fibres is an area of interest. 

In terms of the functionalisation processes for graphene, typically fabrics are immersed in graphene 
oxide followed by thermal or chemical reduction reactions. Sometimes the graphene oxide is reduced 
in treatment and then used to functionalise fabrics; seemingly desirable as one processing step is 
removed, simplifying the process. Additives to stabilise dispersions can prevent agglomeration and 
potentially improve dispersibility and fixation to fabrics. Cost and non-reliable source of reduced 
graphene oxide-based products is a barrier to production and use. Alternative graphene products 
(e.g. graphene inks) are also an option, potentially more reliable in sourcing as well as conferred 
conductivity. Investigating more than one graphene-based treatment is rare in previous research, 
which may be of interest to identify effects of treatment composition. 

Published research to date has primarily focussed on explaining functionalisation and lab-based 
phases to demonstrate performance (i.e. conductivity, sensing performance). Other properties related 
to fabrics (i.e. fabric structure, air and moisture transfer, tactile acceptability) are poorly represented. 
Incorporation of non-textile components will result in different properties; the issue is whether the 
differences are measurable (i.e. if quantifiable) and/or perceptible to the wearer. Retaining desirable 
properties of apparel fabrics is especially important for those designed to be worn next to the skin 
because perceptions of wear are more pronounced than outerwear. Exposure to processes associated 
with use (wash, abrasion, storage) and transient conditions (temperature and moisture, wetting, air 
gas composition), and end of life are often not well defined or scarcely elucidated. Where durability 
has been investigated, performance is typically poor, or methods used are inadequate (i.e. do not 
represent performance comparable to end uses). Proof of concept studies are most common; 
demonstrating other properties is crucial to understand acceptability and efficacy of the 
functionalised fabrics for the intended end use. 

Several methods can be used to determine properties of functionalised fabrics for which standard 
methods, predominantly international, are preferred. Where standards are not available or not 
acceptable under some circumstances, methods can be developed by researchers. Comprehensive 
descriptions of such methods are essential, and where possible the process should be mechanised 
rather than manual processes undertaken by humans. Further investigation, modification, and 
development of acceptable methods is considered important.  
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Sensors for temperature, humidity, and gas have been produced with graphene. Nylon and cotton 
yarns functionalised with graphene were shown to respond to gas. Other non-textile-based graphene 
sensors were shown to respond to temperature, humidity, and gas, but further evidence of use of 
functionalised fabrics was identified. In many research papers potential confounding factors posed 
by the surrounding environment and the wearer have not been considered. Because graphene 
exhibits changes in conductivity in response to many factors, several sensing applications can be 
achieved, these same parameters can interfere with performance when multiple stimuli are present. 
Effects on conductivity may be disproportionate (i.e. that of one agent is greater than other potential 
factors) and therefore have trivial effects on the response. Other scenarios may require prevention of 
confounding variables (i.e. stabilising the sensing area, protective layer). Encapsulation can also 
interfere with the level of conductivity and potentially reduce sensor performance. Impermeable 
surfaces may be desirable to protect the underlying surface, transfer of agents to be detected (e.g. gas, 
temperature, moisture) and therefore sensitivity may be reduced. 

This work aims to: 

1 identify changes which may occur to properties of conventional wool and cotton knits due to 
deposition of graphene-based treatments; 

2 contribute new information related to conductivity and sensor performance that can be conferred 
with graphene to wool and cotton knits; 

3 determine durability of graphene-treated wool and cotton knits; 

4 understand whether encapsulation treatments can increase durability of the graphene treated wool 
and cotton knits while maintaining conductivity, sensor performance, and conventional fabric 
properties to yield a functionalised patch suitable to be integrated in an otherwise non-treated 
garment. 
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Chapter 3 
Characterisation of fabrics, yarns, and fibres 
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3.1 Test methods and conditions 
Selected microscopy, spectroscopy, structural, and performance tests methods were used to examine 
effects of functionalisation on wool and cotton knits. The methods in this section were used 
throughout the present work unless otherwise specified. A list of specific methods used is given at 
the beginning of each of the four experimental parts and any deviations from the methods described 
in Chapter 3 are outlined in each respective part. 

All specimens were conditioned for 24h at 20±2ºC, 65±4%RH in accordance with ISO 139:2005 Textiles 
– Standard atmospheres for conditioning and testing (International Organization for Standardization, 
2005). Unless otherwise specified, all tests were carried out under these conditions. Specimens were 
randomised to minimise effects of operator, environmental, and instrumental variability. A control 
fabric (non-dyed 100% wool interlock) was used to ensure instruments were operating correctly and 
consistently, and that experimental procedures were undertaken consistently over time.  

3.2 Fabrics 

Finished next-to-skin 100% fine merino wool single jersey11 and 100% cotton single jersey12  were 
used (Table 3.1). Wool fibre was 18.5µm to 19.0µm constructed in yarns of 2/72Nm (13.89 Tex) with 
a Hercosett® treatment. Yarn processing and treatments were not known. The wool was non-
bleached and non-dyed. The cotton had an English cotton count of 1/40 (14.75 Tex) and yarns were 
spun from combed cotton. A cutting plan was developed to yield repeats for each test with different 
wales and courses to ensure representative samples. All specimens were cut 10mm width in from the 
selvedge and marks or imperfections were avoided.  

Table 3.1 Test fabrics 

knit fibre 
stitch density 

(wales/courses per 
10mm) 

mass (g/m2) thickness (mm) 

single jersey wool 19/20 124 0.77 
single jersey cotton 17/22 129 0.79 

 

Fabrics were washed to ensure removal of contaminants such as any remaining wool grease and knit 
machine oils from yarn and fabric processing, and to ensure dimensional stability. A published 
method (Gore, Laing, Wilson, and Carr, 2006) with modifications was used. Fabrics were washed and 
dried as per ISO 6330:2012 Textiles – Domestic washing and drying procedures for textile testing 
(International Organization for Standardization, 2012) for six consecutive washes, not dried between. 

An Electrolux Wascator FOM71MP-Lab13 (type A) in a 2kg load, supplemented with 100% polyester 
ballast, on the hand wash cycle (4H) was used with 20±1g non-phosphorous detergent without optical 
brightener (reference detergent two) for one wash only. Thereafter, five washes were conducted 
without detergent. This modification ensured impurities were removed with the first cycle and 

 

11 Fibre from New Zealand Merino company; wool yarns produced by Shin Han Spinning, Chung Buk, Korea; fabric produced 
by Designer Textiles International Ltd, 15 Lovegrove Crescent, Otara, Auckland 2023, New Zealand. 

12 Cotton yarns Chon Bang Spinning, Korea; three meters of fabric from Designer Textiles International Ltd, 15 Lovegrove 
Crescent, Otara, Auckland 2023, New Zealand, 

13 James H. Heal and Co Ltd, Halifax, England. 
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subsequent five cycles stabilised the fabric while ensuring no residual detergent would remain. The 
flat drying method, drying procedure C, was used after the six cycles. 

3.3 Visual identification 
Surface properties of fabric specimens were examined following each functionalisation treatment and 
experimental tests when considered appropriate (i.e. wash, abrasion). Photographic images of the 
fabrics and instruments, when considered necessary were taken with a 12-megapixel high dynamic 
range camera (Apple®, California, USA). Fabrics and photographs were assessed by the primary 
researcher. 

ISO 137:2015 Wool - determination of fibre diameter - projection microscope method (International 
Organization for Standardization, 2015a) was used for guidance to prepare yarn and fibre specimens. 
Single course yarns and fibres were extracted from the fabrics using a pic and tweezers and mounted 
on glass slides (25mm x 75mm x 1mm), secured under coverslips (22mm x 22mm with thickness 
0.13mm to 0.16mm) with an adhesive (clear nail polish). Only course yarns could be extracted because 
the wales are made of interlocking loops, not a continuous yarn. Slight pressure was applied to the 
cover slip to lay the yarns and fibres flat. No mounting medium was used due to potential interference 
to the graphene treatments and encapsulation on yarns and fibres.  

During extraction care was taken to prevent disturbance to the surface of yarns, fibres, graphene 
treatments, and encapsulants. Graphene treatments and encapsulants may have caused some 
adhesion between yarns and fibres, increasing difficulty for extraction and possible disruption to the 
yarn and fibre surface. For purposes of this work, change due to extraction was assumed minimal 
and if present, assumed comparable for yarns and fibres.  

Surface characteristics of yarns and fibres were shown with microscopic images acquired with a 

Leica® stereomicroscope14 at 6.3x and 3.2x magnification, respectively. Microscope settings were 

kept the same. Fibres were studied with a Nikon® microscope 15  in transmission mode with 

brightfield illumination16. Magnification of 40x was used; the level is noted in figure captions. Images 

were captured and processed with Leica® Firecam version 1.717 and NIS-elements D software 
version 4.0, respectively. Images from the microscopes were projected on a computer monitor 
through the camera from which an image of the fibre was captured as a TIF file. At the same 
magnification, a stage micrometre with the smallest measurement distance of 10µm was viewed and 
an image captured to calibrate images for scale. Examination with the Leica® microscope was done 
under standard conditions, atmospheric conditions in which the Nikon® microscope was operated 
could not be controlled. Specimens were conditioned for 24h before examination and transported in 

 

14 Leica® MZ16 stereomicroscope, SDL Atlas Textile Testing Solutions, Stockport, England. 

15 Eclipse LV100N POL, Nikon® instruments Inc., New York, USA. 

16 Polarised light was not used because differences were observed when moving up and down the fibre (i.e. not uniform along 
the length). Alternative methods are used at a commercial scale (i.e. optical fibre diameter analyser or fibre diameter analyser 
with use of lasers and light scattering, respectively. These techniques are desirable for large quantities or various fibre types. 
For the purposes of this work (i.e. relatively small scale), the microscope method was considered acceptable. 

17 Leica® Microscope Imaging Solutions Ltd, UK. 
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airtight plastic bags, only being removed for examination to minimise any effects of atmospheric 
conditions (i.e. fibre swelling).  

Fiji18 (Fiji contributors, 2007) was used to determine yarn and fibre measurements. Images of fibres 
were converted to 8-bit grayscale (i.e. black/white) for processing. Fibre width was measured with 
the line tool (not as per ISO 137:2015). A random systematic process was used to select the position 
for the fibre measurements. Random numbers between 0.00 and 122.71 (size of image in µm) were 
generated in Microsoft® Excel® version 16.44 (Microsoft® Cooperation). The random number was 
used as the point at which the first width measurement was taken. Two additional points were 
marked each side of the line at 20µm; producing a total of five replicates for each fibre. A box 
measuring 5µm across the fibre length and the measured line across the fibre width was produced to 
the right of each line (Figure 3.1). The area of the region of interest was noted. Pixel intensity between 
0 (black) and 255 (white) was measured to determine mean, minimum, maximum, and standard 
deviation in each box. Width and pixel intensity measurements were repeated with 10 separate fibres 

extracted from five different yarns (i.e. two fibres per yarn) to be representative of the specimen19.  

Edge effects were evident, an unfortunate risk associated with no use of mounting fluid; thus, 
measurements were taken from the inside of the line perceived as the edge. The same person 
examined all fibres to minimise differences attributed to operator and completed in short periods of 
time (i.e. maximum of 4h) to minimise effects of fatigue. 

A scanning electron microscope (SEM)20 was used to examine the fabric surface and fibres extracted 
from fabrics. Fabrics and fibres were mounted on a standard JEOL stub on carbon tape, sputter coated 

with 10nm thick coating of gold and palladium with a high-resolution sputter coater 21 . The 
accelerating voltage was 3kV. Fabrics were viewed under 60x magnification and interstitial spaces at 
350x; low magnification of the fibres was 700x and that of high magnification was 2,700x. Fibres were 
prepared with the same process as the optical microscope. 

L* a* b* were also evaluated. A full description of the methods and results is given in Appendix B. 
Some discussion of the results is given in the main part of the document. 

3.4 Spectral characteristics 
Surface chemistry of fabrics was examined with Fourier Transformed Infrared reflectance 

spectroscopy (FTIR) 22. The wave number range was 4,000nm to 400nm, resolution: 4cm-1, and 64 
scans were taken. The output obtained was infrared reflectance of specimens. Opus Spectroscopy 
software (Bruker Corporation) was used to obtain spectra showing the level of reflectance. Spectra 
(infrared reflectance spectrum plotted against wavelength (cm-1)) displayed changes following  

  

 

18 Version 2.0.0-rc-69/1.52n, fiji.sc. 

19 Greater than 100 repeats is considered desirable but was not considered necessary for this work because of the combination 
with other visual and/or surface chemistry techniques. 

20 JEOL 6700F field emission scanning electron microscope, JEOL Ltd, Tokyo, Japan. 

21 Emitech K575X Peltier-cooled, EM Technologies Ltd, Kent, England. 

22 Bruker Alpha Platinum-ATR, Bruker, 15 Fortune Drive, Billerica, Massachusetts, USA. 
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Figure 3.1 
Process used to obtain pixel intensity and fibre width measurements  

a Wool b Cotton 
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treatments. Manipulation of data to produce spectrographs was carried out with Spectragryph© 
version 1.2.8 (Menges, 2017).  

Exploratory steps of Raman spectroscopy23  were undertaken to determine the most acceptable 
spectral analysis for demonstrating deposition of reduced graphene oxide. Three techniques were 
investigated: single point spectral analysis of the fibre surface, chemical analysis of the fibre surface, 

and of the fibre cross-section24. Fibre specimens and reference treatments were mounted on glass 

slides under a coverslip. Project 5.1 software25 was used to identify peaks of the spectra related to 
specific components. 

For the single point spectral analysis of the fibre surface, 4mW and 5mW were used for wool and 
cotton, respectively. A 50×microscope was used to focus on the points. Ten single point spectra were 
collected for each fibre differing in treatment. Single point measurement spectra were obtained with 
integration time of 1s and 200 co-additions. Each line scan spectrum was composed of 80 spectra, each 
25s. Univariate analysis was used determine acceptability of the method to demonstrate the presence 
and/or absence of reduced graphene oxide. Principal component analysis was also undertaken. Pre-
processing with Project 5.1 software25 was used for scaling and reduced and/or eliminated unwanted 
background noise. Cosmic spikes were removed with cosmic ray removal (filter size 3 and dynamic 
factor 6); “shape” algorithm background subtraction was used for baseline correction (filter size of 
200). Spectra were cropped from 200cm-1 to 3,600cm-1; normalised (standard normal variate). Analysis 
was undertaken with principal component analysis with ranges 650cm-1 to 1,800cm-1 and 2,600cm-1 to 

3,600cm-1 with the Unscrambler X 10.326. 

Chemical map images 450µm2, with magnification 50x of one of the fibre surface and cross-sections 
of each wool and cotton treated with the longest treatment time and highest curing temperature. 
Mapping was carried out with 5mW for cotton and 2.5mW for wool with 0.5s integration time 
producing a spot size of ~420nm. Cotton fibre was threaded through a metal plate (1mm diameter) 
to produce a cross-section. Cotton and wool spectra were pre-processed with cosmic ray removal and 
baseline correction within the spectral range of 300cm-1 to 3,600cm-1. Univariate and true component 
analysis were undertaken to demonstrate graphene distribution on fibres.  

Single point spectral analysis was identified as the most revealing to demonstrate deposition of 
reduced graphene oxide. Challenges were evident when examining wool and cotton fibres of 
graphene ink and encapsulated knits. The graphene ink deposition was much greater on the fibres 
surface and the signal was not scattered as optical blocking of scattering dispersed light, therefore a 
surface measurement could not be obtained. Additionally, the polymeric surface of fibres of 
encapsulated knits prevented surface measurements of the underlying graphene ink. Due to the 
hindrance, an alternative method was used by examining cross-sections of extracted yarns. 

 

23 Based on information provided by Samanali Garagoda Arachchige. 

24 Alpha 300R+ confocal Raman microscope with a 532nm incident laser beam, WITec, Ulm, Germany. 

25 WITec, Ulm, Germany. 

26 CAMO analytics, Oslo, Norway. 
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Single point measurements from the reference graphene ink and encapsulants were collected. The 
measurement parameters were selected according to the signal intensity. Yarn specimens were 
mounted with polyester filling and threaded through a metal plate (1mm diameter) and sliced with 
a blade to obtain a cross-section. Raman mapping was carried out with 2mW laser power for cotton 
and 1.5mW for wool with 0.5s integration time (1s for SYLGARD™ and Granger's® encapsulated 
specimens) and 100× objective yielded a spot size of ~360nm. Spectra were pre-processed with cosmic 
ray removal and baseline correction (background subtraction “shape” feature) over the spectral range 
of 300cm-1 to 3,600cm-1. Pre-processed spectra were used for true component analysis.  

For the depth profile analysis, graphene ink treated cotton and PDMS and SYLGARD™ encapsulated 
cotton were used. The fibres were placed on a glass slide and covered with glass slip. Spectra were 
collected every 2±10µm from the focal plane of the front surface (depth-along z axis). The spectra 
were pre-processed with cosmic ray removal and baseline correction and then analysed with 
principal component analysis. 

3.5 Fabric properties 
Mass per unit area (g/m2) of the fabrics was determined following BS EN 12127:1998 Textiles – Fabrics 
– Determination of mass per unit area using small samples (British Standards Institution, 1998). A 

balance accurate to 0.001g 27  was used to weigh the fabric specimens (five 100mm x 100mm 
specimens); % change due to treatments was also determined. 

Thickness (mm) of the fabrics was determined according to ISO 5084:1996 Textiles – Determination 
of thickness of textiles and textile products (International Organization for Standardization, 1996) 

with a digital thickness gauge readable to 0.01mm28. Five areas of the fabric were measured. 
Thickness was reported in mm and % change due to treatments calculated. 

The number of wales and courses per 10mm was determined following BS 5441:1988 British Standard 
methods of test for knitted fabrics: Section 8 – Determination of the number of visible wales and 
courses per centimetre (British Standards Institution, 1988). The number of wales and courses was 
counted over 50mm to determine the number per 10mm by dividing the number counted over 50mm 
by five. 

Wettability of fabrics (specimen size 100mm x 100mm) was measured to demonstrate affinity for 

water. Absorbency time of a defined volume, 0.08±0.01mL droplet, of distilled water, was 
determined. The volume of water was taken from a standard test method for drying time (ISO 
17617:2014 Textiles - Determination of moisture drying rate) (International Organization for 
Standardization, 2014). The water droplet was dropped on the technical face of the fabric from a 
10mm height. The time taken for the water droplet to completely absorb/adsorb in the fabric was 
measured on five areas of the fabric surface. Absorption and adsorption could not be separated. Water 
was considered absorbed/adsorbed when no visible water was on the fabric surface. This method is 
similar to that undertaken by Negri et al and Meade et al (Negri, Cornell, and Rivett, 1993; Meade et 
al., 2008) and considered appropriate. Pre-testing revealed differences between both water 

 

27 Mettler Toledo AT400 balance, Mettler-Toledo GmBh, Medic, Lower Hutt, New Zealand. 

28 SDL Atlas MO34A, SDL Atlas Textile Testing Solutions, Stockport, England. 
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absorbency (movement from the surface in the structure) and spreading time (spreading in the 
structure with no water sitting on the surface) of the fabric. The time for water absorption and 
spreading were reported in seconds. Photographs were obtained using freeze frame from videos (12-
megapixel high dynamic range camera, Apple®, California, USA)), of the time elapsed for water 
absorption/adsorption to occur. 

Liquid absorptive capacity of the fabrics was determined as per ISO BS EN 9073-6:2003 Textiles - 
Test methods for nonwovens Part 6: Absorption (International Organization for Standardization, 
2003). The process consisted of first measuring the dry mass. Specimens (five 100mm x 100mm) were 
then fastened to stainless steel gauze with clips. Each specimen was attached to the gauze and 
lowered obliquely in distilled water at 20±2ºC, 20mm below the surface for 60±1s. The specimen on 
the gauze was lifted out of the water and hung vertically for 120±3s from one clip (i.e. three clips were 
removed), removed from the gauze, and then mass measured. Liquid absorptive capacity % (LAC) 
was reported. 

A sessile drop method was used to determine contact angle of liquid on the fabric surface (Figure 

3.2)29. The fabric specimen was placed on a horizontal stage, technical face uppermost with the wales 
running crosswise to the camera for consistency. The stage was adjusted to ensure the surface of the 
technical face was visible to the camera. A 3μl drop of deionised water was deposited on the technical 
face using a manually operated micrometer syringe, pressed down with a stage operated through the 

FTA32 Video software30. Illumination (red light emitting diodes) gives backlighting for the droplet 
which will not cause the water droplet or substrate to increase in temperature. The camera, with zoom 
microscope, was positioned in front of the instrument (100mm) and manually controlled to capture 
an image with video capture (FTA32 Video software) immediately after the droplet contacted the 
fabric surface. Output was an image and contact angle (°). This process was repeated 10 times because 
non-homogeneity of the fabric surface can contribute to variation. Typically contact angle measured 
with this technique has an ±2° error. The instrument was calibrated with a 90º droplet slide. 

Specimens were transported from the conditioned space after conditioning for 24h in air tight sealable 
plastic bags to minimise exposure to different atmospheric conditions. The conditions where the 

instrument was kept could not be controlled, but were monitored with a tiny tag31, and were 
consistent throughout the testing. 

Assumptions made included that evaporation of the water droplet would not have an effect on 
contact angle, environmental conditions (temperature, relative humidity) would not affect the 
interaction between the droplet and surface, movement or vibration would not influence water 
droplet on the fabric surface, and there was no contamination from air. Contact angles below 20º were 
difficult to distinguish, however below 20º the fabric is considered highly wettable. Change from 
before and after 90º was considered most important. Additionally, the fabric surface was not uniform  

 

29 Goniometer, University of Otago, Dunedin, New Zealand. 

30 First Ten Angstroms, Inc., 39899 Balentine Drive, Suite 200, Newark, CA 94560. 

31 Tiny Tag – Energy Engineering, 3 Ross Street, Remuera, Auckland, New Zealand. 
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 a 

 
 b 

 

Figure 3.2 
Goniometer instrument used to measure water contact angle  

a Behind the camera b In front of the camera 
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(i.e. yarn intersections, interstitial spaces, fibre projections) which could disrupt the water droplet and 
have an effect on contact angle. 

Moisture regain of fabrics was determined by obtaining oven dry mass following BS EN 12127:1998 
Textiles - Fabrics - Determination of mass per unit area using small samples (British Standards 
Institution, 1998). Fabric mass (five 100mm x 100mm specimens) was measured with a balance 

accurate to 0.001g32, dried in an oven33  at 105±3ºC for a minimum of 40min or until change in mass 
was less than 0.1% compared to the initial specimen, and re-weighed (dry mass). Subsequently, each 

fabric was in a conditioned atmosphere34 for 24h and re-weighed. Moisture regain (%) was calculated 
with the formula: 

regain	(%) = 	
m	 − 	mdry
mdry 	x	100 

(British Standards Institution, 1998) 

where m is the mass of the conditioned specimen and mdry is the mass of the dried specimen. 

Permeability to water vapour (WVP) of fabrics was determined following Appendix B of BS 
7209:1990 Specification for water vapour permeable apparel fabrics (British Standards Institution, 

1990b) using a water vapour permeability tester35. Each dish contained distilled water (10±1mm 
depth) and fabric specimens (three 100mm diameter) and a reference fabric specimen for each were 
taped over a dish technical face uppermost. Fabrics were rotated for one hour to reach equilibrium 
when the mass was weighed, and further rotated for five hours and mass was re-weighed. Results 
were expressed as the water vapour permeability index (WVPI). WVP (grams per m2 per day) was 
calculated with the formula: 

WVP =	
24	M
A	t  

(British Standards Institution, 1990b) 

where M is the loss in mass (grams) over time, A is the area (m2) of the exposed fabric surface (internal 
area of dish: 96mm diameter), and t the time of rotation between weighing mass.  

WVPI was calculated with the formula: 

WVPI	 = 	 F
WVPf
WVPrH 	x	100 

(British Standards Institution, 1990b) 

 

32 Mettler Toledo AT400 balance , Mettler-Toledo GmBh, Medic, Lower Hutt, New Zealand. 

33 Contherm Thermotec 2000, Contherm Scientific Ltd, PO Box 30-605 Lower Hutt, New Zealand. 

34  20±2ºC and 65±4%RH (ISO 139: 2005 Textiles - Standard atmospheres for conditioning and testing) (International 
Organization for Standardization, 2005). 

35 Campus Electronics and Mechanical, Otago School of Medicine, Dunedin, New Zealand. 
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where WVPf is water vapour permeability of the trial fabric and WVPr water vapour permeability of 
the reference fabric. 

Permeability to air of fabrics was determined following ISO BS EN 9237:1995 Textiles - Determination 
of the permeability of fabrics to air (International Organization for Standardization, 1995). An air 

permeability tester (with a test area of 5cm2)36 was used. Specimens were put in the tester with the 
technical rear uppermost, where the air flow through the specimen (10 areas) was altered up to 100Pa 
pressure drop (suited to apparel fabrics). The air flow was recorded in litres per minute. Air 
permeability (R) was calculated with the formula: 

R =	
qv
A 	x	167 

(International Organization for Standardization, 1995) 

where qv is the mean flow rate of air (litres per minute), A is the test area (cm2), and 167 the conversion 
factor from litres per minute in cm2 to millimetres per second. 

Flexural rigidity was determined in accordance with BS 3356:1990 Method for determination of the 
bending length and flexural rigidity of fabrics (British Standards Institution, 1990a). A Shirley 
stiffness tester (No. 48568) was used to measure bending length in wale and course directions (three 
specimens, each 25mm x 200mm). A slide was positioned and pushed the specimens to project over 
the platform bending under the fabrics own mass until the end of specimen came in line with L1 and 
L2. The process was repeated with the specimen technical face up and technical face down at each 
end (i.e. four measurements per specimen). 

Flexural rigidity (G) for each of the wales and courses was calculated with the formula  

G = 	0.10	𝑀	𝐶!mg	cm 

(British Standards Institution, 1990a) 

where M is mass (g/m2), C is bending length. 

Tactile sensory assessment was undertaken to determine: 1 if a difference was evident among fabrics 
differing in functionalisation treatments, and 2 whether the properties were deemed acceptable (that 
is, a difference may be present but maintain tactile acceptability). Wool and cotton graphene ink and 

encapsulated specimens (graphene ink with SYLGARDTM, Granger'sÒ, PDMS) were investigated37. 
The non-treated wool and cotton single jersey were the baseline for each respective grouping. The 
fabrics were coded to facilitate presentation and recording of responses by the administrator. Wool 
and cotton fabrics were examined in two separate sequential sessions. Following standard procedures 
for this type of investigation, ethical approval (D20/190, 3 July 2020) was obtained from the 
University of Otago Ethics Committee (Dunedin, New Zealand). 

 
36 SDLAtlas Textile Testing Solutions, PO BOX 162, Crown Royal, Shawcross St, Stockport SK1 3JW, England, calibration 
certified ±5%. 

37  Reduced graphene oxide specimens were excluded from this section of experimental work because those fabrics 
/treatments had been established as not serviceable (i.e. deemed a failure). 



 

89 

Five participants (staff and post-graduate students from Materials Science and Technology, 
University of Otago, New Zealand) considered experts in tactile assessment, examined the fabrics. 
The space in which the assessment was conducted was free of noise and odour that could affect 
sensory assessment, as specified in ISO 8589:2007 Sensory analysis - general guidance for the design 
of test rooms (International Organization of Standardization, 2007). The fabrics were assessed at 
20±2°C and 65±4%RH (ISO 139:2005 (International Organization for Standardization, 2005)). A screen 
was placed between the participant and fabrics to avoid confounding effects of fabric appearance 
(International Organization of Standardization, 2007). Participants were acclimatised in the 
environment for 20min prior to the test (Sular and Okur, 2007).  

Fabrics differing in functionalisation (100mm x 100mm) were presented together to each participant 
at separate sittings. The baseline fabric was made known to the assessor. Participants handled fabrics 
freely and could move the fabrics between the right and left hand. Specimens were presented 
randomly to reduce lag time and potential adaptation and/or fatigue (Chambers IV and Baker Wolf, 
1996). Participants were asked to arrange the fabrics in order of perceived difference, least to most 
different from the baseline. The order in which each participant arranged fabrics was recorded by the 
administrator by numbering one to four, where one was most like the baseline and four most different. 
There was no time limit for evaluation. Once fabrics were arranged in order of difference from the 
non-treated fabric, the participant was asked whether tactile properties of each fabric were such that 
they considered them acceptable for use as an integrated patch on the upper chest in an otherwise 
non-treated garment. The response was recorded. Participants did not see numbers or recorded 
details of any kind: each participant was restricted to handling the fabrics only. 

3.6 Electrical conductivity 

Resistance of the fabrics (100mm x 100mm) was measured with a two-connector digital multimeter38. 
Connectors (alligator clips) were clipped on the fabric in the desired location at edges of the fabric. 
Fabric specimens were kept free from tension to minimise confounding factors from fabric bending 
and extension. During measurement, the digital mutimeter, connectors, and fabric, were on a hard 
flat surface.  

The common practise is to report resistance or resistivity, however, conductivity was calculated from 
resistance because it seemed logical to report the inverse for interpreting results. Irrespective of the 
same units, diverse other variables (e.g. measurement conditions, instrument) limit comparability too. 
Conductivity was calculated from measurements of resistance. Resistance was measured in MΩ; 
converted to Ω. Resistivity in Ω/m was calculated with the formula 

ρ =
Rwh
l  

(Heany, 2003) 

where ρ is resistivity in Ω/m, R is the measured resistance in Ω, w is the width (m), h is the height 
(m), and l is length (m) of the specimen. 

 

38 Digitech QM1544, Electus Distribution Pty Ltd, Rydalmere NSW 2116, Australia. 
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Conductivity in S/m (sometimes expressed as µS/m) was calculated with the formula  

σ =
1
ρ 

(Heany, 2003) 

where σ is conductivity in S/m or µS/m and ρ is resistivity in Ω/m. 

Multiplying from small dimensions (e.g. 100mm x 100mm and 100mm x 20mm) to metre may also 
multiply any variability, and consequently small, but potentially important differences may be lost. 
This is a recognised disadvantage. 

3.7 Durability 
Durability to wash was considered important because cleaning is expected for multiple-use apparel 
items, irrespective of application. A standard test method to determine durability to wash (e.g. ISO 
6330:2012 Textiles – Domestic washing and drying procedures for textile testing (International 
Organization for Standardization, 2012)) was not followed because specimen size was restricted to 
100mm x 100mm and unpredictable, uncontrollable movement of small specimens in a washing 
machine would result in unsatisfactory wash exposure. A small-scale method was developed to 
simulate wash exposure.  

Durability to wash was tested with 1,000mL beakers on a magnetic hotplate stirrer39. The apparatus 
set up with fabric specimens is given in Figure 3.3. Three 100mm x 100mm specimens for each fabric 
were immersed individually in 400mL of the wash liquor. The wash liquor consisted of distilled water 
and 10mL of detergent A (>60% water, 10% to 20% anionic surfactant, <5% sodium chloride, <1% 
sodium hydroxide, <1% trisodium N-(2-hydroxyethyl) ethylenediaminetriacetate, <0.1% 1,2-
benzoisothaizolin-3-one; pH 6.5-7.5) yielding a 40:1 water:detergent ratio. The wash liquor was 
stirred at full speed (1,100rpm) for 5min to dissolve detergent in the water.  

Wash temperature was 30°C and mechanical agitation 300rpm. Specimens were completely 
immersed within a few seconds and washed for 8min. These parameters were chosen based on 
specifications of gentle and wool wash cycles described in Table 3.2, and other simulated methods 
(Gan et al., 2015; Denawaka, Fowlis, and Dean, 2016). A gentle cycle was selected because the 
intended application is high-end and gentle wash cycles could be expected for functionalised fabrics 
such as those with specialised treatments. The agitation level was selected as a value between wash 
agitation and spinning speed. Hence, a spinning process was not simulated. Typically, temperature 
of a cold wash is <30°C, warm 30°C to 40°C, and hot >40°C (American Association of Textile Chemists 
and Colorists, 2017). This wash was classified warm and is consistent with recommendation of The 
Woolmark Company® (<42°C) (The Woolmark Company® Pty Ltd, 2016). Specimens were rinsed in 
30°C distilled water for 30s to remove residual detergent and dried flat on a drying rack overnight in 
ambient conditions. Wash conditions acceptable for wool were selected over that of cotton because 
wool is more sensitive to temperature, detergent, and agitation. The wash procedures may not reflect 
end use (i.e. for cotton higher temperature, faster spin speed, detergent), but standardising the wash  

 

39 DlAB MS-H-S10 analog magnetic hotplate stirrer 10-channel, maximum speed 1100rpm; maximum temperature 120°C; 
DLAB Scientific Pvt Ltd, Los Angeles, California. 



 

91 

 
 

 

  

 

Figure 3.3  
Set up for wash durability test - thermal magnetic stirrer 
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Table 3.2 
Specifications of wash cycles for wool apparel 

cycle designed for 
wash 
time 
(min) 

agitation 
speed 
(rpm) 

wash 
temperature rinse 

spin 
speed 
(rpm) 

spin time  

Fisher and Paykel (Fisher and Paykel Appliances Ltd, 2017) 
        
regular normally soiled 

everyday cotton 
loads (t-shirts, 
shorts, shirts) 

11 - warm/ 
cold 

spray/ 
deep rinse 

1,100 6min 

        
delicate delicate lightly 

soiled clothes and 
recommended for 
all 'hand wash' 

5 - warm/ 
cold 

spray/ 
deep rinse 

300 2min 

        
wool machine washable 

woollen items 
5 - warm/ 

cold 
spray/ 
deep rinse 

700 4min 

 
ISO 6330:2012 Textiles – Domestic washing and drying procedures for textile testing (International 
Organization for Standardization, 2012) 
        
gentle 4G - 3 - 40±3°C 3 rinses for 

3min, 
3min, 
2min 

- 1min after 
rinse 2 and 
6min after 
rinse 3 

        
gentle 3G - 3 - 30±3°C 3 rinses for 

3min, 
3min, 
2min 

- 2min after 
rinse 3 

        
gentle 4H - 1 or 6 - 40±3°C 2 rinses for 

2min 
- 3 spins 

2min, 
2min, 
<1min 

        
gentle 8B - 8 - 27±3°C 3min rinse 

time 
399 to 
420 

4min 

        
gentle 11B - 8 - 16±3°C 3min rinse 

time 
399 to 
420 

4min 

 
Standardisation of home laundry test conditions (most related to USA) (American Association of Textile 
Chemists and Colorists, 2017) 
        
delicate 
2000-2008 
top loader 

- 8 119±2 - - 430±15 6min 

        
delicate 
2009-2010 
top loader 

- 6 119±2 -  430±15 3min 

        
delicate 
2011-2012 
top loader 

- 8.5 27±2 - - 500±15 5min 

        
delicate 2013 
top loader 

- 9±2 75±2 - 1 rinse 500±20 5-0/+5min 

        
delicate 2013 
front loader 

- 11±1 40±10 - 2 rinses 400±150 11-
0/+6min 
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for both fabrics was considered important. A total of 20 cycles was undertaken for specimens 
functionalised with reduced graphene oxide and 100 cycles for that functionalised with graphene ink 
and encapsulants. Resistance was measured parallel to the wales as per section 3.10 before wash and 
after 1, 6, 10, and 20 washes for reduced graphene oxide functionalised knits. Those treated with 
graphene ink and/or encapsulated were also measured following 30, 40, 50, 75, and 100 washes.  

Durability to abrasion was evaluated in accordance with a modified version of ISO 12947-2:2016 
Textiles - Determination of the abrasion resistance of fabrics by the Martindale method - Part 2: 
Determination of specimen breakdown (International Organization for Standardization, 2016b) and 
ISO 12945-2:2000 Textiles - Determination of fabric propensity to surface fuzzing and pilling - Part 2: 
Modified Martindale method (International Organization for Standardization, 2000). Three 
specimens (90mm diameter) of each treatment iteration were rubbed with a 9kPa abrasion weight to 

produce a load of 595±7g (specified for apparel and household textiles). Non-treated wool and cotton 
were used as the abradant (140mm diameter) for wool and cotton functionalised fabrics, respectively. 
Fabrics were rubbed for cycles in the pilling assessment (125, 500, 1,000, 2,000, 5,000, 7,000). For 
specimens functionalised with reduced graphene oxide, measurements were taken every 1,000 cycles 
thereafter until resistance was unable to be detected or when visible deterioration of the specimen 
was evident. For those treated with graphene ink and encapsulated a measurement was taken at 
10,000 and every 5,000 thereafter until 50,000 cycles were reached. Following each interval, resistance 
was measured across the treated area parallel to the wale direction and colour was quantified with 
one measurement in the centre of abrasion specimens and abradants. 

For graphene ink treated cotton, after 50,000 cycles of exposure the size and number of pills fixed on 
the specimen, on the treated area and adjacent area, as well as abradant were determined. Images of 
pills abraded off the wool fabric were also measured and counted. Images were obtained with a 

Leica® microscope40 at 6.3x magnification for cotton and 2.5x magnification for wool. Pills (n=10) of 
each fabric were measured across the two axes of the pill, parallel to the wales and courses for the 
cotton fabric and two perpendicular axes for pills shed from the wool. Measurements were obtained 

with image software Fiji41 (Fiji contributors, 2007) with the line tool (Figure 3.4). The number of pills 
which came away from the wool fabrics were counted if less than 10 and as with the cotton pills, 
measurements across the two axes were taken.  

To count the pills on the cotton fabrics a photograph (12-megapixel high dynamic range camera, 
Apple®, California) was taken of the surface of the abraded area of the fabric. A 15mm x 15mm section 
on the fabric was randomly selected and the number of pills counted with cell counter plugin in Fiji 
(Fiji contributors, 2007). The image type was changed to 8-bit (i.e. black and white) and thresholded 
to distinguish the pills based on pixel intensity from the underlying fabric surface.  

A pill rating was also given to the fabrics after 50,000 cycles in accordance with ISO 12945-2:2000 
Textiles - Determination of fabric propensity to surface fuzzing and pilling - Part 2: Modified 

 

40 Leica® MZ16 stereomicroscope, SDL Atlas Textile Testing Solutions, Stockport, England. 

41 Version 2.0.0-rc-69/1.52n, fiji.sc. 
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Martindale method (International Organization for Standardization, 2000)42. Five experts in clothing 
and textiles from the Centre of Materials Science and Technology, University of Otago, New Zealand 
rated specimens and abradants for the extent of pilling. Specimens were viewed at a controlled angle 
in a lighting booth set at daylight (D65). Specimens were rated on a scale from 1 to 5 (half ratings 
could be given) with the photographic scale (ASTM D 3514:2020 Standard test method for pilling 
resistance and other related surface changes of textile fabrics: elastomeric pad (American Society for 
Testing and Materials, 2020) (Figure 3.5). Ethical approval (D20/190, 3 July 2020) was obtained from 
the University of Otago Ethics Committee (Dunedin, New Zealand). 

Change in conductivity over time was determined after storing specimens in the dark (three 

specimens 100mm x 100mm) at 20±2ºC and 65±4%RH. This was carried out to monitor effects of time 
and to ensure any differences observed in experiments were not due to change over time. Resistance 
was measured parallel to the wales the same time each day for four weeks, and measured fortnightly 
thereafter until 154 days, three measurements were taken after a further 10 weeks (i.e. 224 days, 294 
days, 364 days) providing a total of one year (364 days). 

3.8 Statistical analysis 
Each fabric property was described by mean, standard deviation, and coefficient of variation. 
Differences were calculated as % change before and after treatment and differences with exposure to 
processes (e.g. changes with wash, abrasion, storage). Statistical analysis was carried out using 
significance levels p≤0.001, p≤0.01, and p≤0.05. Assumptions of normality and homogeneity were 
confirmed using Levene's test of equality with non-significant error variances, therefore the data was 
not transformed (SPSS Inc, 2012).  

Univariate analysis of variance (ANOVA) was carried out for comparisons of treatments (pre-
treatment, reduced graphene oxide, graphene ink, encapsulation) for properties with a meaurement 
in one point in time (i.e. mass, thickness, colour, conductivity, contact angle, liquid absorptive 
capacity, regain, permeability to water vapour and to air). Tukey’s HSD multiple comparison post-
hoc test was used to determine significance values where significant differences had been observed 
(SPSS Inc, 2012). 

A two-step approach was taken in terms of statistical analysis of the chemical pre-treatment. First the 
overall treatment effect was determined (i.e. specimens with no chemical pre-treatment compared to 
specimens with the pre-treatment (all grouped, not accounting for the treatments)). Significant 
differences were determined between treatments. This process was applied to both the first and 
second iteration of the pre-treatment. All iterations of the first and second pre-treatment were 
included in the analysis for the second trial to compare performance of all. 

  

 

42 Only graphene ink and encapsulated specimens were considered pertinent for this assessment due the failure (i.e. lost 
conductivity) of reduced graphene oxide functionalised specimens. 
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 a 

 

 b 

 

Figure 3.4 
Measurement of pill dimensions based on images (Leica® microscope)  

acquired with Fiji 
a Wool (2.5x magnification) b Cotton (6.3x magnification) 
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Figure 3.5  
ASTM D 3514:2020 photographic scales for pilling  
(American Society for Testing and Materials, 2020) 
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From the tactile assessment, nonparametric ordinal data (related samples) were obtained (i.e. as 
ranked fabrics for difference). Friedman's ANOVA was used to determine if there were significant 

differences (p£0.05) in tactile perception among fabrics with different functionalisation treatments. A 
post hoc test (Wilcoxon) was performed to determine where any differences occurred. Post hoc 
Wilcoxon signed-rank test with Bonferroni correction applied gave a level of significance of 0.083 
(from 0.05, acceptable with inherent variability of human based trials). Kendall's coefficient of 
concordance was used to determine agreement among participants. For analysis of the image data, 
multivariate ANOVA was used to determine effects of the pre-treatment, reduced graphene oxide, 
graphene ink, and encapsulation on fibres extracted from the respective fabrics. For the reduced 
graphene oxide and graphene ink/encapsulation, comparisons to non-treated and pre-treated fabrics 
were made. When considering treatment variables (treatment time, curing temperature) the non-
treated and pre-treated fabrics were excluded from comparisons. 

Repeated measures ANOVA general linear model was carried out for those tests with sequences of 
repeated observations on a specific specimen. This included measurement taken before and after 
treatments and differences attributable to repeated exposure because the same specimens were used 
for the sequential measurements. Mauchly's Test of Sphericity was reported: if satisfied no corrections 
were required; if violated an appropriate correction was made. 

The purpose of the control was to ensure instruments were working adequately and consistently and 
to ensure operator error over time was minimal. The control fabric was analysed using univariate 
ANOVA where considered necessary (e.g. first and second pre-treatment trials).  
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Experimental 
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Part 1  
Preparation of wool and cotton knits for functionalisation 
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4.1.1 Chemical pre-treatment of wool and cotton  
The aim of the pre-treatment was to remove the lipid layer on wool fibres and residual pectins and 
waxes on cotton fibre both of which remain after fabric processing. Wettability and therefore fixation 
of subsequent graphene treatments should be enhanced while minimising fibre degradation. Cotton 
fabrics are typically hydrophilic, however the cotton knit was hydrophobic, therefore a pre-treatment 
was essential. 

Three hypotheses were proposed: 

1 no change to fabric appearance or structure will occur; 

2 the surface chemistry will change indicating removal of contaminants; 

3 pre-treating wool and cotton knits will increase wettability and moisture absorption to 
facilitate deposition and fixing graphene treatments; increasing pre-treatment 
concentration and time will increase the extent of change to wettability and moisture 
absorption. 

  



 

101 

4.1.2 Methods 
Pre-treatment materials and procedures 
A factorial experimental design considering two factors, concentration and time was used to optimise 
the pre-treatment (Table 4.1.2.1 a-b). For wool, three concentrations of potassium hydroxide, and two 
treatment times were investigated, while for cotton, five concentrations of sodium hydroxide and two 
treatment times were investigated. The levels were selected based on published research (Ward et al., 
1993; Chung, Lee, and Choe, 2004; Huson et al., 2008; Meade et al., 2008; Liu et al., 2012; Yan et al., 
2012; Wang et al., 2013; Tang et al., 2015; Xu et al., 2015a; Zhou et al., 2015; Cai et al., 2017) considering 
the finished fabrics had undergone processing, details of which were not clear, and that those in 
published research had less processing than in the present work, possibly permitting a lower 
concentration and time to be successful. A wide range of concentrations and treatment times were 
investigated to identify an effective and efficient process. After determining changes to appearance, 
surface chemistry, and wettability, the treatments were degradative to the wool knit and not sufficient 
to increase wettability of the cotton knit. Therefore, a second trial for each was undertaken. For wool, 
two lower concentrations were tested and for cotton three higher concentrations for the same two 
treatment times were investigated, each also based on published research. A schematic of the 
treatment steps is given in Figure 4.1.2.1. 

Wool specimens (90mm diameter) were immersed in the prepared potassium hydroxide methanol. 

Potassium hydroxide pellets43 were dissolved in 15mL of deionised water, with the volume made 

up to 100mL with methanol 99.8% purity44 (85:15 methanol:deionised water/potassium hydroxide). 
The pre-treatment was carried out in ambient conditions (~20ºC, 40%RH) under a fume hood. Three 
concentrations of potassium hydroxide were investigated: 0.1mol/L, 0.5mol/L, 1.0mol/L with a 
liquor ratio of 20:1 (fabric:liquor) and pH 12 to pH 13 with two treatment times: 15min and 30min 
(Table 4.1.2.2 a). Each specimen was placed in a shallow dish, technical face uppermost, and 10mL of 
liquid poured over the specimen to achieve complete immersion. Following pre-treatment, fabric 
specimens were rinsed with deionised water for 1min, and left to dry overnight in ambient conditions 
(~20ºC, 40%RH). 

After the initial three treatments, two additional lower concentrations were investigated based on 
observed degradative effect of the first set (Table 4.1.2.2 a). Concentrations of 0.05mol/L and 
0.025mol/L potassium hydroxide in methanol with the same two treatment times (15min and 30min) 
were prepared with the same process. After selecting optimal pre-treatment (0.05mol/L for 15min), 
the process was applied to specimens (100mm x 100mm) that would be functionalised. 

Cotton specimens (90mm diameter) were immersed in a sodium hydroxide treatment. Sodium 

hydroxide pellets45 were dissolved in 15mL of deionised water, made up to 100mL with deionised  

 

43 CAS no. 1310583. 

44 Ajax Univar® analytical reagents; Ajax Finechem Laboratory Chemicals represented by Thermo Fisher Scientific New 
Zealand Ltd, 244 Bush Road, Albany, North Shore City 0632, New Zealand. 

45 CAS no. 1310-73-2; Lab supply, PO Box 7051, Dunedin 9011. 
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Table 4.1.2.1 
Effect of pre-treatment - factorial experimental design* 

a Wool 

 levels      
 0 1 2 3 4 5 
trial one     
concentration nil 0.1mol/L 0.5mol/L 1.0mol/L   
treatment time  15min 30min    
       
trial two   
concentration nil 0.025mol/L 0.05mol/L    
treatment time  15min 30min    

 

b Cotton 

 levels      
 0 1 2 3 4 5 
trial one       
concentration nil 0.025mol/L 0.05mol/L 0.1mol/L 0.5mol/L 1.0mol/L 
treatment time  15min 30min    
       
trial two       
concentration nil 2.0mol/L 3.0mol/L 5.0mol/L   
treatment time  15min 30min    

*levels of treatment process variables were selected to represent the range of treatment variables used in 
published research, process variables used in previous work are given in Chapter 2 

 

 

 

 

 

100% wool, 
100% cotton  

six consecutive 
washes 

100% wool, 
100% cotton 
wash pre-
treated 

potassium or 
sodium 
hydroxide in 
methanol 

trial one 
trial two 

optimum pre-
treated 100% 
wool, 100% 
cotton 

Figure 4.1.2.1  
Schematic for preparation of pre-treated wool and cotton single jersey 
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Table 4.1.2.2  
Effect of pre-treatment - treatment variables  

a Wool 

concentration pH46 
potassium 
hydroxide 
pellets (g) 

% methanol 
volume 

% deionised 
water/potassium 

hydroxide 

time 
(min) 

trial one    
0.1mol/L 12.25 0.56 85 15 15 
     30 
0.5mol/L 12.89 2.81 85 15 15 
     30 
1.0mol/L 13.30 5.61 85 15 15 
     30 

    
trial two    
0.025mol/L 12.02 0.01 85 15 15 
     30 
0.05mol/L 12.16  0.03 85 15 15 
     30 
      

 

b Cotton 

concentration pH46 

sodium 
hydroxide 

pellets/water 
(g/mL) 

% deionised 
water volume 

% deionised 
water/sodium 

hydroxide  

time 
(min) 

trial one      
0.1mol/L 14.01 0.39 85 15 15 
     30 
0.5mol/L 14.35 1.95 85 15 15 
     30 
1.0mol/L 14.43 3.90 85 15 15 
     30 
0.025mol/L 13.63 0.10 85 15 15 
     30 
0.05mol/L 13.82 0.20 85 15 15 
     30 
trial two     
2.0mol/L 14.38 7.80 85 15 15 
     30 
3.0mol/L 14.87 11.70 85 15 15 
     30 
5.0mol/L 14.98 19.50 85 15 15 
     30 

 

  

 

46 Measured with pH tester, Hanna instrument HI 2213 pH/ORP tester from Acorn Scientific Ltd, 61 Hugo Johnston Drive, 
Penrose, Auckland, 1061. 
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water (85:15 deionised water:deionised water/sodium hydroxide). The pre-treatment was carried out 
in ambient conditions (~20ºC, 40%RH) under a fume hood. Five concentrations of sodium hydroxide 
were investigated: 0.025mol/L, 0.05mol/L, 0.1mol/L, 0.5mol/L, 1.0mol/L with a liquor ratio of 20:1 
(fabric:liquor) and pH 13.5 to pH 14.5 (Table 4.1.2.2 b). Two time periods were tested: 15min and 
30min. Each specimen was placed in a shallow dish technical face uppermost, and liquid was poured 
over the specimen to achieve complete immersion. Following pre-treatment, specimens were rinsed 
with deionised water and left to dry overnight under ambient conditions (~20°C, 40%RH). 

Because of unsatisfactory performance based on non-effective changes to wettability, three additional 
higher concentrations: 2.0mol/L, 3.0mol/L, 5.0mol/L were applied for 15min and 30min (Table 
4.1.2.2 b). After selecting the best pre-treatment (2mol/L for 30min), the process was carried out on 
all specimens (100mm x 100mm) to be functionalised. 

Performance properties 
Details of the methods used are given in Chapter 3. Examined properties included: 

1 Surface properties: photographs and optical microscopy. 

2 Fourier Transform Infrared Microscopy: surface chemistry changes to the knits. 

3 Structure: mass per unit area, thickness, and stitch density. Three specimens were used in the 
present work consistent with the three repeats of each concentration and time. 

4 Moisture related properties based on water droplet absorbency, liquid absorptive capacity, 
and contact angle, regain. Three specimens were used. 
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4.1.3 Results - effects of pre-treating wool knit 
Trial one 
High concentrations (0.5mol/L, 1.0mol/L) resulted in yellowing, distortion, and curling, specimens 
treated with 0.1mol/L also yellowed but other changes were negligible. Treatment time did not have 
an effect (Figure 4.1.3.1 a i). Differences were small, but high concentrations (0.5mol/L, 1.0mol/L) 
appeared to cause inter-fibre cohesion in yarns of the knit and fibres protruding from the yarn surface 
over the fabric (Figure 4.1.3.1 a ii, iii, iv). Scales appeared eroded on fibres extracted from pre-treated 
fabrics, typically more so with higher concentrations. Fibre damage was evidenced by fibrillation of 
those fibres extracted from fabric treated with 1.0mol/L for 30min (Figure 4.1.3.1 a iii, iv). These 
changes were considered undesirable as they may indicate a degradation and a reduction in strength. 

Similar to previous reports (i.e. already known) (Bradley and Mathieson, 1997; Yao, Liu, Yang, and 
Liu, 2008), characteristic peaks of wool were found for all fabrics (Figure 4.1.3.1 a v). This included 
~3,270cm-1 strong and broad peak indicating O-H stretching, potentially indicative of water 
absorption, 2,850cm-1 to 3,000cm-1 stretching of strong broad peak characteristic of C-H groups (CH2, 
CH3, CH), ~1,627cm-1 to ~1,629cm-1 related to vibration of C=O bonds, 1,500cm-1 to 1,550cm-1 assigned 
to bending deformation of C-N-H, 1,000cm-1 to 1,450cm-1 linked to sulphur oxygen bands of sulfonic 
acid, specifically the peak at ~1,040cm-1 assigned to S-O- stretching, 1,448cm-1 to 1,445cm-1 related to 
N-H groups. 

Shifts in peaks followed the pre-treatment, predominantly in specimens treated with 0.5mol/L for 
15min and 1.0mol/L for 30min. The wavenumber associated with C-H groups reduced from 
~2957cm-1 to ~2930cm-1 revealing decreased presence of fatty acids, predominantly 18-
methyleicosanoic acid composed of carbon atoms joined by hydrogen atoms. A small difference (2cm-
1 to 3cm-1) was also found in O-H groups (~3270cm-1) which indicated increased water absorption. 
Both changes were desirable indicators for increased wettability. Variation in wavenumber could also 
account for the small differences observed. Changes following pre-treatment may not be completely 
discernible through infrared transmission and small differences made interpretation difficult. FTIR 
had low suitability for detecting changes arising from a pre-treatment. 

Pre-treatment had an effect on fabric mass (F1,21=27.31, p≤0.001), resulting in an increase. Despite 
statistical significance, the difference was small and not considered practically important (Table 
4.1.3.1 a i). Although small, increased mass was not expected and not desirable if indicating changes 
to the fibres/yarns in the fabric (i.e. moisture replaced some air, increasing mass). Concentration 
influenced mass while time did not (F2,12=5.56, p≤0.05; F1,12=1.87, NS, respectively; Table 4.1.3.1 a i) 
and the pattern of response from varying concentration and time did not differ (F2,12=2.73, NS). As 
concentration increased, fabric mass tended to increase, but the effect of time was not linear. Two 
groups were found for concentration (0.1mol/L, 1.0mol/L; 1.0mol/L, 0.5mol/L). 

A negative change in thickness occurred following pre-treatment (F1,19=94.22, p≤0.001; Table 4.1.3.1 a 
ii). Potentially this is undesirable as removal of fatty acids would not likely change thickness, but 
changes to the fibres may explain the reduction (i.e. degradation). Concentration and time did not 
change the effect on thickness (F2,12=0.41, NS; F1,12=0.31, NS, respectively) and no interaction between 
factors was identified (F2,12=1.66, NS). Based on the means, the effect on thickness was greatest for the 
highest concentration and longest time, lessening as concentration and time decreased. Variation was   
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Figure 4.1.3.1 
Pre-treated wool knit - photographic images and infrared spectra 

a Trial one 
i Knit technical face (90mm diameter) ii Knit technical face and rear (6.3x)  
iii Yarn (3.2x) iv Fibre (40x) v Knit infrared spectra (FTIR) 
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Figure 4.1.3.1 a contd 
i Knit technical face (90mm diameter)  
ii Knit technical face and rear (6.3x) iii Yarn (3.2x) iv Fibre (40x)  
v Knit infrared spectra (FTIR) 
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Figure 4.1.3.1 a contd 
i Knit technical face (90mm diameter)  
ii Knit technical face and rear (6.3x) iii Yarn (3.2x) iv Fibre (40x)  
v Knit infrared spectra (FTIR) 
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Figure 4.1.3.1 contd  
b Trial two 
i Knit technical face (90mm diameter) ii Knit technical face and rear (6.3x)  
iii Yarn (3.2x) iv Fibre (40x) v Knit infrared spectra (FTIR) 
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Figure 4.1.3.1 b contd 
i Knit technical face (90mm diameter)  
ii Knit technical face and rear (6.3x) iii Yarn (3.2x) iv Fibre (40x)  
v Knit infrared spectra (FTIR) 



 

111 

Table 4.1.3.1 
Pre-treated wool knit - structural properties (n=3) 

a Trial one 

 
nil 

0.1mol/L 0.5mol/L 1.0mol/L 
control 15min 30min 15min 30min 15min 30min 

i mass 
mass per unit area (g/m2) 
mean 124.40 128.60 126.46 129.44 130.74 130.67 128.74 258.14 
s.d. 1.90 0.86 1.58 1.05 1.28 2.40 0.76 7.73 
CV% 1.53 0.67 1.25 0.81 0.98 1.84 0.59 3.00 

 
% change 
mean - 1.71 1.42 3.68 3.90 5.07 2.58 - 
s.d. - 0.12 0.07 0.10 0.04 0.49 0.43 - 
CV% - 7.10 5.15 2.65 1.00 9.64 16.56 - 

 
ii thickness 
thickness mm 
mean 0.77 0.67 0.65 0.71 0.68 0.71 0.70 1.27 
s.d. 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.01 
CV% 0.92 1.49 1.77 2.82 0.84 1.41 2.96 1.03 

 
% change 
mean - -8.64 -10.91 -3.18 -6.82 -3.18 -4.09 - 
s.d. - 1.36 1.57 2.73 0.79 1.36 2.84 - 
CV% - 15.79 14.43 85.71 11.55 42.86 69.39 - 

 
iii stitch density (yarns per 10mm) 
wales         
mean 18.96 18.88 18.92 19.12 19.00 18.76 18.96 17.76 
s.d. 0.17 0.46 0.18 0.23 0.32 0.26 0.17 1.01 
CV% 0.88 2.44 0.95 1.19 1.66 1.39 0.88 5.71 
         
courses         
mean 19.52 19.36 19.40 19.68 19.48 19.44 19.52 17.08 
s.d. 0.33 0.26 0.47 0.41 0.36 0.52 0.33 0.59 
CV% 1.71 1.35 2.42 2.11 1.87 2.66 1.71 3.47 

- denotes not measured 
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Table 4.1.3.1 contd 
b Trial two 

 
nil 

0.025mol/L 0.05mol/L 
control 15min 30min 15min 30min 

i mass 
mass per unit area (g/m2)  
mean 125.02 125.01 123.61 122.68 124.75 257.73 
s.d. 1.63 1.96 1.42 1.13 2.37 7.92 
CV% 1.30 1.57 1.15 0.92 1.90 3.07 
 
% change 
mean - 0.44 0.40 0.86 1.36 - 
s.d. - 0.25 0.01 0.23 1.70 - 
CV% - 57.22 1.70 26.88 8.84 - 
 
ii thickness 
thickness mm 
mean 0.73 0.66 0.66 0.65 0.66 1.27 
s.d. 0.01 0.02 0.01 0.02 0.00 0.001 
CV% 1.57 2.62 1.76 2.66 0.00 0.66 
 
% change 
mean - -10.00 -10.45 -11.36 -10.00 - 
s.d. - 2.36 1.57 2.36 0.00 - 
CV% - 23.62 15.06 20.78 0.00 - 
 
iii stitch density (yarns per 10mm) 
wales       
mean 19.08 18.96 19.04 18.80 18.64 17.56 
s.d. 0.23 0.38 0.33 0.32 0.26 0.90 
CV% 1.20 2.03 1.73 1.68 1.40 5.12 
       
courses       
mean 19.64 19.32 19.72 19.36 19.08 17.20 
s.d. 0.43 0.58 0.30 0.52 0.41 0.45 
CV% 2.21 2.98 1.54 2.67 2.17 2.60 

- denotes not measured 
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high for some treatments, likely a result of instances of both positive and negative change in thickness. 
Two groups were identified for concentration (0.1mol/L; 0.5mol/L and 1.0mol/L). 

Stitch density of the wales marginally exceeded the courses (F1,88=42.92, p≤0.001) (Table 4.1.3.1 a iii). 
Pre-treatment did not affect the number of wales or courses (F1,33=1.79, NS; F1,33=1.57, NS, respectively; 
Table 4.1.3.1 a iii). No effect is desirable, indicating negligible change to fibre, yarn, and fabric 
dimensions. 

The time of water absorbency and spreading decreased following pre-treatment (F1,33=540.87, p≤0.001; 
F1,33=101.77, p≤0.001, respectively; Table 4.1.3.2 i, ii). Time for water absorbency decreased from 14.31s 
to less than 3.50s, and time of spreading decreased from 21.09s to less than 12.50s. This decrease was 
desirable, revealing an increase in wettability and absorption. Time of water absorption was mostly 
affected by concentration, not time (F2,24=19.72, p≤0.001; F1,24=2.83, NS, respectively; Table 4.1.3.2 a i, 
ii). When spreading was also considered, both concentration and time had an effect (F2,24=5.25, p≤0.01; 
F1,24=43.73, p≤0.001, respectively; Table 4.1.3.2 a i, ii). A small F value for the effect of concentration 
indicates little importance. The pattern of response from varying concentration and time did not differ 
for time of water absorbency (F2,24=3.22, NS); a difference was found when spreading time was also 
considered, yet with a small F value (F2,24=5.69, p≤0.01). Three groups were identified for 
concentration when considering time of water absorbency (0.1mol/L; 0.5mol/L; 1.0mol/L) and two 
for time of water absorbency and spreading combined (0.1mol/L, 1.0mol/L; 1.0mol/L, 0.5mol/L).  

The droplet on the non-pre-treated fabric was spherical for approximately 3s and was then 
absorbed/adsorbed in the fabric after ~15s (Figure 4.1.3.2 a). Minimal spreading and some transfer 
of water through to the technical rear indicated the total volume of water was not taken up by the 
fabric. That shown in Figure 4.1.3.2 a is limited to 10s, but water remained on the underside of the 
fabric for more than 60s before being absorbed/adsorbed. Water droplets on pre-treated specimens 
were flattened spheres and moved in the fabric after approximately 1s indicating increased uptake 
which was the desired outcome (Figure 4.1.3.2 a). Some water remained on the surface for a short 
time thereafter. Distinguishing the time of water absorbency from spreading was difficult with pre-
treated fabrics exhibiting rapid absorbency. 

No effect on liquid absorptive capacity attributable to the pre-treatment was found (F1,19=0.49, NS; 
Table 4.1.3.2 a iii). Pre-treating the wool knit caused a decrease in contact angle (F1,68=31.27, p≤0.001; 
Table 4.1.3.2 a iii). The standard deviation was high for those pre-treated because the values go to 
zero (i.e. absorbance was so rapid an image could not be captured or contact angle measured). The 
decrease was a desired change suggesting greater hydrophilicity. No effect of treatment concentration 
or time was found (F2,54=2.47, NS; F1,54=0.25, NS, respectively), nor was there an interaction between 
concentration and time (F2,54=0.08, NS). Pre-treating did affect moisture regain (F1,19=8.22, p≤0.01), 
typically causing an increase (Table 4.1.3.2 a iv). The former was undesirable while the latter may link 
to increased mass (i.e. holding more moisture from the surrounding air). There was no difference 
attributable to changing concentration (F2,12=0.50, NS); an effect of time was found albeit a small F 
value and of little importance (F1,12=5.05, p≤0.05) (Table 4.1.3.2 a v). The pattern of response differed 
from varying concentration and time (i.e. there was an interaction) (F2,12=6.23, p≤0.01). The effect of 
treating for 15min was greater than 30min for 0.1mol/L and 1.0mol/L treatments, while the opposite 
was observed for the 0.5mol/L concentration, accounting for the interaction. 

  



 

114 

Table 4.1.3.2  
Pre-treated wool knit - moisture transfer properties 

a Trial one 

 
nil 

0.1mol/L 0.5mol/L 1.0mol/L 
control 15min 30min 15min 30min 15min 30min 

i water absorbency time (s) n=5 
mean 14.99 1.72 1.50 3.26 3.49 3.11 1.95 4.96 
s.d. 2.03 0.53 0.41 0.55 0.39 1.15 0.35 0.56 
CV% 13.57 30.10 27.29 17.00 11.20 37.08 17.90 11.35 

 
ii water absorbency and spreading time (s) n=5 
mean 20.73 9.97 6.66 10.62 9.54 10.23 7.26 8.11 
s.d. 3.03 0.37 1.29 0.86 0.77 3.74 2.35 0.95 
CV% 14.62 3.71 19.32 8.07 8.06 36.53 32.36 11.76 

 
iii liquid absorptive capacity (%) n=3 
mean 253.64 255.54 253.35 259.00 252.68 229.79 233.70 201.65 
s.d. 12.31 13.88 10.60 11.68 13.08 6.30 4.24 5.91 
CV% 4.85 5.43 4.18 4.51 5.17 2.74 1.82 2.93 
         
iv contact angle (°) n=10      
mean 86.52 22.67 28.99 41.43 47.51 26.46 25.84 55.97 
min 76.98 0.00 0.00 0.00 0.00 0.00 0.00 26.35 
max 93.00 60.24 78.76 74.35 82.27 67.59 60.43 86.71 
s.d. 5.44 29.36 32.15 30.01 33.97 28.83 27.63 21.39 
CV% 6.29 129.55 110.90 72.43 71.50 108.94 106.93 38.23 

image 
        

         
v moisture regain (%) n=3 
mean 14.81 16.49 17.87 18.07 16.04 19.06 16.25 13.29 
s.d. 0.46 1.34 1.45 1.60 0.68 0.25 0.42 0.34 
CV% 3.14 8.11 8.09 8.84 4.27 1.32 2.59 2.56 

- denotes not measured 
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Table 4.1.3.2 contd  
b Trial two 

 
nil 

0.025mol/L 0.05mol/L 
control 15min 30min 15min 30min 

i water absorbency time (s) n=5 
mean 14.63 1.21 1.26 1.46 1.13 4.93 
s.d. 3.21 0.08 0.06 0.17 0.22 0.54 
CV% 21.95 6.29 4.79 11.59 19.80 9.34 
 
ii water absorbency and spreading time (s) n=5 
mean 23.85 21.00 17.45 14.88 10.12 8.03 
s.d. 3.40 1.96 4.76 2.40 3.10 0.91 
CV% 14.86 9.33 27.30 16.14 30.60 11.40 
 
iii liquid absorptive capacity (%) n=3 
mean 253.64 245.69 248.13 249.57 252.38 201.31 
s.d. 12.31 14.54 5.56 11.00 7.48 4.03 
CV% 4.85 5.92 2.24 4.41 2.96 2.00 
       
iv contact angle (°) n=10 
mean 84.92 40.90 34.20 31.05 14.21 56.33 
min 74.99 0.00 0.00 0.00 0.00 29.63 
max 91.59 62.59 69.73 64.51 40.31 84.32 
s.d. 5.81 22.67 23.99 25.55 16.57 19.11 
CV% 6.84 55.44 70.16 82.28 116.61 33.93 

image 
      

       
v moisture regain (%) n=3 
mean 14.91 16.74 16.92 15.54 15.63 13.50 
s.d. 0.30 1.10 1.67 0.14 0.05 0.36 
CV% 2.03 6.60 9.89 0.91 0.35 2.68 

- denotes not measured 
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*droplets that absorbed before the total time elapsed are shown with blank space   
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Figure 4.1.3.2 
Pre-treated wool knit - appearance of water droplets over time (n=5)* 

a Trial one 
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Figure 4.1.3.2 contd 
b Trial two 
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Trial two 

Carrying out a second pre-treatment trial was a consequence of findings from the first trial47. Some 
undesirable changes following the first trial could not be anticipated given prior published work was 
on woven fabrics. Therefore, exploration of weaker concentrations was undertaken. Pre-treated 
fabrics of trial two were like that not pre-treated with slight curling (Figure 4.1.3.1 b i) and no effects 
at microscopic levels indicated undesirable change (Figure 4.1.3.1 b ii-iv). Infrared spectra revealed 
characteristic peaks of wool as per trial one (Figure 4.1.3.1 a i-vii). A difference in wavenumber was 
still evident in the region related to C-H groups (2,850cm-1 to 3,000cm-1), ~3cm-1 less than differences 
observed with the first trial. This change revealed removal of fatty acids. Similarly, a small difference 
(2cm-1 to 3cm-1) in the O-H groups (~3,270cm-1) possibly reflects increased water absorption. 
Differences may also relate to variation among spectra. The small changes to the spectra are desirable 
potentially suggesting increased wettability and no degradation. 

Pre-treatment influenced mass (F3,31=20.40, p≤0.001), typically causing an increase (Table 4.1.3.1 b i), 
in agreement with trial one. Mass was affected by concentration but not time (F4,20=21.05, p≤0.001; 
F1,20=0.53, NS, respectively; Table 4.1.3.1 b i). Fabrics treated with the two weaker concentrations had 
less change than the first, potentially desirable if related to less fibre degradation. The effect of the 
0.05mol/L treatment was greater than that of 0.025mol/L. The pattern of response from varying 
concentration and time did not differ (i.e. there was no interaction) (F4,20=2.30, NS). Two groups for 
concentration were identified (0.05mol/L, 0.025mol/L; 0.1mol/L, 1.0mol/L, 0.5mol/L) (i.e. the 
second trial was separated from the first). 

Fabric thickness decreased following the pre-treatment (F3,32=48.07, p≤0.001) (Table 4.1.3.1 b ii). 
Observed differences were small irrespective of significance which may be linked to removal of fatty 
acids, considered desirable and suggests minimal degradation. Fabric thickness differed when 
changing concentration but not time (F4,20=18.04, p≤0.001; F1,20=2.91, NS, respectively; Table 4.1.3.1 b 
ii). Although, no clear trend with changing concentration was evident. No interaction between 
concentration and time was identified (F4,20=1.49, NS) likely due to the non-significant difference 
between treatment times. Two groups were found for concentration (0.025mol/L, 0.05molL, 
0.1mol/L; 0.5mol/L and 1.0mol/L). 

Stitch density differed between wales and courses (F1,108=56.89, p≤0.01). As per the first trial, the 
courses slightly exceeded the wales (≤1) (Table 4.1.3.1 b iii). Pre-treatment had no effect on the number 
of wales or courses (F3,56=0.77, NS; F3,56=1.93, NS respectively), preferable to retain fabric dimensions. 

Time of water absorbency and with spreading differed following pre-treatment (F3,56=531.55, p≤0.001; 
F3,56=30.87, p≤0.001, respectively; Table 4.1.3.2 b i, ii). Time for water absorbency without and with 
spreading changed due to both concentration (F4,44=34.66, p≤0.001; F4,44=33.99, p≤0.001, respectively) 
and time (F1,44=4.19, p≤0.05; and F1,44=30.09, p≤0.001, respectively), however, the F value was small for 
the effect of time of water absorbency only. The two weaker concentrations had less time for water 
absorbency and more time of spreading compared to trial one. The outcome with the weaker 
concentrations is favourable, indicating fast absorption and coverage in and over the knit. The pattern 
of responses from varying concentration and time was different when considering time of water 

 

47 No significant differences between the measured results of the control fabric were evident for the two sequential pre-
treatment trials. 
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absorbency only (F4,44=2.96, p≤0.05) with a small F value; no interaction was found with the addition 
of time of spreading (F4,44=0.34, NS) (i.e. an interaction was and was not present, respectively). Three 
concentration groups were identified for time of water absorbency (0.025mol/L, 0.05mol/L, 
0.1mol/L; 1.0mol/L; 0.5mol/L) and time of water absorbency and spreading (0.1mol/L, 1.0mol/L, 
0.5mol/L; 1.0mol/L, 0.5mol/L, 0.05mol/L; 0.025mol/L). Flattened droplets were formed on initial 
contact with specimens treated with 0.025mol/L and 0.05mol/L (Figure 4.1.3.2 b), like trial one. Water 
droplets were absorbed in the fabric within one second after contact, and spreading was evident. 
Water absorbency and spreading appeared similar irrespective of time. This performance is desirable. 

No effect of pre-treatment on liquid absorptive capacity was found (F3,32=1.24, NS; Table 4.1.3.2 b iii). 
Pre-treating decreased contact angle (F3,116=24.68, p≤0.001) (Table 4.1.3.1 b iv) with relatively high 
standard deviation, similar to the trial one and desirable showing increased wettability. 
Concentration and treatment time did not have an effect (F4,90=2.28, NS; F1,90=0.18, NS) nor was there 
an interaction between factors (F4,90=0.63, NS). Moisture regain was affected by pre-treatment 
(F3,32=4.62, p≤0.01; Table 4.1.3.1 b v) resulting in an increase. Concentration had an effect (with a small 
F value and low significance) and treatment time did not have an effect (F4,20=3.21, p≤0.05; F1,20 =2.75, 
NS, respectively; Table 4.1.3.1 b v). Moisture regain of specimens treated with 0.025mol/L and 
0.05mol/L was greater than that non-treated but lower than those of the first trial. Therefore, trial two 
did not increase regain to the same extent but was increased from the original state of the fabric. The 
pattern of response differed from varying concentration and treatment time (i.e. there was an 
interaction) (F4,20=3.99, p≤0.05), but the F value was small with little importance. 

Testing hypotheses 
Hypothesis 1  

No change to fabric appearance or structure (mass, thickness) was proposed and this was rejected, 
especially when considering the higher concentrations. Stitch density was not different, confirming 
the hypothesis.  

Hypothesis 2  

The proposal that surface chemistry will change was partially confirmed by small shifts in infrared 
spectra following pre-treatment.  

Hypothesis 3  

Increased wettability and moisture absorption was stipulated to occurr after the pre-treatment to 
support subsequent graphene treatments and that the extent of change would increase with greater 
concentration and time. Reduced water absorbency time and increased spreading, higher moisture 
regain, and lower contact angle confirmed the hypothesis. No change in liquid absorptive capacity 
resulted in partial rejection. Increasing concentration and time did not always increase the extent of 
change to properties related to wettability, also causing rejection. 

Selected conditions to pre-treat wool 

The two highest concentrations, 0.5mol/L and 1.0mol/L, were considered unacceptable due to fibre 
degradation, irrespective of improved wettability. The concentration of 0.1mol/L increased water 
absorption however inherent fibre degradation was possible, although less than the two higher 
concentrations. Avoiding degradation was considered desirable. The concentration of 0.025mol/L 
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showed low intensity change to the wavelength region possibly related to fatty acid removal 
compared to 0.05mol/L, but changes to other regions were similar. The time of water absorbency was 
<1.5s and spreading <15s after pre-treatment with 0.05mol/L, which was considered acceptable. 
Overall, time had minimal effects on efficacy of the pre-treatment. Therefore, the treatment of 
0.05mol/L for 15min was selected as the optimum treatment to prepare the wool knit for subsequent 
graphene treatments. 
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4.1.4 Results - effects of pre-treating cotton knit 
Trial one 
Some curling and yellowing were evident following pre-treatment irrespective of concentration or 
time (Figure 4.1.4.1 a i-ii). Yarns in the fabric were disrupted resulting in increased fibre entanglement 
on the fabric surface, although no effect of treatment concentration or time could be discerned (Figure 
4.1.4.1 a iii-iv). Several striated lines were evident on pre-treated cotton fibres indicating changes to 
the fibre surface. No differences among concentrations or times were identified. 

Infrared spectra of fabrics pre-treated and not pre-treated revealed characteristic peaks of cellulose 
(i.e. similar to examples in scientific literature  (Carrillo, Colom, Sunol, and Saurina, 2004; Liu, Chen, 
Wu, Shen, and Lin, 2010; Fan, Dai, and Huang, 2012; Gargoubi, Tolouei, Chevallier, Levesque, 
Ladhari, Boudokhane, and Mantovani, 2016)) (Figure 4.1.4.1 a v): 3,330cm-1 (3,200cm-1 to 3,600cm-1) 
broad peak attributed to O-H/hydroxyl group stretching and cellulose 1, 2,897cm-1 reflects stretching 
vibrations of C-H, 1,632cm-1/1,635cm-1 linked to asymmetric carboxylate stretch or O–H bending of 
adsorbed moisture, 1,426cm-1 (asymmetric CH3 deformation vibration), 1,360cm-1/1,375cm-1 (–C–H 
deformation vibration), 1,314cm-1 (CH2 wagging), 1,053cm-1 (C-H bending). Negligible differences 
were shown following pre-treatment. Because differences were small, discerning whether differences 
were attributable to the pre-treatment or variability in wavenumber was difficult. Those that were 
observed are preferable indicating wettability. Small shifts in wavenumber (1cm-1 to 5cm-1) that were 
observed were similar to scientific literature (Carrillo et al., 2004; Chung, Lee, and Choe, 2004; Tian, 
Qu, Zhang, Zhang, Zhu, Guo, Han, Tang, and Sun, 2014; Xu et al., 2015b), including 3,330cm-1 linked 
to hydroxyl groups, 2,897cm-1 removal of pectins or wax substances due to CH2 and carboxylate 
components, respectively, 1,632cm-1 indicating increased water absorbed in cellulose. 

Pre-treatment had an effect on mass (F1,31=4.98, p≤0.05), resulting in an increase (Table 4.1.4.1 a i). The 
F value was small suggesting the difference was not necessarily important. Concentration and time 
did not influence mass (F4,20=2.34, NS; F1,20=1.58, NS, respectively) and there was no interaction 
between factors (F4,20=0.65, NS). 

Thickness differed between specimens which had not been pre-treated and those that had (F1,31=4.52, 
p≤0.05) where those pre-treated had lower thickness with the exception of specimens treated with 
1.0mol/L for 15min (Table 4.1.4.1 a ii). The F value was small indicating negligible differences. Small 
change in thickness may indicate removal of pectins and other substances or potential fabric 
degradation Thickness was not affected by concentration or time (F4,20=2.41, NS; F1,20=2.70, NS) with 
no interaction between factors (F4,20=1.78, NS). 

Stitch density differed in terms of the number of wales per 10mm exceeding the number of courses 
per 10mm (F1,64=1081.81, p≤0.001; Table 4.1.4.1 a iii) which was expected. Stitch density did not differ 
following pre-treatment for the wales (F1,31=0.38, NS) or courses (F1,31=2.14, NS), a preferable outcome 
demonstrating consistency of the yarn arrangement.  
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 nil 0.025mol/L for 15min 0.025mol/L for 30min 
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Figure 4.1.4.1 
Pre-treated cotton knit - photographic images and infrared spectra 

a Trial one 
i Knit technical face (90mm diameter) ii Knit technical face and rear (6.3x)  
iii Yarn (3.2x) iv Fibre (40x) v Knit infrared spectra (FTIR) 
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Figure 4.1.4.1 a contd 
i Knit technical face (90mm diameter) ii Knit technical face and rear (6.3x)  
iii Yarn (3.2x) iv Fibre (40x) v Knit infrared spectra (FTIR) 

 C:\Users\chemir01\Desktop\sophie clothing FTIR\.15          0.05mol/L 15min          fabric 18/02/2019

33
30

.9
3

32
82

.8
4

32
72

.7
6

28
97

.8
6

28
50

.2
6

16
26

.8
1

14
26

.9
2

13
60

.6
0

13
34

.2
9

13
14

.0
6

12
03

.7
3

11
59

.8
6

11
06

.4
0

10
52

.8
5

10
28

.5
3

10
00

.0
0

98
3.

30
89

6.
33

69
4.

35
66

1.
74

61
0.

16

5001000150020002500300035004000
Wavenumber cm-1

0
20

40
60

80
10

0
12

0
14

0

Tr
an

sm
itt

an
ce

 [%
]

 Page 1/1

 C:\Users\chemir01\Desktop\sophie clothing FTIR\.14          0.05mol/L 30min          fabric 18/02/2019

33
32

.0
5

33
00

.4
8

32
78

.5
1

28
96

.7
1

28
50

.0
4

16
33

.4
8

14
26

.6
9

13
68

.7
0

13
34

.7
3

13
14

.2
1

12
03

.7
3

11
06

.3
1

10
52

.5
1

10
28

.3
0

99
9.

60
98

3.
26

89
7.

94

69
5.

24
66

1.
91

60
7.

43

5001000150020002500300035004000
Wavenumber cm-1

0
20

40
60

80
10

0
12

0
14

0

Tr
an

sm
itt

an
ce

 [%
]

 Page 1/1

 C:\Users\chemir01\Desktop\sophie clothing FTIR\.13          0.1mol/L 15min          fabric 18/02/2019

33
30

.6
1

32
88

.3
4

32
78

.7
7

28
99

.1
2

28
49

.6
8

16
32

.0
4

14
26

.5
0

13
68

.4
1

13
34

.3
6

13
14

.0
1

12
03

.5
4

11
59

.8
0

11
06

.2
7

10
52

.5
5

10
28

.6
2

99
9.

55
98

3.
28

89
6.

79

69
9.

89
69

2.
61

66
1.

63
60

8.
57

5001000150020002500300035004000
Wavenumber cm-1

0
20

40
60

80
10

0
12

0
14

0

Tr
an

sm
itt

an
ce

 [%
]

 Page 1/1



 

124 

 
   

a contd 
 0.1mol/L for 30min 0.5mol/L for 15min 0.5mol/L for 30min 
i 

   
    

ii 

   

   
    

iii 

   
    

iv 

   
    

v 

   

Figure 4.1.4.1 a contd 
i Knit technical face (90mm diameter) ii Knit technical face and rear (6.3x)  
iii Yarn (3.2x) iv Fibre (40x) v Knit infrared spectra (FTIR) 
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Figure 4.1.4.1 a contd 
i Knit technical face (90mm diameter)  
ii Knit technical face and rear (6.3x) iii Yarn (3.2x) iv Fibre (40x)  
v Knit infrared spectra (FTIR) 
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Figure 4.1.4.1 contd  
b Trial two 
i Knit technical face (90mm diameter) ii Knit technical face and rear (6.3x)  
iii Yarn (3.2x) iv Fibre (40x) v Knit infrared spectra (FTIR) 
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Figure 4.1.4.1 b contd 
i Knit technical face (90mm diameter)  
ii Knit technical face and rear (6.3x) iii Yarn (3.2x) iv Fibre (40x)  
v Knit infrared spectra (FTIR) 
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Figure 4.1.4.1 b contd 
i Knit technical face (90mm diameter)  
ii Knit technical face and rear (6.3x) iii Yarn (3.2x) iv Fibre (40x)  
v Knit infrared spectra (FTIR) 
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Table 4.1.4.1 
Pre-treated cotton knit - structural properties (n=3) 

a Trial one 

 
nil 

0.025mol/L 0.05mol/L 0.1mol/L 
15min 30min 15min 30min 15min 30min 

i mass 
mass per unit area (g/m2)  
mean 129.01 132.17 130.03 131.11 130.71 130.26 129.44 
s.d. 1.07 1.74 1.53 1.73 2.45 0.86 0.70 
CV% 0.83 1.32 1.18 1.32 1.87 0.66 0.54 

 
% change  
mean - 2.45 0.78 1.62 1.31 0.96 0.33 
s.d. - 1.35 1.19 1.34 1.90 0.67 0.54 
CV% - 55.13 151.78 82.29 144.34 69.18 163.79 
 
ii thickness 
thickness mm 
mean 0.79 0.75 0.77 0.75 0.77 0.77 0.77 
s.d. 0.02 0.01 0.02 0.01 0.01 0.01 0.02 
CV% 2.65 1.53 1.99 0.77 1.51 1.51 2.69 
 
% change 
mean - -3.42 -1.71 -4.27 -1.71 -1.76 -0.85 
s.d. - 1.48 1.96 0.74 1.48 1.52 2.67 
CV% - 43.30 114.56 17.32 86.60 86.69 312.25 
 
iii stitch density (yarns per 10mm) 
wales        
mean 16.73 16.80 16.80 16.73 16.67 17.33 16.87 
s.d. 0.64 0.20 0.40 0.50 0.31 0.42 0.31 
CV% 3.84 1.19 2.38 3.01 1.83 2.40 1.81 

       
courses       
mean 21.80 21.40 21.33 20.47 20.80 21.40 21.33 
s.d. 1.06 0.53 0.61 0.46 0.20 0.72 0.50 
CV% 4.85 2.47 2.86 2.26 0.96 3.37 2.36 

- denotes not measured 
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Table 4.1.4.1 a contd 

 0.5mol/L 1.0mol/L 
control  15min 30min 15min 30min 

i mass 
mass per unit area (g/m2) 
mean 132.15 131.32 132.08 132.74 256.11 
s.d. 2.27 1.66 0.23 0.11 7.86 
CV% 1.72 1.26 0.17 0.08 3.07 
  
% change 
mean 2.43 1.79 2.37 2.89 - 
s.d. 1.76 1.29 0.18 0.09 - 
CV% 72.27 71.93 7.54 3.02 - 

  
ii thickness  
thickness mm  
mean 0.76 0.77 0.79 0.77 1.25 
s.d. 0.01 0.01 0.02 0.02 0.01 
CV% 0.76 0.75 1.94 2.60 0.44 

  
% change 
mean -2.99 -0.85 0.85 -1.28 - 
s.d. 0.74 0.74 1.96 2.56 - 
CV% 24.74 86.60 229.13 200.00 - 

  
iii stitch density (yarns per 10mm) 
wales      
mean 17.20 17.00 16.80 16.87 17.57 
s.d. 0.20 1.00 0.53 0.42 0.60 
CV% 1.16 5.88 3.15 2.47 3.43 

      
courses      
mean 21.33 21.80 21.60 21.13 17.33 
s.d. 0.70 0.53 0.20 0.42 0.31 
CV% 3.29 2.43 0.93 1.97 1.76 

- denotes not measured 
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Table 4.1.4.1 contd 
b Trial two 

 
nil 

2.0mol/L 3.0mol/L 5.0mol/L 
control 15min 30min 15min 30min 15min 30min 

i mass 
mass per unit area (g/m2) 
mean 128.99 129.78 130.85 129.73 135.25 153.18 156.58 255.65 
s.d. 1.29 2.65 1.24 0.56 0.57 5.37 1.34 8.10 
CV% 1.00 2.04 0.95 0.43 0.42 3.51 0.86 3.17 

 
% change 
mean - 0.59 1.42 0.55 4.83 18.73 21.36 - 
s.d. - 2.06 0.96 0.43 0.44 4.16 1.04 - 
CV% - 345.89 67.30 78.85 9.14 22.23 4.87 - 
 
ii thickness 
thickness mm 
mean 0.78 0.76 0.74 0.76 0.75 0.80 0.80 1.28 
s.d. 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 
CV% 1.95 2.02 1.35 1.53 0.77 1.45 1.25 0.45 
 
% change 
mean - -2.99 -5.13 -2.99 -3.42 2.14 2.56 - 
s.d. - 1.96 1.28 1.48 0.74 1.48 1.28 - 
CV% - 65.47 25.00 49.49 21.65 69.28 50.00 - 
 
iii stitch density (yarns per 10mm) 
wales         
mean 17.53 16.73 16.80 16.67 16.73 16.80 17.00 17.33 
s.d. 0.42 0.64 0.72 0.31 0.31 0.20 0.35 0.83 
CV% 2.37 3.84 4.29 1.83 1.83 1.19 2.04 4.80 
         
courses         
mean 22.20 21.47 21.13 22.07 22.60 26.53 26.87 17.07 
s.d. 0.72 0.50 0.90 0.31 0.20 0.50 0.42 0.31 
CV% 3.25 2.34 4.27 1.38 0.88 1.90 1.55 1.79 

- denotes not measured 
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Pre-treatment had an effect on time for water absorbency (F1,53=105.31, p≤0.001), resulting in a 
decrease (Table 4.1.4.2 a i). The cotton knit in the original state was hydrophobic, the droplet 
remaining as a bead and evaporating after several hours. The pre-treatment conferred wettability and 
droplets were absorbed in the knit, an encouraging outcome for absorption properties; potentially 
not adequate for subsequent application of graphene treatments. Concentration and time had effects 
on time for water absorbency (F4,40=54.15, p≤0.001; F1,40=18.24, p≤0.001, respectively) (Table 4.1.4.2 a 
i). Water absorbency time remained longer than 600s (10min) for all specimens apart from the 
treatment 1.0mol/L for 15min which decreased to <10min. Two groups for concentration were 
identified (1.0mol/L; 0.025mol/L, 0.05mol/L, 0.1mol/L, 0.5mol/L). The pattern of response from 
varying concentration and time was dissimilar (i.e. there was an interaction effect) (F4,40=18.24, 
p≤0.001). Droplets were slightly flattened on fabrics pre-treated compared to those not (Figure 4.1.4.2 
a) and the extent of flattening typically increased with greater concentration and time. Thus, 
wettability increased, but the length of time for absorption/adsorption was considered unacceptable 
for the subsequent graphene treatments. 

Applying the pre-treatment resulted in greater liquid absorptive capacity (F1,31=52.74, p≤0.001; Table 
4.1.4.2 a ii). Concentration had an effect (F4,20=37.41, p≤0.001), generally causing an increase as 
concentration increased. Three groups for concentration were identified (0.025mol/L, 0.05mol/L, 
0.1mol/L; 0.1mol/L, 0.5mol/L; 1.0mol/L). Mean liquid absorptive capacity was greater for 
specimens treated for 30min for concentrations of 0.025mol/L, 0.05mol/L, and 0.5mol/L while 
treating for 15min resulted in higher liquid absorptive capacity for concentrations of 0.1mol/L and 
1.0mol/L. Notwithstanding the trends, effect of time was not significant (F1,20=0.97, NS) with no 
interaction evident between concentration and time (F4,20=1.98, NS). During the liquid absorptive 
capacity test, no visible water absorption/adsorption was evident for fabric not pre-treated (Figure 
4.1.4.3 a). Minimal absorption/adsorption occurred for specimens treated with 0.05mol/L for 15min 
and 0.1mol/L for 30min. Small spots of water absorbed/adsorbed in the fabric could be seen on 
specimens treated with 0.025mol/L for 15min and 30min; 0.05mol/L for 30min; 0.1mol/L for 15min. 
Specimens treated with 0.5mol/L and 1.0mol/L for 15min and 30min had many blotches of water 
absorbed in the fabric. 

Pre-treatment caused a decrease in contact angle (F1,108=18.18, p≤0.001; Table 4.1.4.2 a iii), there was 
no effect of concentration or treatment time (F4,90=0.55, NS; F1,90=0.31, NS). The pattern of response 
from varying concentration and treatment time was different (F4,90=2.47, p≤0.05), although the F value 
was small and the interaction may have little importance. No effect of the pre-treatment on moisture 
regain was found (F1,31=0.44, NS; Table 4.1.4.2 a iv). 

Trial two 
Concentrations and times used for trial one were ineffective in increasing wettability of the cotton 
knit to an acceptable level. Based on limited published information and to minimise risks of 

degradation to the knit, weak concentrations were tested in trial one48. Results of trial one suggest 
investigation of higher concentrations is required to increase wettability of the knit while also 
preventing any degradation.  

 

48 No significant differences were identified between the measured results of the control fabric for the first or second iteration 
of the pre-treatment. 
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Table 4.1.4.2  
Pre-treated cotton knit - moisture transfer properties 

a Trial one 

 
nil 

0.025mol/L 0.05mol/L 0.1mol/L 
15min 30min 15min 30min 15min 30min 

i water absorbency time (s) n=5 
mean 0.00 >600 >600 >600 >600 >600 >600 
s.d. - - - - - - - 
CV% - - - - - - - 
 
ii liquid absorptive capacity (%) n=3 
mean 67.13 155.25 164.03 151.09 172.11 172.60 163.59 
s.d. 4.09 17.38 4.36 3.15 2.53 10.62 17.47 
CV% 6.10 11.20 2.66 2.08 1.47 6.15 10.68 
        
iii contact angle (°) n=10 
mean 96.12 91.25 87.64 89.22 89.07 88.48 93.48 
min 92.54 83.19 78.60 81.42 82.11 88.63 80.67 
max 101.62 97.49 97.58 94.39 95.01 97.63 97.63 
s.d. 3.06 4.70 5.89 3.65 3.75 3.28 3.28 
CV% 3.18 5.15 6.72 4.09 4.22 3.51 3.51 
image        
        
iv regain (%) n=3     
mean 9.64 8.87 10.11 15.88 9.02 9.86 10.01 
s.d. 1.57 0.26 1.43 9.58 0.79 0.88 1.61 
CV% 16.28 2.96 14.19 60.32 8.81 8.97 16.13 

 

 0.5mol/L 1.0mol/L control 
 15min 30min 15min 30min  
i water absorbency time (s) n=5 
mean >600 >600 >600 >600 >600 
s.d. - - - - - 
CV% - - - - - 
 
ii liquid absorptive capacity (%) n=3 
mean 164.03 151.09 172.11 172.60 163.59 
s.d. 4.36 3.15 2.53 10.62 17.47 
CV% 2.66 2.08 1.47 6.15 10.68 
      
iii contact angle (°) n=10  
mean 87.64 89.22 89.07 88.48 93.48 
min 78.60 81.42 82.11 88.63 80.67 
max 97.58 94.39 95.01 97.63 97.63 
s.d. 5.89 3.65 3.75 3.28 3.28 
CV% 6.72 4.09 4.22 3.51 3.51 
image 

     
      
iv regain (%) n=3  
mean 10.11 15.88 9.02 9.86 10.01 
s.d. 1.43 9.58 0.79 0.88 1.61 
CV% 14.19 60.32 8.81 8.97 16.13 

- denotes not measured 
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Table 4.1.4.2 contd  
b Trial two 

 
nil 

2.0mol/L 3.0mol/L 5.0mol/L 
control 15min 30min 15min 30min 15min 30min 

i water absorbency time (s) n=5 
mean 0.00 488.40 228.40 162.80 39.00 68.60 46.80 7.60 
s.d. - 154.59 112.47 51.02 17.68 11.33 10.85 0.89 
CV% - 31.65 49.24 31.34 45.33 16.51 23.18 11.77 
 
ii liquid absorptive capacity (%) n=3 
mean 65.31 214.92 247.54 218.90 231.76 150.66 142.50 201.11 
s.d. 5.38 15.29 5.94 12.35 2.75 12.87 9.45 3.21 
CV% 8.24 7.11 2.40 5.64 1.17 8.55 6.63 1.60 

         
iii contact angle (°) n=10 
mean 96.07 89.69 82.16 81.21 82.05 73.77 71.72 55.28 
min 91.22 84.72 79.67 72.83 72.99 57.53 58.69 30.12 
max 102.36 93.42 84.72 89.30 89.98 86.61 86.42 83.69 
s.d. 3.66 3.09 1.83 6.42 5.70 9.67 10.19 17.49 
CV% 3.81 3.45 2.23 7.91 6.94 13.10 14.21 31.63 
image 

        
         
iv regain (%) n=3 
mean 12.53 8.76 10.46 12.86 11.42 14.70 14.76 16.07 
s.d. 3.52 0.40 1.31 6.58 2.86 2.04 11.74 16.13 
CV% 28.12 4.60 12.53 51.11 25.05 13.87 79.57 100.38 

- denotes not measured 
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Figure 4.1.4.2  
Pre-treated cotton knit - appearance of water droplets over time (n=5) 

a Trial one 
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Figure 4.1.4.2 a contd 
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Figure 4.1.4.2 contd 
b Trial two 

  



 

138 

a   
nil 0.025mol/L for 15min 0.025mol/L for 30min 

   
   

0.05mol/L for 15min 0.05mol/L for 30min 0.1mol/L for 15min 

   
   

0.1mol/L for 30min 0.5mol/L for 15min 0.5mol/L for 30min 

   
   

1.0mol/L for 15min 1.0mol/L for 30min  

  

 

Figure 4.1.4.3 
Pre-treated cotton knit (90mm diameter) - appearance after 60s immersion for  

the liquid absorptive capacity test (n=3) 
a Trial one 
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Figure 4.1.4.3 contd 
b Trial two 
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Pre-treated fabrics showed curling and yellowing (Figure 4.1.4.1 b i-ii). The effect of the 2.0mol/L 
concentration applied for 15min and 30min on other physical properties was minimal. Specimens 
treated with 3.0mol/L for 15min and 30min were more rigid, and those treated with 5.0mol/L for 
15min and 30min showed increased roughness, stiffness, and dimensions may have changed, but this 
latter property was difficult to distinguish due to curling (Figure 4.1.4.1 b i-ii). The surface of the yarns 
appeared disrupted (i.e. fibres entangled on the fabric surface) and loops of pre-treated fabrics were 
smaller (Figure 4.1.4.1 b iii-iv). Fibres of pre-treated fabrics had striations/lines indicating changes to 
the surface of the fibres. With the exception of the 2.0mol/L concentration, the three stronger 
concentrations had undesirable effects compared to those for trial one.  

Changes as shown by infrared spectra are illustrated in Figure 4.1.4.1 b v. The effect of 2.0mol/L and 
3.0mol/L for 15min and 30min was not different from the first trial (Figure 4.1.4.1 b v). Discernible 
differences, mostly undesirable, were evident from treatment with the concentration of 5mol/L for 
15min and 30min (also previously reported (Carrillo et al., 2004; Tian et al., 2014; Xu et al., 2015b)), 
3330cm-1 shifted to 3291cm-1 and 3307cm-1 for the 15min and 30min treatment time, respectively and 
became broadened, flattened, and smoothed indicating changes in the hydroxyl groups and to 
cellulose 1, possibly degradation; and 2897cm-1 which may reflect changes to the water absorbed by 
the fabric, while the ~1108cm-1 peak was lost. 

Pre-treating caused an increase in mass (F3,50=5.92, p≤0.001) (Table 4.1.4.1 b i). The F value was small 
indicating low importance of the difference. Concentration had an effect (F7,32=106.91, p≤0.001) but 
time did not (F1,32=1.98, NS). In general, mass increased as concentration and time increased. The 
concentration of 5.0mol/L showed the greatest change in mass for both treatment times while the 
other two additional concentrations changed to a similar extent as with the first trial. Two groups 
were identified for concentration (0.025mol/L, 0.05mol/L, 0.1mol/L, 0.5mol/L, 1.0mol/L, 2.0mol/L, 
3.0mol/L; 5.0mol/L). The pattern of response from varying concentration and time was dissimilar 
(i.e. there was an interaction effect) (F7,32=2.41, p≤0.05), but the F value was small, with low 
significance, and not considered important. 

Thickness was not different based on the pre-treatment (F3,50=1.62, NS; Table 4.1.4.1 b ii), desirable as 
there was no indication of degradation. No evidence for loss of non-fibrous contaminants materials 
was found based on thickness measurements, possibly not discernible based on thickness. 
Concentration influenced thickness (F7,32=9.58, p≤0.001) with a small F value indicating negligible 
meaning, while treatment time did not have an affect (F1,32=0.66, NS). The concentrations of 2.0mol/L 
and 3.0mol/L resulted in a negative change in fabric thickness similar to the first iteration; while that 
of 5.0mol/L was positive. The latter may indicate undesirable changes to the knits (i.e. compression 
of yarns and fibres resulting in dimensional change) Three groups were found for concentration 
(2.0mol/L, 3.0mol/L, 0.05mol/L, 0.025mol/L, 0.5mol/L, 0.1mol/L; 3.0mol/L, 0.05mol/L, 
0.025mol/L, 0.5mol/L, 0.1mol/L, 1.0mol/L; 1.0mol/L, 5.0mol/L) and there was no interaction 
between concentration and time (F7,32=1.91, NS). 

The number of wales per 10mm was greater than that of the courses (F1,106=424.78, p≤0.001; Table 
4.1.4.1 b iii) as expected and in agreement with the first trial. The pre-treatment had no effect on the 
number of wales per 10mm (F3,50=2.52, NS) while the effect on that of courses was significant 
(F3,50=7.81, p≤0.001), typically resulting in an increase (Table 4.1.4.1 b iii). Concentration of the pre-
treatment had an effect on courses per 10mm (F7,32=87.73, p≤0.001) but time did not (F1,32=0.38, NS). 
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The effect of the 3.0mol/L and 5.0mol/L treatments was greatest and not ideal for maintenance of the 
fabric structure. The concentration of 2mol/L had similar effects to trial one. Three groups were 
identified for concentration (0.05mol/L, 2.0mol/L, 0.025mol/L, 0.1mol/L, 1.0mol/L, 0.5mol/L; 
0.025mol/L, 0.1mol/L, 1.0mol/L, 0.5mol/L, 3.0mol/L; 5.0mol/L) and no interaction between 
concentration and time was found (F7,32=0.80, NS). 

An effect on time for water absorbency was found (F3,85=3.66, p≤0.05), decreasing with the pre-
treatment, only based on a small F value and of little significance (Table 4.1.4.2 b i). Concentration 
had an effect (F7,64=140.79, p≤0.001) but there was no effect of time (F1,64=1.51, NS). Time of water 
absorbency was reduced to less than 600s (10min) with 2.0mol/L for 15min and 30min and 3.0mol/L 
for 15min, showing a decreasing trend as concentration and time increased. The concentration of 
3.0mol/L for 30min and 5.0mol/L for 15min and 30min were ≤60s. Performance achieved with the 
second trial was preferable over that of the first. Three groups were identified for concentration 
(3.0mol/L, 5.0mol/L; 2.0mol/L, 1.0mol/L; 0.025mol/L, 0.05mol/L, 0.1mol/L, 0.5mol/L). An 
interaction between concentration and time was evident (F7,64=140.79, p≤0.001). This could be due to 
the same effect of the four lowest concentrations on time of water absorbency, while the four highest 
concentrations resulted in decreased time of water absorbency and the effect of 15min and 30min 
were different. The three highest concentrations exhibited rapid uptake over 100s based on captured 
images (Figure 4.1.4.2 b) eliciting a more desired outcome compared to the lower concentrations of 
trial one. As droplets were absorbed/adsorbed minimal spreading occurred for all concentration and 
time combinations. Transfer of the water droplets through to the technical rear of the fabric occurred, 
likely attributable to minimal spreading as the maximum volume of water able to be taken up by the 
fabric was reached. 

Liquid absorptive capacity increased following pre-treatment (F3,50=27.68, p≤0.001) (Table 4.1.4.2 b ii). 
Concentration and time had an effect (F7,32=61.45, p≤0.001; F1,32=5.27, p≤0.05, respectively) with a small 
F value and low significance for the effect of time. Liquid absorptive capacity was highest for 
2.0mol/L followed by 3.0mol/L. For both concentrations, specimens treated for 30min had higher 
liquid absorptive capacity than those of the same concentration treated for 15min. Four groups of 
concentration were found (5.0mol/L, 0.025mol/L, 0.05mol/L; 0.025mol/L, 0.05mol/L, 0.1mol/L; 
0.1mol/L, 0.5mol/L; 1.0mol/L, 3.0mol/L, 2.0mol/L). The pattern of response from varying 
concentration and time was dissimilar (i.e. there was an interaction effect) (F7,32=2.96, p≤0.05). Blotches 
of water were evident following the treatment of 2.0mol/L for 15min and frequency increased for 
those with the 30min treatment (Figure 4.1.4.3 b). Blotches were also present on specimens treated 
with 3.0mol/L for 15min.  

Total absorption/adsorption based on appearance was evident for specimens treated with 3.0mol/L 
for 30min, and 5.0mol/L for 15min and 30min. The higher concentrations led to increased liquid 
absorbed in the knit. 

Contact angle was reduced by pre-treating the knit (F3,176=46.25, p≤0.001) (Table 4.1.4.2 b iii). 
Wettability of the surface was increased. Concentration had an effect (F7,144=26.59, p≤0.001), increasing 
concentration typically resulted in reduced contact angle; treatment time did not have an effect 
(F1,144=0.84, NS). The pattern of response was different from varying concentration and time 
(F7,144=2.30, p≤0.05), a small F value. The pre-treatment had no effect on moisture regain (F3,50=0.53, 
NS; Table 4.1.4.2 b iv), as in trial one. 
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Testing hypotheses 
Hypothesis 1  

The results confirmed with hypothesis one which proposed no effect on fabric appearance or 
structure would occur, for all specimens bar those treated with 3.0mol/L and 5.0mol/L for 15min 
and 30min which did change.  

Hypothesis 2  

Proposed changes to surface chemistry were partially confirmed (except for the 5mol/L for 15min 
and 30min), based on minimal differences suggesting limited changes to groups related to waxes and 
pectins (low initial presence was also a possibility).  

Hypothesis 3  

The stipulation of increase in wettability and moisture absorption and suggestion that higher 
concentration and time would have a greater effect were confirmed by reduced water absorbency 
time, increased liquid absorptive capacity, and decreased contact angle, although mostly restricted to 
the higher concentrations.  

Selected conditions to pre-treat cotton 

The first set of pre-treatments was unacceptable based on the very limited increase in wettability. The 
higher concentrations of 3.0mol/L and 5.0mol/L increased wettability in terms of water absorbency 
to the highest extent but 3.0mol/L did not increase liquid absorptive capacity greater than 2.0mol/L 
(which was the greatest achieved) while 5.0mol/L was least effective. The concentrations of 3.0mol/L 
and 5.0mol/L also changed physical properties of the knits. The concentration for 2.0mol/L for 30min 
conferred the highest liquid absorptive capacity among all concentrations and times. The 30min 
treatment time had lower water absorbency time than the 15min time, and even though this was not 
the fastest water absorbency time, it was considered acceptable. Therefore, the treatment of 2.0mol/L 
for 30min was selected. 
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4.1.5 Ranking for efficacy of the pre-treatment 
Pre-treatment concentration and time were ranked for efficacy taking into account the desired 
increase wettability and possible deposition and fixation of graphene treatments, while minimising 
fabric, fibre, and yarn degradation (Table 4.1.5.1). Mostly the selected treatment iteration for both 
wool and cotton (0.05mol/L for 15min and 2mol/L for 30min) were ranked among the highest for 
desirability. Therefore, the selection of pre-treatment conditions was confirmed as acceptable to pre-
treat specimens to be functionalised with graphene. 
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Table 4.1.5.1 
Efficacy of the pre-treatment ranked for visual and chemical evidence  

and effects on performance  
a Wool knit 

 0.1mol/L 0.5mol/L 1.0mol/L 0.025mol/L 0.05mol/L 
 15 30 15 30 15 30 15 30 15 30 
visual and chemical evidence         
photographs 2 2 4 4 4 4 1 1 1 1 
microscope images 2 2 4 4 4 4 1 1 1 1 
FTIR 2 2 4 4 4 4 1 1 1 1 
           
performance           
fabric structure (mass, 
thickness, stitch density) 2 2 4 4 4 4 1 1 1 1 
water absorbency time^ 2 2 4 4 3 3 1 1 1 1 
liquid absorptive capacity^ 2 2 1 1 4 4 3 3 3 3 
regain^ 3 2 2 3 1 3 3 3 4 4 
contact angle^ 2 3 4 4 2 2 4 3 3 1 

1 most desirable, 4 least desirable;  
†based on darkness/uniformity 
 

b Cotton knit 

 0.025mol/L 0.05mol/L 0.1mol/L 0.5mol/L 1.0mol/L 
 15 30 15 30 15 30 15 30 15 30 
visual and chemical evidence           
photographs 1 1 1 1 1 1 2 2 1 1 
microscope images 1 1 1 1 1 1 2 2 1 1 
FTIR 1 1 1 1 1 1 2 2 1 1 
           
performance           
fabric structure (mass, thickness, stitch 
density) 2 1 1 1 1 1 2 2 2 2 
water absorbency time^ 4 4 4 4 4 4 4 4 2 3 
liquid absorptive capacity^ 3 3 4 3 3 3 3 3 2 2 
regain^ 4 3 1 4 3 3 1 2 2 4 
contact angle^ 4 3 4 4 3 4 1 2 2 4 

1 most desirable, 4 least desirable;  
†based on darkness/uniformity;  
^opposite order if hydrophobicity is sought 
 

 2.0mol/L 3.0mol/L 5.0mol/L 
 15 30 15 30 15 30 
visual and chemical evidence       
photographs 1 1 2 2 4 4 
microscope images 1 1 2 2 4 4 
FTIR 1 1 3 3 4 4 
       
performance       
fabric structure (mass, thickness, stitch 
density) 1 1 1 3 4 4 
water absorbency time^ 3 2 2 1 1 1 
liquid absorptive capacity^ 2 1 2 1 4 4 
regain^ 4 3 2 2 1 1 
contact angle^ 4 2 2 2 1 1 

1 most desirable, 4 least desirable;  
†based on darkness/uniformity  
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4.1.6 Discussion - Chemical pre-treatment of wool and cotton knits 
Pre-treatment conditions 
The highest concentrations used to pre-treat each of the wool knit and cotton knit elicited undesirable 
changes to fabric appearance. Treatment time had negligible effects. Each pre-treatment 
concentration and time combination generated similar shifts in wavenumber, although small, each 
was indicative of fatty acid removal from wool and waxes and pectins from cotton, linked with 
increased wettability. Spectra points related to possible inherent degradation of fibre were identified 
following treatment with the highest concentrations, and this was considered undesirable. Effects on 
fabric structure or lack thereof (increased mass, minimal change in thickness, stitch density) were 
similar for the wool knit and cotton knit following pre-treatment irrespective of concentration or time. 
No published literature related to effects of pre-treatment concentration or time on appearance, 
infrared spectra, or structural properties was found. 

Each of the potassium hydroxide concentrations investigated to pre-treat wool increased wettability 
to a similar extent. Increasing concentration and time beyond 0.1mol/L resulted in undesirable effects 
on performance (change to fabric surface and fibre degradation) with no improvement in wettability. 
For the cotton knit, the initial four pre-treatment concentrations (0.025mol/L, 0.05mol/L, 0.1mol/L, 
0.5mol/L, 1.0mol/L) had minimal effects on wettability. Higher concentrations (2mol/L, 3mol/L, 
5mol/L) subsequently investigated each increased wettability to a similar extent 

The effect of time was comparatively small. Pre-treatment time may not have been sufficient for the 
higher concentrations to exert the effect they might otherwise have had. One study suggested that 
most change occurs in the first 15min (Meade et al., 2008). Absence of change with increased treatment 
time may relate to this effect. Rinsing any trace chemicals with water may have been effective at low 
concentrations but at higher concentrations, some residual chemicals may have interfered with 
wettability (i.e. change surface properties, alter interstitial spaces, or mass).  

For the wool knit, the selected concentration of potassium hydroxide (0.05mol/L) used in the present 
work was weaker than that reported in published research (Huson et al., 2008; Meade et al., 2008; 
Ward et al., 1993). One instance of use of the same concentration with a 5min and 10min duration was 
identified (Wang et al., 2013) which was successful in increasing wettability. Success with a weaker 
concentration applied to a highly porous wool knit, as in the present work, is contradictory to higher 
concentrations cited in published literature as used to pre-treat wovens. Penetration may be simpler 
in a porous fabric structure, through interstitial spaces, into yarns, and among fibres. Greater yarn 
and fibre exposure may have occurred permitting treatment interaction with ester linkages allowing 
a faster reaction on the wool cuticle surface and in the fibre (Negri, Cornell, and Rivett, 1991).  

Compared to published research on cotton (e.g. (Liu et al., 2012; Zhou et al., 2015; Cai et al., 2017; Xu 
et al., 2015a)), the sodium hydroxide concentration used in the present work was mostly greater 
(>1mol/L), treatment time and temperature lower (<1h and not elevated), and drying temperature 
and time lower and longer (not elevated, <1h). No results of pre-treatments were presented in 
published research, but rather described in the methods section as a pre-treatment, scouring, or 
cleaning process for 100% cotton fabrics, often wovens. Thus, this section of work differs to much 
published research. Use of a lower temperature and a shorter treatment time yields an efficient 
process in terms of time and energy with low temperature wastewater and drying under ambient 
conditions, notwithstanding the slight increase in concentration of the active ingredient.  



 

146 

Fabric properties 
Treatment can be controlled with temperature and time to avoid degrading fibre and maximise fatty 
acid removal (Negri, Cornell, and Rivett, 1991). Partial removal of 18-methyleicosanoic acid (i.e. the 
hydrophobic fatty acid layer) was presumed based on infrared spectra, small changes in mass and 
thickness, and increased wettability. Complete removal, while desirable, is difficult to achieve 
without causing fibre degradation. These findings are similar to published research (e.g. 10% of 18-
methyleicosanoic acid remaining after 60min potassium hydroxide/methanol treatment of worsted 
merino plain woven fabric (180g/m2) (Huson et al., 2008); partial removal of the lipid layer after 
potassium hydroxide methanol treatment of merino (21µm) woven shirting (Ward et al., 1993); 65% 
of bound fatty acid removed from a wool fabric (16µm fibre; structure not described) following 
cationic treatments (Negri, Cornell, and Rivett, 1993); and uprooting 20% 18-methyleicosanoic from 
Australian merino wool (18.3µm fibre) plain woven fabric (Meade et al., 2008). Previous treatments 
to the finished wool knit used in the current work (i.e. Hercosett® chlorination) would have removed 
some surface lipids (Negri, Cornell, and Rivett, 1991). Required lipid removal and possible effects 
may be less compared to non-finished fabrics used in published literature (Ward et al., 1993; Huson 
et al., 2008; Meade et al., 2008; Wang et al., 2013; Mojsov, 2017). Small shifts in wavenumber may also 
relate to the type of bonds formed between lipids and fibres. Fatty acids may be covalently bonded 
to the fibre protein by an ester linkage and whether the treatment was strong enough to break this 
linkage determines removal (Negri, Cornell, and Rivett, 1991). Alkali treatments applied at 
temperatures typical of 'room temperature' have been successful to break the link and remove bound 
fatty acids from wool fabrics (Ward et al., 1993; Johnston et al., 2006; Huson et al., 2008; Meade et al., 
2008). Removing 18-methyleicosanoic acid from the fibre surface exposes functional groups and 
opens the possibility to form covalent bonds which would otherwise be unavailable evidenced by 
deformation in the O-H region resulting in greater exposure of hydroxyl groups (Meade et al., 2008). 

Perhaps presence of waxes and pectins was also minimal following fibre processing, accounting for 
negligible change in infrared spectra. Therefore, hydrophobic properties of the cotton knit may have 
resulted from effects other than waxes/pectins. Treatment processes applied to the fabrics during 
manufacture and finishing may have conferred hydrophobicity. Consequently, the pre-treatment 
may have changed or stripped the treatment from the fabric yielding hydrophobicity. The fabric was 
not bleached, which can increase wettability; although not the main purpose of bleaching (whitening) 
(Karmakar, 1999). Mercerisation may also not have been used which typically increases water 
absorption, increased wettability is not among the main purposes (lustre, strength (Karmakar, 1999; 
Holme, 2016)) but is a consequence of processing (Holme, 2016). Mercerisation with an alkali 
treatment causes fibre swelling, as water diffuses in, the fibre untwists and becomes a cylindrical rod 
shape, deconvoluted, with reduced diameter, and increased roundness (Karmakar, 1999; Holme, 
2016). Thus, fewer irregularities within and among fibres are present (Holme, 2016). Fibres in the knit 
used in the present work were irregular and twists and folds common along the fibre length 
potentially supporting the position that mercerisation was not used. Increased water absorption from 
mercerisation is attributed to breaking hydrogen bonds increasing the number of hydroxyl groups 
~25%, yielding a higher proportion of amorphous region to crystalline region, increasing regain and 
amount of water that can be absorbed (Holme, 2016). Uncovering hydroxyl groups may have also 
been the outcome of the pre-treatment that resulted in increased wettability. The fabric may also 
contain immature/dead cotton fibres if the mercerisation was not used (Holme, 2016). These fibres 
are flat, twisted with thin cell walls, a collapsed lumen, and as a result, do not fix the dye or other 
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treatments as effectively as mature fibres (Holme, 2016). Such fibres are possible based on evidence 
from microscope images of extracted fibres and hydrophobicity of the initial fabric. 

Mass increased following pre-treatment contradicting results of previous research that suggests mass 
loss would occur post pre-treatment indicating removal of lipids from wool (Mojsov, 2017; Wang et 
al., 2013) or waxes from cotton (Lin and Hsieh, 2001; Navaneetha Pandiyaraj and Selvarajan, 2007; 
Asaduzzaman, Miah, Hossain, Li, Zakaria, and Quan, 2016). Mass loss can also indicate fibre damage, 
an undesired outcome. That mass increased rather than decreased may also reflect minimal fatty acids 
or waxes initially present and therefore less available to remove. Chemical residue of the pre-
treatment or dimensional instability may contribute to the mass increase. Moreover, increased 
moisture absorption and therefore greater moisture content in the pre-treated fabrics (confirmed by 
increased moisture regain) could result in a fabric with greater mass. 

A slight decrease in fabric thickness was observed following pre-treatment. No reports of changes to 
thickness based on pre-treating wool were found. Perhaps minimal reduction in thickness was 
assumed because only fatty acid or wax/pectin removal should occur and minimal change in 
thickness ensue. With respect to cotton, one study reported increased thickness following an 
enzymatic treatment of a plain woven greige (Lin and Hsieh, 2001). The opposite outcome of the 
present work could relate to the difference in the pre-treatment process (i.e. chemical vs. enzymatic). 
Changes in thickness may indicate fabric degradation or extensions of staple fibre from the fabric 
surface become contracted, flattened, removed, or further disrupted and extended. Photographic and 
microscopic images show disruption to the fabric surface providing evidence for an effect.  

Stitch density did not differ between specimens pre-treated and those not, and no evidence of effects 
on stitch density were identified in published research. The pre-treatment should influence only 
surface properties of fibres/yarns and not the fabric structure. A change in fibre/yarn diameter 
elicited by the pre-treatment could affect stitch density (i.e. take up more or less space in the fabric 
compacting or spreading the yarns). Dimensional change (e.g. contraction or extension of the fabric) 
may affect the distribution of yarns resulting in a greater or fewer yarns over the measured area, 
however the number of yarns within the total fabric area remained reasonably consistent.  

The wool knit in the original state had shorter water absorbency time (higher hydrophilicity) 
compared to wool fabrics cited in published research (Huson et al., 2008; Meade et al., 2008; Wang et 

al., 2013; Mojsov, 2017) 49. Hydrophilic properties could be a result of higher porosity and fineness 
of the single jersey compared to typical woven structures (mostly plain weaves) or may provide an 
account for lesser initial lipid presence and why small differences were observed after the pre-
treatment (i.e. low concentration and time sufficient to remove any fatty acids present). Researchers 
agree increased wettability is a result of removing the fatty acid layer which was also consistent with 
the present work (Negri, Cornell, and Rivett, 1993; Ward et al., 1993; Johnston et al., 2006; Huson et 
al., 2008). Cotton fibres and constructed fabrics are typically considered hydrophilic. Some published 
research indicates cotton fabrics can have hydrophobic properties illustrated by long wetting times 

 

49 Dye exhaustion has also been used as a technique to determine wettability (Negri, Cornell, and Rivett, 1993; Meade et al., 
2008). If intending to dye the fabric following pre-treatment this is an acceptable assessment process, although graphene 
treatments differ in composition and interactions of the carbon molecules with textiles will not be represented by performance 
of dye application. Investigating graphene treatment application on iterations of the pre-treatment could have been desirable 
to determine the most effective pre-treatment. Monetary expense and time for testing outweighed any potential benefit/value. 
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>5min (AATCC Test method TS-018) of a single jersey griege (Choe, Lee, Park, and Chung, 2019) and 
13min (AATCC Test method 79) of a 1x1 interlock (200g/m2) (Asaduzzaman et al., 2016). Findings of 
the present work are comparable to published research with respect to high hydrophobicity 
evidenced by water droplets evaporating rather than absorbing in the fabric. 

In the present work, hydrophilicity increased following pre-treating the wool knit and cotton knit 
evidenced by reduced water absorbency time, which is in agreement with published findings (e.g. 
<1s) (Asaduzzaman et al., 2016; Choe et al., 2019). Published literature relevant to effects of chemically 
pre-treating cotton fabrics was sparse. Within 5s, all pre-treated wool could be represented by 
absorbed and/or spreading stages. The droplet on the wool not pre-treated was also absorbed, but 
over ~15s. Droplets were sustained on pre-treated cotton fabrics for a longer time than the wool 
fabrics but did absorb. 

Differences in water absorption methods can affect performance and account for inconsistencies 
between the current work and scientific literature. In most studies a water droplet test was used to 
determine wetting time, similar to that used for the present work (Negri, Cornell, and Rivett, 1993; 
Mojsov, 2017). Droplet volume differed: 0.08mL/80µL in the present work compared to 10µL, 20µL 
drop of published research (Negri, Cornell, and Rivett, 1993; Mojsov, 2017). The volume (0.08mL) was 
selected as is specified for the standard for drying time ISO 17617:2014 Textiles - Determination of 
moisture drying rate) (International Organization for Standardization, 2014). Factors such as droplet 
volume, surface tension, height from which the water is dropped, and gravity exerted on the droplet 
based on weight could have an effect, as well as environmental temperature and relative humidity. 
Different researchers performing the same test could also differ in understanding the test method and 
definition/perception of no visible water on the fabric surface. Here, water absorption time was 
defined by time taken until no water was visible on the fabric surface and spreading time was defined 
by the time taken for water absorption and spreading within the fabric structure to occur. Because 
water absorption is visually measured, the results likely vary from person to person. Therefore, 
interpretation and comparisons were made with caution. Time for the droplets to spread also changed. 
Decreased water absorption time was considered beneficial, but some spreading time was preferred 
because this indicates absorption in the fabric, yarn structure, and possibly molecular structure of the 
fibre, rather than moving through the structure and releasing from the lowermost surface (i.e. 
technical rear). No reports of water spreading were identified in published literature. 

Contact angle was seldom determined in research concerning effects of potassium hydroxide 
treatments on wool fabrics. Contact angle of the wool knit in the present work was less than most 
wool fabrics in published research (Garg, Hurren, and Kaynak, 2007; Mura et al., 2015; Xiao et al., 
2015). Smaller contact angle is likely related to fabric structure. Woven fabrics were predominantly 
used in publications, often with yarns more compact in the structure, producing a flat surface 
compared to interlocking loops in knits. The droplets were more likely to flatten and absorb in the 
fabric. 

Spheres of water formed on the cotton knit in the original state. Despite no detectable absorption on 
the cotton, contact angle was less than fabrics cited in literature. For instance, contact angle of a 100% 
cotton woven grey fabric (53warp/cm, 29weft/cm) was 127.8° to 132° with no treatment and 
decreased to 52° to 56.21° following a plasma treatment (Navaneetha Pandiyaraj and Selvarajan, 2007). 
Additionally, contact angle of 100% cotton knit grey (14.8tex, 150g/m2) was 141° to 137° and reduced 
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to 0° following plasma treatment (Tian et al., 2011). Fabrics used in literature were greige with 
minimal processing and therefore likely contained a higher content of waxes and other impurities 
which can impart hydrophobicity. The fabric in the present work had some prior processing to 
remove waxes/impurities. Hydrophobic properties of the fabric were still shown by high contact 
angle. Like published research, contact angle of the cotton knit reduced following pre-treatment 
yielding a hydrophilic fabric. 

Challenges were evident when measuring contact angle of fabrics due to non-uniform fabric surface 
from overlapping yarns, interstitial spaces, and fibrous extensions. The surface tension of the water 
droplet can be relatively easily disrupted on an uneven surface resulting in droplet spreading and 
therefore smaller contact angle (i.e. the droplet does not remain spherical). Contact angle results from 
fibrous extensions and non-uniformity. Structural differences may have a greater effect than fibre 
composition. 

No difference in liquid absorptive capacity occurred following pre-treatment of wool, while an 
increase was observed after pre-treating the cotton. The effect on cotton could be related to the initial 
high hydrophobicity of the fabric (i.e. almost no liquid absorptive capacity), compared to the liquid 
absorptive capacity following the pre-treatment. The wool knit was initially hydrophilic and made 
more so with the pre-treatment. The extent of change to the wool knit was smaller and perhaps not 
detectable based on liquid absorptive capacity. Lack of difference could also be due to structure (use 
of one type, single jersey) dominating any fibre modification which may have occurred (Laing et al., 
2007). 

Regain of wool and cotton fibre is ~16% and ~8%, respectively in standard conditions (65%RH and 
20±2ºC) (Hearle and Morton, 2008). That of wool is comparable to the results of the present work (i.e. 
~15% of not pre-treated and ~16% to ~19% for those pre-treated). The cotton knit used in the present 
work had slightly higher regain (i.e. ~10% of not treated, 9% to 15% for pre-treated). No published 
research was identified where regain was considered to determine effects of pre-treating wool or 
cotton. Determining regain provided a possible explanation for the increase in mass that occurred 
with the pre-treatment. 
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Consequences for subsequent functionalisation with graphene treatments 

Based on the results of Part 1 an optimum pre-treatment was selected for each of the wool knit and 
cotton knit (0.05mol/L for 15min; 2mol/L for 30min, respectively) to prepare the fabrics to achieve 
the best deposition and fixation of subsequent graphene treatments (Part 2, Part 3). Some areas of the 
knits, such as the yarn intersections may have greater resistance to pre-treatment penetration as two 
layers of yarn need to be penetrated rather than one. Whether such an effect occurred may also be 
surmised from distribution patterns of subsequent graphene treatments (i.e. deposits favoured where 
pre-treatment had the greatest penetration). Therefore, efficacy of the pre-treatment process is 
directly related to performance of the subsequent graphene treatments. 
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Part 2  
Functionalisation of wool and cotton knits with reduced graphene oxide 
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4.2.1 Conferring conductivity with reduced graphene oxide 
A reduced graphene oxide treatment was selected to confer conductivity to the pre-treated wool and 
cotton knits. At the beginning of 2019 difficulty in sourcing reduced graphene oxide arose. It was 
hypothesised that suppliers attempting to produce quality standards for the product affected 
availability. Quality standards had not been effectively established or enforced prior to this time 
because of the relatively novel character of the product. Both quality and production standards are 
important to ensure acceptable products can be produced over time. Ongoing standard development 

was evident from product descriptions of companies such as Merckâ. For instance, the regulatory 
standard, M-Clarity™ is based on classification of six MQ levels, MQ100 to MQ600 (ISO 9001:2015 
Quality management systems - requirements and includes quality attributes (e.g. specifications, 
Certificate of Quality) (International Organization for Standardization, 2015b)).  That of the reduced 
graphene oxide used in the present work was 100. This indicates the product was 'for non-regulated 
applications with no change notification requirements' and therefore of the lowest quality level. 
Unfortunately, such issues meant procurement of reduced graphene oxide was not possible to 
complete all planned experiments. 

Four hypotheses were proposed. That: 

1 appearance and surface chemistry of fabrics will differ following deposition of reduced 
graphene oxide, but fabric structure will not differ and treatment time and curing 
temperature will have no affect; 

2 applying reduced graphene oxide will not have an effect on water droplet absorption, contact 
angle, liquid absorptive capacity, moisture regain, permeability to water vapour, 
permeability to air of the knits; treatment time and curing temperature will not alter 
these performance properties; 

3 conductivity will be conferred with reduced graphene oxide but will not differ with 
measurement direction (parallel to courses or wales, diagonally, or at right angles across 
the graphene treated wool and cotton), or effected by treatment time or curing 
temperature; 

4 exposure to wash and storage will have no effect on the conductivity or appearance of the 
reduced graphene oxide treated knit, and there will be no change with different 
treatment times or curing temperatures. 
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4.2.2 Methods 
Reduced graphene oxide suspension and functionalisation procedure 
Following optimisation of the pre-treatment (Part 1) and preliminary reduced graphene oxide 

treatment50, a factorial experiment was developed to determine performance of the functionalised 
fabric (Table 4.2.2.1 a and b). Two factors of the reduced graphene oxide treatment were investigated 
on pre-treated wool and cotton: i treatment time (two levels), and ii curing temperature (two levels). 
Comparisons with the fabric with no reduced graphene oxide treatment (i.e. nil, pre-treated) were 
also carried out. The treatment process steps are outlined in a schematic in Figure 4.2.2.1. 

Reduced graphene oxide (reduction technique not known) stabilised with poly(sodium 4-

styrenesulfonate) in water (10mg/mL) 51  was used (the same as that used for preliminaries). 
Immersion was selected as the application method because of simplicity, convenience, and 
effectiveness for treating the fabric surface and penetrating through to yarns and fibres. Immersion 
has been previously used to apply graphene oxide to fabrics, followed by reduction reaction (Chapter 
2).  

Pre-treated wool specimens (100mm x 100mm) were immersed in 10mL of the reduced graphene 
oxide suspension for 8min and 24min in ambient conditions (~20°C, 40%RH). Cotton pre-treated 
specimens (100mm x 100mm) were immersed for 20min and 40min under the same conditions. Light 
pressure was applied to remove excess reduced graphene oxide from the surface of the fabric to limit 
accumulation of reduced graphene oxide which had not been bound to the knit. Excess reduced 
graphene oxide was re-used for subsequent treatments where the remainder of the volume was made 
up with non-used suspension. Assumptions were made about the application procedure, including 
reduced graphene oxide concentration, the ratio of reduced graphene oxide to water and 
poly(sodium-4 styrene sulfonate) remained equal, and fibre contamination was minimal. 

Following treatment, wool specimens were dried, and oven cured for 20min52 at 110±3ºC and 
120±3ºC, while cotton specimens were cured for 20min at 70±3ºC and 120±3ºC. These specimens were 
used for all reduced graphene oxide treatment experiments. How the reduced graphene oxide 
treatment iterations were referred to is given in Table 4.2.2.2 a-b. 

  

 

50 Treatment parameters were investigated to maximise efficacy and performance of the reduced graphene oxide treated wool 
and cotton knits (i.e. conductivity, maintenance of conductivity with exposure to wash, abrasion, storage). Measurements were 
preliminary, often one to three specimens of small and narrow dimensions. Results are not presented in the present work due 
to the small scale of the investigation but noted as the mechanism for identifying pertinent treatment variables. Process 
variables investigated included the effect of pre-treatment, reduced graphene oxide concentration (1mg/mL, 5mg/mL, 
10mg/mL for both knits), treatment time (wool: 2min, 4min, 8min, 16min, 24min; cotton 2min, 5min, 10min, 20min, 40min), 
curing time (wool: 20min, 40min, 60min, 90min, 24h; cotton: 10min, 20min, 40min, 24h), and curing temperature (wool: 20°C, 
100°C, 110°C, 120°C; cotton 20°C, 70°C, 100°C, 120°C). Each parameter was tested for the change in appearance of the fabric, 
conductivity, durability to wash, and in some instances effects of abrasion and storage.  

One or more level(s) of each parameter were selected to functionalise the wool and cotton knit with reduced graphene oxide. 
Pre-treated specimens were selected for use hereafter, as an increase in treatment fixation was identified. For both wool and 
cotton knits, one concentration was selected (10mg/mL) because the strongest conductivity was obtained. One curing time 
was also selected (20min) beyond which minimal effects were found. Treatment time and curing temperature were identified 
as the parameters likely to have the greatest effect on performance. Two treatment times were selected: 8min and 24min to 
apply to wool knit and 20min and 40min to apply to cotton knit. Treatment time had the most pronounced effect overall, 
therefore investigating a wider range of properties was desired. Curing temperature also showed effects on performance, thus 
two temperatures were selected: 110°C and 120°C for the wool knit, 70°C and 120°C for the cotton knit. 

51 Merckâ, 3050 Spruce Street, Saint Louis, MO 63103, USA; www.sigmaaldrich.com. 

52 Contherm Thermotec 2000, Contherm Scientific Ltd, PO Box 30-605 Lower Hutt, New Zealand. 
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Table 4.2.2.1 
Functionalisation with reduced graphene oxide treatment - factorial experimental design  

a Wool knit 

 levels   
 0 1 2 
pre-treatment    
concentration nil 0.05mol/L  
treatment time  15min  
 
reduced graphene oxide treatment 
concentration nil 10mg/mL  
curing time  20min  
treatment time  8min 24min 
curing temperature  110ºC 120ºC 

 

b Cotton knit 

 levels   
 0 1 2 
pre-treatment    
concentration nil 2mol/L  
treatment time  30min  
    
reduced graphene oxide treatment    
concentration nil 10mg/mL  
curing time  20min  
treatment time  20min 40min 
curing temperature  70ºC 120ºC 

 

 

 
 

100% wool, 
100% cotton  

six 
consecutive 
washes 

 

100% wool, 
100% 
cotton 
wash pre-
treated 

potassium 
or sodium 
hydroxide in 
methanol 
 

pre-treated 
100% wool, 
100% 
cotton  

reduced 
graphene oxide 
stabilised with 
poly (sodium 4-
styrenesulfonate) 

 

reduced 
graphene 
oxide 
treated 
100% wool, 
100% cotton 

Figure 4.2.2.1  
Schematic for the preparation of wool and cotton single jersey functionalised  

with reduced graphene oxide 
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Table 4.2.2.2 
Codes for wool and cotton knits functionalised with reduced graphene oxide 

a Wool knit 

code treatment time  curing temperature 
nil not treated  
pre-treated pre-treatment 0.05mol/L for 15min  
8min 110ºC 8min 110ºC 
8min 120ºC 8min 120ºC 
24min 110ºC 24min 110ºC 
24min 120ºC 24min 120ºC 

 

b Cotton knit 

code treatment time curing temperature 
nil not treated  
pre-treated pre-treatment 2mol/L for 30min  
20min 70ºC 20min 70ºC 
20min 120ºC 20min 120ºC 
40min 70ºC 40min 70ºC 
40min 120ºC 40min 120ºC 
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Performance properties 
Properties measured are listed below. Full descriptions of the methods used are given in Chapter 3 

with additional information provided here as appropriate53.  

1 Treatment deposition/appearance examined with photographic, microscopic images, and 
colour coordinates. 

2 Fourier Transformed Infrared Spectroscopy and Raman to confirm presence of reduced 
graphene oxide. 

3 Structure: mass per unit area, thickness, and stitch density. 

4 Moisture/air related properties: water absorbency time, contact angle, liquid absorptive 
capacity, regain, permeability to water vapour, permeability to air. 

5 Conductivity was measured of three 100mm x 100mm specimens parallel along the wales 
and courses, perpendicular/right angle, and diagonal directions (Figure 4.2.2.2). The 
distance between the probes for the measurements parallel to the wales and courses was 
100mm, the diagonal measurement distance was 140mm.  

6 Durability to wash was determined with a thermal magnetic stirrer.  

7 For cotton, permeability to water vapour, durability to wash, and to storage were not 
investigated because of the limitations of sourcing reduced graphene oxide. Similarly, 
the performance was seldom acceptable for wool and therefore acceptable performance 
may be difficult to achieve with cotton of the same knit construction. 

 

 

53 Durability to abrasion of both functionalised wool and cotton was not determined due to challenges with sourcing 
reduced graphene oxide. 
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Figure 4.2.2.2 
Measurement process to determine resistance  

a Parallel to wales b Parallel to courses c Perpendicular/right angle d Diagonal 
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4.2.3 Results - wool knit functionalised with reduced graphene oxide 

Visual evidence of deposits54 
The cream wool knit changed to a dark grey following the reduced graphene oxide treatment (Figure 
4.2.3.1 a-c). The fabric structure remained visible, thus fixation to yarns/fibres had precedence over 
filling interstitial spaces. Treatment times and curing temperatures seemed to have little effect on 
appearance. Deposits on extracted yarns were evidenced by segregated dark areas with cream areas 
remaining along the yarn length, possibly attributable to where the yarns intersect (Figure 4.2.3.1 a-
c). So long as yarns/fibres remain connected to conduct electrical current, non-uniform deposition 
was acceptable. Although differences among treatment times and curing temperatures were slight, 
treating for 24min and curing at 110°C seemed to confer greatest treatment uniformity. Deposits on 
fibres extracted from treated fabrics were also indicated by non-uniform dark areas over fibres. Scale 
presence is likely linked to the non-uniformity of deposits. No distinguishable differences could be 
attributed to treatment time or curing temperature. 

Image analysis showed differences and separate Tukey's groupings among fibres extracted from non-
treated, pre-treated, and those functionalised with reduced graphene oxide (Table 4.2.3.1). Reduced 
graphene oxide treated fabrics had lower mean (F2,297=60.45, p≤0.001; two groups: reduced graphene 
oxide treated; pre-treated, not treated), minimum (F2,297=79.95, p≤0.001; three groups: reduced 
graphene oxide treated; not treated; pre-treated), and mode (F2,297=31.92, p≤0.001; two groups: 
reduced graphene oxide treated; pre-treated, not treated) compared to fibres from non-treated and 
pre-treated fabrics. Fibres of treated fabrics had lower pixel intensity, indicative of deposits, absent 
in non-treated fibres, attributable to reduced graphene oxide. Maximum values were similar for all 
despite significance of and effect (F2,297=8.30, p≤0.001; two groups: reduced graphene oxide treated, 
pre-treated; pre-treated, not treated) (F2,297=8.30, p≤0.001; two groups: reduced graphene oxide treated, 
pre-treated; pre-treated, not treated). Presence of areas with high pixel intensity on reduced graphene 
oxide treated fibres suggest deposits were not uniform. Fibre width (F2,297=16.86, p≤0.001; two groups: 
reduced graphene oxide treated, not treated; pre-treated); and area of the region of interest 
(F2,297=23.67, p≤0.001; two groups: reduced graphene oxide treated; not treated, pre-treated) were 
smaller for fibres extracted from reduced graphene oxide functionalised fabrics. 

Treatment time affected pixel intensity mean (F1,196=5.09, p≤0.05) and minimum (F1,196=9.47, p≤0.001) 
but no effect on pixel intensity maximum (F1,196=1.27, NS), mode (F1,196=2.05, NS); fibre width 
(F1,196=0.69, NS), or area of the region of interest (F1,196=0.27, NS). Curing temperature affected fibre 
width (F1,196=20.74, p≤0.001) and area of the region of interest (F1,196=19.46, p≤0.001), but had no 
influence on pixel intensity mean (F1,196=0.94, NS), minimum (F1,196=0.53, NS), maximum (F1,196=2.63, 
NS), or mode (F1,196=0.14, NS). The pattern of response for treatment time and curing temperature 
differed for fibre width (F1,196=4.72, p≤0.05) and area of the region of interest (F1,196=3.91, p≤0.05), 
however, both F values were small. No interaction was found for the remaining variables (pixel 
intensity mean (F1,196=0.01, NS), minimum (F1,196=0.96, NS), maximum (F1,196=0.13, NS), or mode 
(F1,196=0.21, NS). 

  

 

54 Colour coordinates are given in Appendix B, providing supporting quantifiable evidence of reduced graphene oxide 
deposition. 
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Figure 4.2.3.1 
Wool knit functionalised with reduced graphene oxide - images and infrared spectra 

a Knit technical face and rear photograph b Knit technical face and rear (6.3x)  
c Yarn (3.2x) d Fibre (40x) e Knit infrared spectra (FTIR) 
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Figure 4.2.3.1 contd 
a Knit technical face and rear photograph b Knit technical face and rear (6.3x)  
c Yarn (3.2x) d Fibre (40x) e Knit infrared spectra (FTIR) 
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Table 4.2.3.1 
Appearance of wool knit functionalised with reduced graphene  

oxide - image analysis of extracted fibres (n=10) 

 nil pre-treated 8min 110°C 8min 120°C 24min 110°C 24min 120°C 
pixel intensity      
       
mean 131.41 130.12 107.94 105.01 100.77 97.32 
s.d. 1.82 1.88 5.45 5.67 13.01 3.62 
CV% 1.38 1.45 5.05 5.40 12.91 3.72 
       
minimum       
mean 61.72 72.80 42.00 46.36 36.98 36.38 
s.d. 3.00 3.48 4.52 4.87 4.25 3.54 
CV% 4.86 4.78 10.77 10.50 11.48 9.74 
       
maximum       
mean 158.56 150.00 150.74 146.02 147.88 140.44 
s.d. 11.77 18.06 4.24 5.47 12.56 6.47 
CV% 7.42 12.04 2.81 3.75 8.50 4.61 
       
mode       
mean 153.98 147.82 124.86 120.30 114.38 114.86 
s.d. 1.73 2.19 14.61 8.52 17.70 9.76 
CV% 1.12 1.48 11.70 7.09 15.47 8.50 
       
fibre width       
mean 14.43 14.38 10.56 13.63 11.17 12.26 
s.d. 0.19 1.46 1.10 0.47 0.42 0.27 
CV% 1.33 10.14 10.44 3.42 3.80 2.17 
       
area of the region of interest     
mean 74.41 75.78 56.19 70.72 58.19 63.73 
s.d. 1.48 1.70 1.32 1.48 2.29 1.49 
CV% 1.99 2.24 2.34 2.09 3.93 2.35 
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SEM images of the original state of the knits revealed yarns filled space in the fabric with small visible 
interstitial spaces (black space among yarns) and scales were visible on fibres in yarns (Figure 4.2.3.2 
a-b). Some fibres extended from the fabric surface. The reduced graphene oxide treated fabric 
appeared different, as yarns were condensed and interstitial spaces had greater presence. Higher 
magnification (x350) indicated reduced graphene oxide did not settle in interstitial spaces but instead 
fixed to fibre and yarn surfaces (Figure 4.2.3.2 a-b). Scales were visible with some coating/particulate 
matter and adherence among fibres in yarns. Low magnification (x700) of fibres revealed relatively 
uniform scales along the fibre length, and high magnification (x2,700) showed the size of the scales 
relative to the length of fibre (Figure 4.2.3.2 a-b). Fibres extracted from not treated knits had 
prominent scales while that of pre-treated fabrics were less so. Scales on fibres in reduced graphene 
oxide treated fabrics were less prominent again, appearing 'smoothed' over. Particles on fibres 
extracted from reduced graphene oxide treated fabrics were also present and not found on those from 
not treated fabrics, likely indicating presence of reduced graphene oxide. 

Spectral characteristics 
The reduced graphene oxide suspension had a different infrared spectrum than the wool knit with 
and without pre-treatment (Figure 4.2.3.1 e). Characteristic peaks of reduced graphene oxide included 
~3,262cm-1 assigned to stretching vibrations of O-H, attributable to the water in treatment, ~1,635cm-

1 related to carboxyl groups (C=C, C=O) of the sp2 structure of carbon atoms, ~1,163cm-1 and 1,125cm-

1 assigned to -COOH groups indicative of the carbon composition, and ~1,383cm-1, ~1,305cm-1 related 
to -C-H groups (Kong et al., 2012; Molina et al., 2013a; Shateri-Khalilabad and Yazdanshenas, 2013a; 
Chatterjee, Kumar, and Maity, 2017).  

Reduced graphene oxide treated specimens maintained the characteristic peaks of wool (Part 1 - 4.1.3 
Results - wool knit) with some alterations: ~1,163cm-1 and 1,125cm-1 present on treated specimens for 
which only one peak ~1,231cm-1 was present of not treated fabric, ~1,176cm-1 and 1,125cm-1 related to 
carbon groups of reduced graphene oxide, ~1,009cm-1, as well as ~1,037cm-1, additional peaks, 
assigned to stretching vibrations of C-O also indicating reduced graphene oxide presence, 2,850cm-1 
and 3,000cm-1 decreased 3cm-1 to 10cm-1, with the greatest difference of specimens treated for 24min 
cured at 110ºC, wavenumbers of infrared spectra related to O-H groups increased by 1cm-1 to 6cm-1 
with the treatment (Chatterjee, Kumar, and Maity, 2017) (Figure 4.2.3.1 e). 

With respect to Raman analysis55, some characteristic peaks of wool and reduced graphene oxide are 
similar (Chatterjee, Kumar, and Maity, 2017), thus differences were difficult to ascertain. Additionally, 
although differences occurred, these were small and potentially could be designated to other 
functional groups. Assumptions of what is known for wool and graphene were made. Peaks of wool, 
2,930cm-1 (CH2 asymmetric stretch) 1,665cm-1 (Amide I) (Carter et al., 1994) and graphene peaks at 
2,700cm-1 to 2,900cm-1 (2D band) and 1,600cm-1 (G band) overlap with one another (Geim and 
Novoselov, 2010). Therefore, graphene presence on wool specimens was difficult to identify based on 
Raman spectra only (Figure 4.2.3.3 a-c). 

  

 

55 Based on information provided by Samanali Garagoda Arachchige. 
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Figure 4.2.3.2 
Appearance of wool knit functionalised with reduced graphene oxide - SEM 

a Knit 
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Figure 4.2.3.2 contd 
b Extracted fibre 
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Figure 4.2.3.3 
Wool knit functionalised with reduced graphene oxide - Raman 

a Raman spectra of extracted fibres 



 

166 

 

b 

 

 

Figure 4.2.3.3 contd 
b Principal component analysis 
PC = principal component 
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Principal component analysis allowed further examination. Nil and pre-treated specimens were 
grouped while those treated with reduced graphene oxide were differentiated. Principal component 
1 accounted for 67% of the total variance whereby positive principal component 1 indicated points 
with reduced graphene oxide and negative principal component 1 was indicative of wool fibre. D and 
G Raman bands, 1,345cm-1 and 1,590cm-1, of reduced graphene oxide were prominent peaks for 
positive principal component 1, while that of negative principal component 1 was 2,931cm-1 assigned 
to CH2 asymmetric stretching of wool. Positive principal component 1 and negative principal 
component 2 included points from both wool with reduced graphene oxide (green coloured circle in 
Figure 4.2.3.3 c) and reduced graphene oxide (peaks 1,345cm-1 and 1,590cm-1 indicated by the grey 
coloured circle in Figure 4.2.3.3 c). Presence of reduced graphene oxide was confirmed by chemical 
maps (Figure 4.2.3.4 a) showing 1,345cm-1 graphene D band (green band), 1,590cm-1 graphene G band 
(yellow band), and 2,931cm-1 wool (red band). Component 1 was related to wool fibre and component 
2 and 3 related to the graphene G band and D band, respectively based on true component analysis 
(Figure 4.2.3.4 b). Deposition and distribution of reduced graphene oxide on wool fibres was 
confirmed. 

Effects on fabric properties 
Mass and thickness increased significantly following reduced graphene oxide treatment (F2,27=6.48, 
p≤0.01; F2,27=16.15, p≤0.001, respectively) (Table 4.2.3.3 a-b). Differences were small but provided 
evidence for deposition of an extraneous material, reduced graphene oxide. Neither treatment time 
nor curing temperature influenced mass (F1,16=0.97, NS; F1,16=0.15, NS, respectively) and there was no 
interaction between factors (F1,16=0.00, NS). Treatment time also did not affect thickness (F1,16=1.35, 
NS) but curing temperature did have a small effect (F1,16=5.39, p≤0.05) and there was evidence of a 
small interaction (F1,16=5.39, p≤0.05). Both F values were small and of limited significance. Differences 
in thickness were also small, deemed non-important. Therefore, changing treatment process 
conditions did not change the effect treatment had on structural properties of the fabric. 

While stitch density significantly differed between wales and courses (F1,32=126.15, p≤0.01) with 
courses marginally exceeding wales (≤1), no effect of reduced graphene oxide on wales was found 
(F2,27=0.19, NS), but an effect on courses was (F2,27=3.41, p≤0.05), although with a small F value and 
minimal significance (Table 4.2.3.3 c). Neither treatment time nor curing temperature had an effect 
on the wales (F1,16=0.41, NS; F1,16=3.68, NS, respectively) or courses (F1,16=0.16, NS; F1,16=1.44, NS, 
respectively). Consequently, no interactions were found between factors (F1,16=2.23, NS; F1,16=4.00, NS, 
respectively). Thus, differences related to stitch density were trivial. 

Reduced graphene oxide increased hydrophobicity of the wool knit evidenced by water droplets 
remaining on the surface for 300s (Figure 4.2.3.5). Although not shown, droplets were still present 
after more than 600s (10min). Fabric treated for 24min, cured at 120ºC retained the most spherical 
water droplets over 300s, while flattening was observed on the other treated fabrics. Fabric treated 
for 24min, cured at 110ºC exhibited some spreading but droplets mostly remained on the surface. 
Increased hydrophobicity is desirable for minimising effects moisture might have on the treatment 
and conductivity; however increased hydrophobicity may have undesirable effects for performance 
next to the skin (e.g. permeability). 
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a             i   ii 
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Figure 4.2.3.4 
Wool knit functionalised with reduced graphene oxide - chemical mapping 

a Univariate analysis i Bright field image at 50x objective ii Pre-processed spectra of selected 
position on the map iii Image of the key bands 
b True component analysis i Reference and components spectra ii Image of the mapped region 
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Table 4.2.3.2 
Wool knit functionalised with reduced graphene oxide - structural properties (n=5) 

 nil pre-treated 8min 
110°C 

8min 
120°C 

24min 
 110°C 

24min 
120°C control 

a mass     
mass per unit area (g/m2)     
mean 154.88 157.24 160.92 160.44 159.59 158.99 259.51 
s.d. 2.33 3.56 2.96 3.90 2.35 3.23 7.70 
CV% 1.51 2.26 1.84 2.43 1.47 2.03 2.97 
       
% change from nil       
mean - - 3.92 3.62 3.07 2.67 - 
s.d. - - 2.30 3.43 2.64 2.57 - 
CV% - - 58.63 94.77 85.97 96.25 - 
      
% change from pre-treated      
mean - - 2.41 2.08 1.54 1.15 - 
s.d. - - 3.83 3.53 2.68 2.84 - 
CV% - - 159.16 169.34 174.32 246.93 - 

  
  

b thickness  
thickness (mm)  
mean 0.84 0.80 0.83 0.86 0.84 0.84 1.28 
s.d. 0.01 0.01 0.13 0.02 0.02 0.01 0.01 
CV% 0.66 1.05 1.57 2.10 1.88 1.68 0.70 
       
% change from nil       
mean - - -0.48 3.34 0.48 0.48 - 
s.d. - - 1.36 1.76 2.01 1.36 - 
CV% - - 283.73 52.71 417.25 285.04 - 
      
% change from pre-treated      
mean - - 4.27 8.28 5.28 5.26 - 
s.d. - - 1.70 2.29 2.46 1.37 - 
CV% - - 38.89 27.70 46.54 25.98 - 

  
  

c stitch density (yarns per 10mm)  
wales        
mean 18.96 19.00 18.80 19.12 18.88 18.92 17.76 
s.d. 0.17 0.32 0.28 0.11 0.27 0.11 1.01 
CV% 0.88 1.66 1.50 0.57 1.42 0.58 5.71 
        
courses        
mean 19.52 19.36 19.52 19.84 19.76 19.68 17.08 
s.d. 0.33 0.36 0.18 0.26 0.26 0.18 0.59 
CV% 1.71 1.85 0.92 1.31 1.32 0.91 3.47 

- denotes not measured 
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Figure 4.2.3.5 
Wool knit functionalised with reduced graphene oxide - appearance of water droplets  

over time (n=5) 
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Results of contact angle, liquid absorptive capacity, regain, permeability to water vapour and 
permeability to air are given in Table 4.2.3.4 a-e. Functionalisation with reduced graphene oxide 
increased contact angle (F2,57=22.56, p≤0.001), water vapour permeability index (a small F value: 
F2,15=5.75, p≤0.01), permeability to air (F2,57=193.63, p≤0.001); decreased liquid absorptive capacity 
(F2,27=30.15, p≤0.001); and no effect on regain (F2,27=0.10, NS). Increased contact angle and decreased 
liquid absorptive capacity also indicate increased hydrophobicity. Increased water vapour 
permeability and permeability to air suggest changes to vapour properties differed to liquid.  

Treatment time and curing temperature had no effect on contact angle (F1,36=0.98, NS; F1,36=0.52, NS, 
respectively), permeability to water vapour (F1,8=1.47, NS; F1,8=0.20, NS, respectively), or regain 
(F1,16=0.86, NS; F1,16=0.71, NS, respectively). Permeability to air was not affected by treatment time 
(F1,36=0.41, NS), but curing temperature had an effect (F1,36=4.18, p≤0.05). Functionalised fabrics 
ranged 1282mm/s and 1396mm/s for which fabrics cured at 120°C were higher than 110°C. Higher 
permeability to air is desirable with respect to facilitating maintenance of homeostasis. Treatment 
time and curing temperature did affect liquid absorptive capacity (F1,25=6.47, p≤0.05; F1,25=7.01, p≤0.01, 
respectively). Reduced graphene oxide functionalised fabrics with longer treatment times and higher 
curing temperatures had greater liquid absorptive capacityWhere significance was found, F values 
were small and the differences in absolute values were also small. 

The pattern of response from varying treatment time and curing temperature was different for contact 
angle (F1,36=5.73, p≤0.05), liquid absorptive capacity (F1,25=10.48, p≤0.001), regain (F1,16=4.48, p≤0.05), 
and permeability to air (F1,36=5.29, p≤0.05) (i.e. there were interactions). Because of small F values and 
low significance, interactions were not considered important. No interaction between treatment time 
and curing temperature was found for water vapour permeability (F1,8=0.04, NS). 

Conductivity 
Applying reduced graphene oxide to the wool knit conferred conductivity based on lowered 

resistance, not measurable for the original state of the fabric56 (Table 4.2.3.5 a i-ii). Treatment time 
had no effect on conductivity (F1,64=1.37, NS) whereas an effect of curing temperature was identified 
(F1,64=5.60, p≤0.05), with a small F value and low significance (Table 4.2.3.5 a i-ii). Specimens treated 
for 8min, cured at 110°C conferred the lowest conductivity, while remaining treatment iterations 
yielded similar conductivity. 

Conductivity differed with measurement direction (F3,64=71.68, p≤0.001) where measurements 
diagonally were lowest and those perpendicular were highest (Table 4.2.3.5 a i-ii). Conductivity was 
generally higher across the wales compared to the courses (except for specimens treated for 8min, 
cured at 110°C). Three groups were identified for measurement direction (perpendicular; wales, 
courses; diagonal). The pattern of response differed when considering treatment time and curing 
temperature (i.e. there was an interaction) (F1,64=5.80, p≤0.05) but none of the remaining interactions 
were significant (i.e. treatment time and direction (F3,64=0.21, NS), curing temperature and direction 
(F3,64=0.41, NS) nor treatment time, curing temperature, and direction (F3,64=0.22, NS)). 

  
 

56 Resistance of the non-treated fabric was too high to measure and therefore not included in the analysis. Extracted yarns and 
fibres from treated knits were not conductive; yarns extracted from the fabric with subsequent reduced graphene oxide 
treatment were conductive. This suggests electrical signals do not travel across a signal yarn but rely on points of yarn cross 
over to transfer through the knit. 



 

173 

Table 4.2.3.3 
Wool knit functionalised with reduced graphene oxide - moisture and air transfer properties 

 nil pre-treated 8min 
110°C 

8min 
120°C 

24min  
110°C 

24min 
120°C control 

a contact angle (°) n=10      
mean 86.63 58.24 86.13 76.64 78.58 84.01 54.76 
min 76.99 29.25 74.14 66.70 51.23 66.97 20.56 
max 92.67 71.80 98.35 88.03 95.78 97.98 69.42 
s.d. 5.34 15.21 7.53 6.80 14.55 8.55 14.81 
CV% 6.16 26.12 8.75 8.87 18.51 10.18 27.05 
contact angle 
image        

     
     

b liquid absorptive capacity (%) n=5     
mean 241.78 255.64 178.11 210.48 209.91 206.67 306.96 
s.d. 14.69 6.05 18.70 8.80 3.25 11.62 7.90 
CV% 6.08 2.37 10.50 4.18 1.55 5.62 2.57 

     
     

c regain (%) n=5     
mean 15.47 14.87 15.05 13.21 13.33 17.61 12.30 
s.d. 1.61 0.90 0.99 0.89 0.46 6.30 1.09 
CV% 10.38 6.04 6.60 6.73 3.47 35.76 8.86 

     
     

d water vapour permeability index n=3     
mean 97.13 97.48 106.82 110.47 114.70 116.05 93.69 
s.d. 6.65 8.42 5.03 3.04 10.94 14.68 3.07 
CV% 6.85 8.64 4.71 2.75 9.54 12.65 3.28 

      
      

e air permeability (mm/s) n=10      
mean 908.48 911.82 1282.56 1396.12 1359.38 1352.70 751.50 
s.d. 34.50 75.79 103.49 58.49 89.14 72.58 28.38 
CV% 3.80 8.29 8.07 4.19 6.56 5.37 3.78 

 
  



 

174 

Table 4.2.3.4 
Wool knit functionalised with reduced graphene oxide - conductivity (µS/m) (n=5) 

 nil pre-treated 8min 
110°C 

8min 
120°C 

24min  
110°C 

24min  
120°C 

control 

parallel to wales      
mean 0.00 0.00 695.00 834.00 824.00 807.00 0.00 
s.d. 0.00 0.00 78.00 185.00 59.80 72.90 0.00 
CV% 0.00 0.00 1.21 22.19 7.26 9.03 0.00 

      
      

parallel to courses      
mean 0.00 0.00 706.00 787.00 758.00 761.00 0.00 
s.d. 0.00 0.00 53.80 182.00 90.10 62.70 0.00 
CV% 0.00 0.00 7.62 23.13 11.89 8.23 0.00 

      
      

diagonal      
mean 0.00 0.00 419.00 476.00 460.00 448.00 0.00 
s.d. 0.00 0.00 35.60 71.30 43.70 60.90 0.00 
CV% 0.00 0.00 8.49 15.37 9.49 13.61 0.00 

      
      

perpendicular      
mean 0.00 0.00 804.00 962.00 908.00 931.00 0.00 
s.d. 0.00 0.00 69.50 188.00 91.20 86.20 0.00 
CV% 0.00 0.00 8.65 19.57 10.04 9.26 0.00 
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Performance with wash and storage 
Visible deterioration and flaking of reduced graphene oxide from the knits to the wash liquor was 

most pronounced after the first wash cycle, thereafter, less change occurred (Figure 4.2.3.6 a-c57). 
With initial exposure excess unbound reduced graphene oxide would be easily disturbed. Non-
uniformity of loss of the treatment was evidenced by patchy appearance on the technical face and 
technical rear of the knit, potentially greater for the technical rear based on change in appearance. 
Similar disparities occurred for all reduced graphene oxide treatments after each sequential cycle.  

Wash influenced fabric mass (F1.91,19.19=4.26, p≤0.05; Figure 4.2.3.7 a i-ii58). Decreased mass supports 
the finding for loss of reduced graphene oxide from the fabric. The decrease in mass could also be 
attributed to fibre loss, although this was not determined.  Minimal differences in mass were observed 
following sequential cycles (not treated fabric is included for reference). The pattern of response to 
wash was the same considering treatment time and curing temperature (i.e. there was not an 
interaction) (F1.91,19.19=0.08, NS; F1.91,19.19=0.46, NS) or all three factors (F1.91,19.19=1.48, NS). Despite non-
significance, Figure 4.2.3.7 a i-ii showed conductivity of fabrics treated for 24min, cured 110°C 
decreased steeply between one and five cycles, not evident with the other treatments, thereafter for 
10 and 20 cycles the functionalised fabrics performed similarly.  

Wash had an effect on conductivity as determined parallel to wales (F1.80,14.43=125.11, p≤0.001 59), 
generally decreasing following each sequential cycle (Figure 4.2.3.7 b i). Decreased conductivity was 
not acceptable especially to the low level measured after 20 cycles. The greatest change occurred 
between 5 and 10 cycles and the least between 10 and 20 cycles. No interaction between wash and 
treatment time (F1.80,14.43=0.97, NS), wash and curing temperature (F1.80,14.43=0.24, NS), or all three factors 
(F1.80,14.43=0.88, NS) was found. Based on Figure 4.2.3.7, fabrics treated for 24min retained slightly 
higher conductivity after five and 10 cycles compared to those treated for 8min. Conductivity of 
specimens cured at 120°C was higher than that cured at 110°C after 10 cycles. Following 20 cycles, an 
electrical measurement parallel to the wales was obtained from only one specimen treated for 8min, 
cured at 120ºC while conductivity could be measured for all three specimens parallel to the course 
direction. Structural differences of a continuous yarn in the course direction compared to reliance on 
connections between interlocking yarns could explain disparities in electrical properties. The effect 

of 20 cycles on conductivity parallel to the courses was also significant (F1,8=393.49, p≤0.001)60. 

No change in appearance could be seen over 28 days, a desirable outcome. Conductivity decreased 
over time (F2.29,36.62=61.20, p≤0.001) suggesting the treated fabric was not stable under 20°C, 65%RH in 

the dark over 28 days (Figure 4.2.3.8 a and b61). The pattern of response differed with curing 
temperature (F2.29,36.62=31.07, p≤0.001) and all three factors (F2.29,36.62=5.23, p≤0.001) but not with   

 

57 Colour coordinates were omitted for this section. 

58 The assumption of Mauchly's Test of Sphericity was violated (χ2(9) =17.92, p=0.04), the Greenhouse-Geisser correction was 
used (p=0.48, NS). 

59 The assumption of Mauchly's Test of Sphericity was violated (χ2(9)=32.76, p≤0.01), the Greenhouse-Geisser correction was 
used (p=0.45, NS). 

60The assumption of sphericity was violated (no Mauchly's W, the Greenhouse-Geisser correction was used (p=1.00, NS). 

61 The assumption of sphericity was violated (no Mauchly's W), the Greenhouse-Geisser correction was used (p=0.09, NS). 
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62 Centre of each specimen, 50mm x 50mm square. 
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Figure 4.2.3.6 
Effect of wash on appearance of wool functionalised with  

reduced graphene oxide - images62 (n=5) 
a Knit technical face 
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Figure 4.2.3.6 contd 
b Knit technical rear 



 

178 

 
 
  

c  
1 wash (8min 120°C) 5 wash (8min 120°C) 

  

  

Figure 4.2.3.6 contd 
c Wash set up - indication of change in colour of the wash liquor 
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 *Note, intervals between values on the x axis are not equal  

a            i 
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b            i 
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Figure 4.2.3.7 

Effect of wash on performance of wool functionalised with reduced graphene oxide (n=5) 
a Mass per unit area i Values ii % change; b Conductivity i Values ii % change 
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Figure 4.2.3.8 
Conductivity of wool knit functionalised with reduced graphene oxide with storage (n=3) 

a Values b % change 
*Note, intervals between values on the x axis are not equal 
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treatment time (F2.29,36.62=1.23, NS). After approximately nine days, change increased for the fabrics 
cured at 120ºC while those cured at 110ºC remained relatively stable, irrespective of treatment time.  

Testing hypotheses 
Hypothesis 1 

Treatment deposition could be depicted from images and surface chemistry, suggesting the fabric 
surface changed, confirming hypothesis one of a difference in appearance and surface chemistry with 
reduced graphene oxide with no differences attributable to treatment time or curing temperature. A 
slight increase in mass and thickness was observed, rejecting part of hypothesis one that specified 
fabric structure will not be affected, but no change in stitch density was found confirming hypothesis 
one. Minimal differences based on changing treatment and curing temperature, also confirming 
hypothesis one.  

Hypothesis 2 

Small changes were observed for regain and permeability to water vapour confirming hypothesis two 
which specified applying reduced graphene oxide will not change moisture or air transfer through 
the knit. Wettability (water droplet, contact angle) decreased and permeability to air increased, 
contradicting hypothesis two. No practically important differences were observed based on treatment 
time or curing temperature supporting the hypothesis.  

Hypothesis 3 

Conductivity was conferred with reduced graphene oxide confirming hypothesis three (i.e. 
conductivity will be imparted by applying reduced graphene oxide), although a change with 
measurement direction was observed, rejecting hypothesis three. Decreased conductivity occurred 
following wash and storage and differences between reduced graphene oxide treatment iterations 
were somewhat evident, thus hypothesis four (exposure to wash and storage will have no effect on 
conductivity) was rejected for conductivity. Fabric appearance changed with exposure to wash also 
rejecting the hypothesis but no change in appearance with storage was found, confirming hypothesis 
four. Sometimes specimens treated for longer and cured at higher temperatures retained higher 
conductivity, but differences were small. 
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4.2.4 Results - cotton knit functionalised with reduced graphene oxide63 

Visual evidence of deposits64 
A change in appearance (i.e. cream to dark grey) indicated reduced graphene oxide deposition 
occurred on the cotton knit (Figure 4.2.4.1). Fixation seemed to follow yarns in the knit as the structure 
of both the technical face and technical rear was visible: interstitial spaces remained reasonably clear 
of deposits.  

A change in appearance of extracted yarns was also apparent. A segregated dark/cream pattern along 
the yarn length indicated non-uniform coverage. Treatment deposition likely occurred on areas 
where the full yarn surface was exposed or a portion of the outermost surface of yarn intersections. 
Non-treated areas were likely the inner surface of the yarn intersections (i.e. crossing over one 
another). Deposition at the fibre level was also not uniform. Accumulation in striated lines or in the 
areas where fibres twist/fold over possibly contributed to non-uniformity. Non-uniform deposition 
is acceptable given connections are sufficient throughout the fabric to conduct electrical signals. 

Image analysis showed differences and separate Tukey's groupings between fibres extracted from 
knits not treated, pre-treated, and reduced graphene oxide treated (Table 4.2.4.1). Fibres from reduced 
graphene oxide treated fabrics had lower mean (F2,297=80.60, p≤0.001; three groups: reduced graphene 
oxide treated; pre-treated; not treated), minimum (F2,297=104.85, p≤0.001; three groups: reduced 
graphene oxide treated; pre-treated; not treated), and mode (F2,297=73.16, p≤0.001; two groups: 
reduced graphene oxide treated; pre-treated, not treated) pixel intensity compared to non-treated and 
pre-treated fabrics. The reduced graphene oxide suspension was dark grey, therefore lower pixel 
intensity is likely indicative of deposits of reduced graphene oxide. Maximum pixel intensity was 
similar among fibres of different treated fabrics despite significance (F2,297=24.94, p≤0.001; three 
groups: reduced graphene oxide treated; pre-treated; not treated), thus some portion of the fibres 
from reduced graphene oxide treated knits remained cream/non-treated. Results were more variable 
with pre-treated and reduced graphene oxide treated specimens compared to those not treated. Fibre 
width (F2,297=18.41, p≤0.001; three groups: pre-treated; not treated; reduced graphene oxide treated) 
and the area of region of interest (F2,297=19.28, p≤0.001; two groups: pre-treated, not treated; reduced 
graphene oxide treated) were also larger with the reduced graphene oxide treatment. 

Treatment time affected pixel intensity minimum (F1,196=4.18, p≤0.05), mode (F1,196=5.55, p≤0.05), fibre 
width (F1,196=4.07, p≤0.05), and the area of the region of interest (F1,196=5.36, p≤0.05). Despite 
significance, F values were small, and no trend was clear with changing treatment time. No effect of 
treatment time was identified for pixel intensity mean (F1,196=3.52, NS) or maximum (F1,196=1.02, NS). 
Curing temperature did not affect appearance based on pixel intensity mean (F1,196=1.46, NS), 
minimum (F1,196=1.11, NS), maximum (F1,196=0.98, NS), mode (F1,196=0.66, NS), nor fibre width 
(F1,196=0.73, NS), or area of the region of interest (F1,196=0.59, NS). Additionally, the pattern of response 
did not differ for any variable when considering treatment time and curing temperature, that is there 
were no interactions (pixel intensity mean (F1,196=0.06, NS), minimum (F1,196=0.01, NS),  

 

63 Unfortunately, non-availability of reduced graphene oxide meant planned testing of water vapour permeability and 
durability (wash, abrasion, storage) could not be carried out. 

64 Colour coordinates are given in Appendix B, providing supporting quantifiable evidence of reduced graphene oxide 
deposition. 
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Figure 4.2.4.1 
Cotton knit functionalised with reduced graphene oxide - images and infrared spectra 

a Knit technical face and rear photograph b Knit technical face and rear (6.3x)  
c Yarn (3.2x) d Fibre (40x) e Knit infrared spectra (FTIR) 
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 E:\FTIR 14 Jan\20min 70 14.45.14          20min 70          fabric 14/01/2020

37
13

.9
4

29
89

.3
7

22
09

.7
4

21
55

.5
7

20
73

.6
6

20
31

.5
4

19
56

.7
7

15
10

.1
5

13
89

.7
8

13
48

.2
7

13
26

.2
5

12
88

.1
0

12
15

.5
5

11
85

.9
8

11
38

.1
2

81
4.

43

5001000150020002500300035004000
Wavenumber cm-1

0
20

40
60

80
10

0
12

0
14

0

Tr
an

sm
itt

an
ce

 [%
]

 Page 1/1



 

184 

  

 20min 120°C 40min 70°C 40min 120°C 
a 

   

   
    
b 

   

   
    
c 

   
    
d 

   
    
e 

   
 

Figure 4.2.4.1 contd 
a Knit technical face and rear photograph b Knit technical face and rear (6.3x)  
c Yarn (3.2x) d Fibre (40x) e Knit infrared spectra (FTIR) 
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 E:\FTIR 14 Jan\40min 120 14.38.18          40min 120          fabric 14/01/2020
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Table 4.2.4.1 
Appearance of cotton knit functionalised with reduced graphene oxide 

- image analysis of extracted fibres (n=10) 

 nil pre-treated 20min 70°C 20min 120°C 40min 70°C 40min 120°C 
pixel intensity      
       
mean 112.79 102.24 77.13 80.31 70.12 74.92 
s.d. 3.57 5.07 6.79 2.79 5.01 8.90 
CV% 3.16 4.96 8.81 3.47 7.14 11.88 
       
minimum       
mean 73.54 54.10 37.78 40.66 33.46 35.68 
s.d. 4.60 4.62 4.20 3.93 5.40 4.85 
CV% 6.25 8.54 11.12 9.67 16.14 13.59 
       
maximum       
mean 136.92 126.40 115.04 118.42 111.34 114.98 
s.d. 2.19 17.73 3.89 6.28 5.85 5.32 
CV% 1.60 14.02 3.38 5.31 5.26 4.63 
       
mode       
mean 121.06 112.66 80.44 80.32 66.22 73.56 
s.d. 2.85 6.49 13.17 7.45 9.22 13.65 
CV% 2.36 5.76 16.38 9.27 13.92 18.56 
       
fibre width       
mean 13.45 11.80 14.64 14.57 15.19 16.17 
s.d. 0.33 1.26 0.79 1.58 0.71 0.57 
CV% 2.45 10.66 5.37 10.85 4.66 3.51 
       
area of the region of interest     
mean 66.57 61.31 74.93 74.16 78.24 83.07 
s.d. 7.87 6.70 3.90 8.07 3.52 2.76 
CV% 11.82 10.94 5.21 10.89 4.50 3.32 

 
  



 

186 

In terms of SEM, differences were apparent between images of the nil and functionalised knit with 
low magnification (x60) (Figure 4.2.4.2 a). The surface of fibres in yarns was visible of the not treated 
fabric and some fibres protruded from the yarn surface. The reduced graphene oxide functionalised 
knit appeared coated, yarns were compact with fewer fibres protruding from the surface, and 
particles (extraneous material) on and among fibres in each yarn. High magnification of the knit 
(x350) confirmed deposits did not collect in interstitial spaces (Figure 4.2.4.2 a.). Of extracted fibres, 
those removed from pre-treated fabrics seemed to have deeper and more frequent suggesting the pre-
treatment changed the fibre surface (Figure 4.2.4.2 b). Reduced graphene oxide deposition on fibres 
was indicated by the presence of particles, not evident on those not treated and pre-treated. 

Spectral characteristics 
Each spectrum showed peaks characteristic of cotton (Part 1 - 4.1.4 Results - cotton knit) (Figure 4.2.4.1 
e). Application of reduced graphene oxide to the cotton knit had minimal detectable effect on infrared 
spectra peaks (Figure 4.2.4.1 e) which is consistent with previous research (Sahito et al., 2015a; Cai et 
al., 2017). Small differences that did occur included a slightly weakened peak at 2,900cm-1 to 3,340cm-

1 suggesting presence of reduced graphene oxide (Cai et al., 2017), O–H stretching, linked to moisture 
absorption/presence, hydroxyl bonds (Nooralian, Gashti, and Ebrahimi, 2016), C-O stretching 
vibration was indicated by peaks at 1,628cm-1 related to carboxylic acid groups of reduced graphene 
oxide, and C-O-C symmetric and asymmetric stretching vibrations specifically reflected in the band 
of 1,029cm-1 among others (Nooralian, Gashti, and Ebrahimi, 2016). Infrared spectra is not well suited 
to identify presence of reduced graphene oxide.  

Fibres extracted from not treated and pre-treated cotton showed characteristic Raman peaks65 of 
cotton (375cm-1 symmetric δ(CCC) ring, 895cm-1 symmetric ν(C-O-C) in plane, 1094cm-1 ν(C-O-C) 
asymmetric vibrations of the glycoside link, 1116cm-1 symmetric ν(C-O-C) vibrations of glycoside 
bond (Cellulose), 1338cm-1 (CH2) wagging (Cellulose), 1378cm-1 CH2 bending and skeletal modes 
(Lewis and Edwards, 2001; Jahn, Schroder, Schroder, Futing, Schenzel, and Diepenbrock, 2002; Sahito 
et al., 2015a).  

Fibres of reduced graphene oxide treated specimens show peaks assigned to graphene D and G bands 
(1342cm-1 and 1594cm-1, respectively) (Geim and Novoselov, 2010; Liu et al., 2012; Javed et al., 2014; 
Sahito et al., 2015a; Zhou et al., 2015; Cai et al., 2017; Ren et al., 2017). Principal component 1 
distinguished points with graphene present and those without accounting for 64% of the total 
variance. Positive principal component 1 included not treated and pre-treated cotton (small red 
coloured circle in Figure 4.2.4.3) and areas on cotton fibre from reduced graphene oxide treated knits 
where deposition had not occurred (large red coloured circle in Figure 4.2.4.3). Areas with reduced 
graphene oxide were included in negative principal component 1. When comparing negative 
principal component 1 and positive principal component 2 (green coloured circle in Figure 4.2.4.3), 
most points of specimens treated for 40min, cured 70°C and 120°C were grouped with peaks 
representative of both graphene (D 1341cm-1 and G 1590cm-1) and cotton (2892cm-1). Additionally, in 
negative principal component 1 and negative principal component 2 (grey coloured circle area in 
Figure 4.2.4.3) the same peaks indicated graphene presence, but cotton was not indicated.  

  

 

65 Based on information provided by Samanali Garagoda Arachchige. 
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Figure 4.2.4.2 
Appearance of cotton knit functionalised with reduced graphene oxide - SEM 

a Knit 



 

188 

 
 
 

*representative of the four concentrations of reduced graphene oxide 
  

b 
nil 

 

  
 

 
pre-treated 

 

  
 

 
reduced graphene oxide functionalised (40min 120°C)* 

 

  

Figure 4.2.4.2 contd 
b Extracted fibre 
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Figure 4.2.4.3 
Cotton knit functionalised with reduced graphene oxide - Raman 

a Raman spectra of extracted fibres  
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Figure 4.2.4.3 contd 
b Principal component analysis 

PC = principal component 
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Thus, this area demonstrated almost solely graphene peaks, in which specimens treated for 20min, 
cured 70°C were evident. 

Chemical maps showed inherent peaks for each component, 1094cm-1 (purple band), and 2896cm-1 
(blue band) were related to cotton and 1345cm-1 (red band) and 1590 cm-1 (green band) represent 
graphene D and G bands, respectively (Figure 4.2.4.4). Presence was confirmed based on band 
integral from univariate analysis (from P and Q positions on the fibre) (Figure 4.2.4.4 a). The cross-
section of the fibre also suggests reduced graphene oxide presence on the fibre surface (i.e. graphene 
D and G bands were present) (Figure 4.2.4.4 b) based on univariate analysis. Component 1 spectrum 
provided evidence for graphene and component 2 for cotton (true component analysis) (Figure 4.2.4.4 
c). The generated chemical image represented regions of each component. Additionally, the true 
component analysis of the cross-section indicated presence of reduced graphene oxide whereby both 
cotton and reduced graphene oxide were identified as components. 

Effects on fabric properties 
Functionalisation increased mass (F2,27=9.45, p≤0.001) and thickness (F2,27=91.20, p≤0.001) (Table 
4.2.4.2 a-b). Treatment time effected mass (F1,16=25.79, p≤0.001) while no effect of curing temperature 
(F1,16=0.24, NS) or an interaction between the two variables (F1,16=2.87, NS) was found. Specimens 
treated for 40min had lower mass than that treated for 20min. Treatment time and curing temperature 
did not affect thickness (F1,16=1.15, NS; F1,16=0.02, NS, respectively), nor was there an interaction 
between the two factors (F1,16=3.98, NS). The changes in mass and thickness were small and not 
considered practically important. 

Stitch density differed according to direction (F1,36=39.72, p≤0.001), the number of stitches in the 
courses marginally exceeding the wales (Table 4.2.4.2 c). No effect of reduced graphene oxide on the 
number of wales or the courses was identified (F2,27=3.11, NS; F2,27=1.53, NS, respectively). Treatment 
time and curing temperature also did not affect the number of wales (F1,16=0.61, NS; F1,16=1.57, NS, 
respectively) or courses (F1,16=2.85, NS; F1,16=1.58, NS, respectively); nor was there an interaction 
between the variables for either direction (F1,16=2.50, NS; F1,16=0.83, NS, respectively). No change is 
desirable to confirm the dimensions of the fabric were not affected and spacing of fibres and yarns 
was kept consistent. 

Water droplets beaded and some slightly flattened on fabrics which had been treated with reduced 
graphene oxide treated fabrics, with minimal change over 600s (Figure 4.2.4.5). Droplets remained on 
the fabric surface beyond the experimental period for greater than 1,800s (i.e. 30min) with evaporation 
rather than absorption occurring. Hydrophobicity that was removed with the pre-treatment was 
reinstated after applying reduced graphene oxide. 

Applying reduced graphene oxide treatments increased contact angle (F2,57=20.83, p≤0.001) and 
permeability to air (F2,57=25.06, p≤0.001) but had no effect on liquid absorptive capacity (F2,27=3.08, 

NS) or regain (F2,27=2.39, NS) was found (Table 4.2.4.366). Increased contact angle confirms the 
heightened hydrophobicity while increased permeability to air suggests that despite hydrophobicity, 
air transfer through the fabric can still occur. Neither treatment time nor curing temperature had an  

 

66 Permeability to water vapour was not determined due to reduced graphene oxide sourcing issues. 
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Figure 4.2.4.4 
Cotton knit functionalised with reduced graphene oxide - chemical mapping 

a Univariate analysis i Bright field image at 50x objective  
ii Pre-processed spectra of selected position on the map iii Image of the key bands   
b Univariate analysis fibre cross-section i Bright field image of the cross-section at 100× objective 
ii Image of the mapped region 
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Figure 4.2.4.4 contd 
c True component analysis i Spectra of reference and components  
ii Image of the mapped region iii Image of the mapped region of fibre cross-section 
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Table 4.2.4.2 
Cotton knit functionalised with reduced graphene oxide - structural properties (n=5) 

 nil pre-treated 20min 
70°C 

20min 
120°C 

40min 
70°C 

40min 
 120°C 

control 

a mass     
mass per unit area (g/m2)     
mean 165.61 168.02 178.80 177.14 169.43 172.45 2.56 
s.d. 2.91 5.30 4.05 2.91 1.67 3.26 0.08 
CV% 1.76 3.15 2.26 1.64 0.99 1.89 3.07 
       
% change from nil       
mean - - 7.96 6.99 2.32 4.13 - 
s.d. - - 1.33 2.98 1.60 0.90 - 
CV% - - 16.76 42.68 68.97 21.84 - 
     
%change from pre-treated     
mean - - 6.45 5.53 0.89 2.68 - 
s.d. - - 2.03 4.36 2.25 2.17 - 
CV% - - 31.41 78.86 252.36 81.04 - 
  
  
b thickness  
thickness (mm)  
mean 0.78 0.71 0.69 0.68 0.67 0.68 1.22 
s.d. 0.02 0.004 0.01 0.02 0.02 0.01 0.01 
CV% 1.95 0.63 1.45 2.84 2.79 0.80 0.45 
       
% change from nil       
mean - - -11.06 -12.63 -13.61 -11.83 - 
s.d. - - 1.79 1.47 3.72 1.701 - 
CV% - - 16.21 11.61 27.35 14.37 - 
     
% change from pre-treated     
mean - - -3.08 -4.77 -5.90 -3.93 - 
s.d. - - 1.81 2.74 2.33 1.15 - 
CV% - - 58.69 57.40 39.38 29.29 - 
  
  
c stitch density (yarns per 10mm)  
wales        
mean 15.80 16.04 15.24 15.16 14.64 15.76 18.12 
s.d. 0.45 0.70 0.92 0.90 0.83 1.22 0.36 
CV% 3532.99 2296.12 1654.96 1686.53 1765.01 1291.98 4987.37 
        
courses        
mean 16.32 16.48 16.56 16.80 16.48 16.56 18.36 
s.d. 0.23 0.36 0.46 0.47 0.52 0.67 0.50 
CV% 7156.79 4535.97 3631.02 3581.77 3159.90 2474.12 3686.78 

- denotes not measured 
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time  
(s) nil pre-treated 20min 70ºC 20min 120ºC 40min 70ºC 40min 120ºC 
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Figure 4.2.4.5 
Cotton knit functionalised with reduced graphene oxide -  

appearance of water droplets over time (n=5) 
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Table 4.2.4.3 
Cotton knit functionalised with reduced graphene oxide - moisture and air transfer properties 

 nil pre-treated 20min 
70°C 

20min 
120°C 

40min 
70°C 

40min 
 120°C 

control 

a contact angle (°) n=10 
mean 94.48 82.35 90.98 90.61 89.81 88.64 54.55 
min 90.00 75.65 84.18 85.83 83.41 83.10 18.35 
max 100.76 88.56 98.14 97.29 95.44 94.18 81.71 
s.d. 3.45 4.82 5.71 3.69 4.28 3.73 22.90 
CV% 3.65 5.85 6.28 4.07 4.77 4.20 41.99 
contact angle 
image 

       
     
     
b liquid absorptive capacity (%) n=5 
mean 62.12 154.38 95.46 95.79 149.84 103.94 306.96 
s.d 5.43 54.23 2.46 3.64 132.79 14.03 7.90 
CV% 8.74 35.13 2.58 3.80 88.62 13.50 2.57 
     
     
c regain (%) n=5    
mean 10.36 9.53 13.60 15.84 11.52 14.91 13.92 
s.d. 0.95 1.12 0.73 7.50 5.98 6.84 3.11 
CV 9.17 11.78 5.39 47.34 51.97 45.87 22.34 
     
     
d air permeability (mm/s) n=10   
mean 377.75 363.72 419.83 447.89 520.03 481.95 764.86 
s.d. 20.07 10.61 43.41 33.08 57.74 52.90 29.24 
CV% 5.31 2.92 10.34 7.39 11.10 10.98 3.82 
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effect on contact angle (F1,36=0.30, NS; F1,36=1.26, NS, respectively), liquid absorptive capacity 
(F1,25=1.17, NS; F1,25=0.62, NS, respectively), or regain (F1,16=0.33, NS; F1,16=1.14, NS, respectively), and 
for each there was no interaction between the factors (F1,36=0.08, NS; F1,25=0.64, NS; F1,16=0.05, NS, 
respectively). Treatment time did influence permeability to air (F1,36=19.79, p≤0.001), curing 
temperature did not change the response (F1,36=0.11, NS), but there was an interaction between the 
two variables (F1,36=4.80, p≤0.05). Overall, specimens treated for 40min were more permeable to air 
than those treated for 20min. 

Conductivity 
Applying reduced graphene oxide conferred conductivity to the cotton knit. Conductivity differed 
based on treatment time but not curing temperature (F1,64=180.87, p≤0.001; F1,64=0.01, NS, respectively; 
Table 4.2.4.4). Specimens treated for 40min were more conductive than those treated for 20min for all 
directions of measurement. Greater deposition with longer treatment times may permit more 
connections to transmit electrical signals. A difference based on direction of measurement was 
observed (F3,64=51.43, p≤0.001). The direction of wales and courses were not different from one 
another, but the remaining directions of measurement significantly differed. Three groupings were 
identified (diagonal; courses, wales; perpendicular). An interaction between treatment time and 
direction of measurement was found (F3,64=7.93, p≤0.001) but no other interactions were found (i.e. 
treatment time and curing temperature (F1,64=0.28, NS); curing temperature and direction of 
measurement (F3,64=0.58, NS); and treatment time, curing temperature, direction of measurement 
(F3,64=0.61, NS)). 

Testing hypotheses  
Hypothesis 1 

Appearance of the knit changed following reduced graphene oxide deposition (i.e. cream to dark grey, 
presence of extraneous material based on images and surface chemistry) with small changes in 
structure, therefore hypothesis one (appearance and surface chemistry will change while structure 
will not) was accepted. No difference with treatment time nor curing temperature was found, also 
supporting hypothesis one.  

Hypothesis 2 

Moisture absorption and air transfer differed based on some properties (contact angle, water droplet 
absorption, permeability to air) and the hypothesis was rejected. No effect was found based on liquid 
absorptive capacity or moisture regain supporting hypothesis two. For each of the properties, no 
differences based on treatment time or curing temperature were found as hypothesised.  

Hypothesis 3 

Conductivity was conferred, as hypothesised. Few differences based on effects of treatment time and 
curing temperature resulted in acceptance of hypothesis three. Differences in conductivity with 
measurement direction (wales, courses, diagonal, perpendicular) were observed, rejecting hypothesis 
three. 

Hypothesis 4 could be answered due to non-availability of reduced graphene oxide. 
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Table 4.2.4.4 
Cotton knit functionalised with reduced graphene oxide - conductivity (µS/m) (n=5) 

 nil pre-treated 20min 
70°C 

20min 
 120°C 

40min  
70°C 

40min 
120°C control 

parallel to wales      
mean 0.00 0.00 846.97 839.34 1537.05 1404.71 0.00 
s.d. 0.00 0.00 55.08 65.49 158.43 55.58 0.00 
CV% 0.00 0.00 6.50 7.80 10.31 3.96 0.00 
      
parallel to courses      
mean 0.00 0.00 755.33 715.37 1279.21 1246.83 0.00 
s.d. 0.00 0.00 30.83 50.01 244.88 122.76 0.00 
CV% 0.00 0.00 4.08 6.99 19.14 9.85 0.00 
      
diagonal      
mean 0.00 0.00 438.49 359.61 698.55 846.16 0.00 
s.d. 0.00 0.00 83.05 77.26 167.25 112.90 0.00 
CV% 0.00 0.00 18.94 21.48 23.94 13.34 0.00 
      
perpendicular      
mean 0.00 0.00 863.48 908.98 1814.49 1947.58 0.00 
s.d. 0.00 0.00 74.55 81.50 366.74 624.39 0.00 
CV% 0.00 0.00 8.63 8.97 20.21 32.06 0.00 
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4.2.5 Ranking for efficacy of functionalisation by reduced graphene oxide  
Iterations of reduced graphene oxide functionalisation of the wool and cotton knit were ranked for 
desirability of effects on performance (Table 4.2.5.1). For both knits, applying reduced graphene oxide 
with longer treatment times typically resulted in desirable performance compared to that achieved 
with the shorter treatment times. Effects of curing temperature were less consistent, although the 
selected curing temperature of 120°C for wool and 70°C for cotton were ranked most desirable in that 
several properties, considered desirable, were maintained. Therefore, the selected treatment 
parameters were considered the most effective. 
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Table 4.2.5.1 
Efficacy of functionalisation with reduced graphene oxide ranked for effects on performance 

 wool cotton 
 8min 24min 20min 40min 
 110°C 120°C 110°C 120°C 70°C 120°C 70°C 120°C 
visual and chemical evidence         
photographs 1 1 1 1 1 1 1 1 
microscope images 4 4 1 1 4 4 1 1 
image analysis 4 3 2 1 3 4 1 2 
SEM - - - 1 - - - 1 
colour (L* a* b*)† 4 4 1 1 4 4 1 1 
FTIR 1 1 1 1 1 1 1 1 
Raman 2 4 4 1 1 3 4 2 
         
performance          
fabric structure (mass, 
thickness, stitch density) 3 4 2 1 3 4 2 1 
water absorbency time^ 4 4 4 4 4 4 4 4 
liquid absorptive capacity^ 4 1 2 3 4 4 1 2 
contact angle^ 4 1 2 3 4 4 1 1 
regain 2 4 4 1 3 1 4 2 
permeability to water vapour 4 3 2 1 - - - - 
permeability to air 4 1 2 2 4 3 1 2 
conductivity 4 2 3 2 3 4 2 1 
         
durability         
wash - conductivity 4 4 1 1 - - - - 
wash - photographs 4 4 1 1 - - - - 
storage - conductivity 1 4 2 3 - - - - 

1 most desirable, 4 least desirable;  
†based on darkness/uniformity;  
^opposite order if hydrophobicity is sought; 
- denotes not measured 
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4.2.6 Discussion 
Deposits of reduced graphene oxide 
Selection of the reduced graphene oxide treatment was based on evidence from preliminary tests to 
confer conductivity to wool and cotton knits. Two treatment times and curing temperatures were 
investigated for each fabric to determine efficacy. Published research comparable to this work on the 
wool and cotton knits was difficult to identify (especially related to treatment time and curing 
temperature).  

The suspension of reduced graphene oxide and poly(sodium 4-styrenesulfonate) should be 
dispersible and stable in treatment as well as when applied to the fabrics (Stankovich, Piner, Chen, 
Wu, Nguyen, and Ruoff, 2005). Stability of the treatment in suspension was evident in the present 
work with no agglomeration and rapid uptake and spreading on and in the pre-treated wool knit and 
cotton knit. Reduced graphene oxide was deposited on the knits and did not transfer from the knits 
when handled. High absorbency of reduced graphene oxide on the fabrics meant applying any 
controlled pattern (e.g. thin straight line, circuit) to the knits was difficult. Using narrow (2mm x 
40mm) specimens for preliminaries provided control over the dimensions. This process could not be 
used for test specimens which have specific dimensions (e.g. mass, thickness, water vapour 
permeability, regain etc. or those investigated with larger dimensions such as cleaning). Full 
immersion of specimens of larger dimensions was required for the trial specimens. 

Change in colour from white/cream to dark grey after reduced graphene oxide treatment was 
consistent with published observations (predominantly involving graphene oxide deposition 
followed by reduction reactions) (Javed et al., 2014; Karimi et al., 2016; Kaynak, 2016). Photographs 
and optical microscope images have been included (Varesano, Dall'Acqua, and Tonin, 2005; Garg, 
Hurren, and Kaynak, 2007; Najar, Kaynak, and Foitzik, 2007; Kaynak, Najar, and Foitzik, 2008; 
Varesano and Tonin, 2008; Samad et al., 2014) from which information of deposits was obtained in 
the current work. Such images in addition to SEM provide evidence for deposits based on both 
particles and change from cream to grey. The latter is not possible with SEM. 

SEM has been frequently used to demonstrate physical deposition and treatment distribution on 
fabrics constructed of wool (e.g. (Javed et al., 2014; Samad et al., 2014; Motaghi and Shahidi, 2015; 
Chan, Fawcett, and Poinern, 2016; Nafeie et al., 2016; Shirgholami, Loghman, and Mirjalili, 2016; 
Adamiano et al., 2017; Zhang, Fairbanks, and Andrew, 2017; Souri and Bhattacharya, 2018c; Xu et al., 
2020) and cotton (e.g. (Shateri-Khalilabad and Yazdanshenas, 2013a; Karimi et al., 2016; Nooralian, 
Gashti, and Ebrahimi, 2016; He et al., 2018; Souri and Bhattacharya, 2018b, c; Zhang, Zhou, Rao, Fan, 
Xu, and Xu, 2018; Liu et al., 2019; Song et al., 2019; Xu et al., 2019; Xu et al., 2020; Zheng et al., 2020) 
often yielding similar results. Most were of woven construction, however. Evidence of particulate 
deposition was similar to the present work. Deposition of reduced graphene oxide can be deduced 
from wrinkled appearance of fibres. Cotton fibres have a wrinkled surface, therefore that attributable 
to reduced graphene oxide deposition may be difficult to discriminate (Samad et al., 2014). Mostly 
deposition of fabrics was presented inconsistently, and deposition surmised on yarns and fibres 
restricted to the fabric. Consistency of magnification and image presentation is important for 
comparisons.  

Quantifiable data achieved with image analysis provides evidence of deposits. Not identified as a 
practise used in scientific papers of functionalised surfaces, but image analysis was presented in the 
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current work. Use of multiple techniques to confirm treatment deposition was valuable, especially a 
combination of appearance judgements based on photographs and quantifiable analysis. Assessing 
different structural levels was also important to show deposition patterns on fabric, yarns, and fibre. 

Colour coordinates confirmed deposits, a technique previously used in scientific literature to quantify 
treatment deposition on fabrics of wool (Kim, Kim, and Yoo, 2010; Montazer, Ghayem Asghari, and 
Pakdel, 2011) and cotton (Abbas et al., 2013; Shateri-Khalilabad and Yazdanshenas, 2013a; Samad et 
al., 2014; Ren et al., 2017; Liu et al., 2019; Song et al., 2019). Lightness (L*) was most critical to provide 
evidence for reduced graphene oxide deposition. Coordinates a* and b* were less important as the 
hue, which may change with other conductive treatments (e.g. blue with PEDOT)), did not change. 
Change in L* was quantifiable with ∆L*, and ∆E confirmed perceptible differences to humans. 
Disproportionate change to L* compared to a* and b* was in agreement with published research, ∆L* 
and ∆E were often not included. 

Accumulation of deposits in interstitial spaces was negligible in interstitial spaces, desirable in 
maintaining fabric properties (e.g. permeability to air and water vapour). Deposition over the fabric, 
yarns, and fibres was not uniform. Loop intersections may have less treatment deposition. The under-
side of the yarn crossing over and upper-side of the yarn crossing under were not penetrated 
effectively. Such regions may require more time or agitation to be penetrated. Non-uniform pre-
treatment of yarn intersections may also account for lesser deposits at these points (see Part 1). Some 
of the fabric remained electrical insulating (i.e. areas on non-treated wool and cotton). A carrier in 
interstitial spaces could improve consistency of transmission albeit fabric properties may be changed 
(i.e. reduce permeability, movability of loops). Yarn twist may have affected uniformity: fibres in the 
inner of the twist not penetrated as effectively as fibres of the outer yarn surface. Effects of treatment 
time and curing temperature on deposits on the wool and cotton were minimal. This was somewhat 
expected because changing the parameters was designed to increase penetration to the fibre level 
rather than build up the surface presence. The extraction process (tweezers, pic, mounting on the 
slides) could have had an abrasive effect and removed some of the reduced graphene oxide treatment 
but care was taken to minimise possible extraction effects. 

Uniform appearance of reduced graphene oxide treatment has been reported by some researchers 
(Ren et al., 2017). Inconsistency of published research with the present work could be due to the 
application technique (i.e. not graphene oxide treatment followed by reduction of published research). 
Graphene oxide has hydroxyl, carboxyl groups which have a strong affinity for wool and cotton; 
fewer are present in reduced graphene oxide which could result in lower and less uniform fixation. 
Non-uniform deposition may present benefits with respect to maintenance of conductivity despite 
significantly lower conductivity overall. Non-uniformity may permit movement of yarns and fibres 
within the fabric structure maintaining freedom of movement of the interlocking loops without 
causing disruptions to the treatment. 

Conductivity may not be as strong as a single continuous conductive line is not present, and this is 
similar to other reports of deposition (e.g. a 'broken linear pattern' of PEDOT deposition on extracted 
silk yarns from a woven (Zhang, Fairbanks, and Andrew, 2017)). Rather, in the present study 
treatment was deposited on yarns and fibres (similar to other studies such as (Ren et al., 2017)) and 
transfer follows positioning of fibres and yarns, reliant on intersecting points in fabrics. Figure 4.2.6.1 
a and b shows signal transfer pathways through the single jersey along course yarns or via 
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connections among loops along the wale. Spreading of the suspension resulted in treatment 
application to the technical face and technical rear, desirable to functionalise the next-to-skin surface 
and outer surface exposed to the garment microclimate or external environment. Sensing options 
include next-to-skin parameters, garment microclimate conditions, and agents in the external 
environment. Surround sensing aptness poses challenges when selecting a specific parameter due to 
potential interference from internal and/or external stimuli. Controlling the treatment to one surface, 
or encapsulation could allow refinement of the detection range. 

Infrared spectra of non-treated, pre-treated, and reduced graphene oxide treated wool (Javed et al., 
2014) and cotton (Javed et al., 2014; Chatterjee, Kumar, and Maity, 2017) were consistent with 
literature (Institute of Chemistry University of Tartu Estonia, 2018; Yao et al., 2008; Shahidi, Rashidi, 
Ghoranneviss, Anvari, and Wiener, 2010)). Graphene based materials react with –OH and –NH2 
groups (Javed et al., 2014), therefore the slight difference evident with peaks assigned to –OH groups 
may indicate chemical interactions between the reduced graphene oxide and wool and cotton knits. 
No discernible changes to peaks related to NH2 groups were identified. Moreover, absence of new 
peaks may indicate no chemical interactions between the reduced graphene oxide and the wool or 
cotton (Shateri-Khalilabad and Yazdanshenas, 2013b). Physical interactions were hypothesised. 
Several peaks were reported in published research that were not identified in the present work: peak 
at 1533cm-1 assigned to skeletal vibration of graphene sheets (Liu et al., 2014), C=O stretching at 
1735cm-1 and a peak at 1610cm-1 assigned to C=C groups (Kong et al., 2012), and C-O-C stretching at 
1072cm-1 indicating graphene on a 100% wool (Javed et al., 2014). The fabric with reduced graphene 
oxide could be considered amphiphilic because both hydrophobic (C=C) and hydrophilic groups (-
COOH, -OH) were evident. This was similar to an infrared spectra obtained of graphene oxide 
(Tissera et al., 2015). This is also in agreement with moisture properties of the reduced graphene oxide 
treated wool and cotton knits as hydrophobicity increased but water was not totally repelled 
suggesting absorption occurred over time. 

With respect to Raman spectra, two key peaks, namely D and G band, provided evidence for 
deposition of reduced graphene oxide on wool and cotton which previously had relatively featureless 
spectra. All identified scientific literature was in agreement (e.g. (Javed et al., 2014; Karimi et al., 2014; 
Gan et al., 2015; Sahito et al., 2015a; Cai et al., 2017; Ren et al., 2017). A 2D peak (D peak overtone) is 
also indicative of graphene presence (Rafiee et al., 2012; Kowalczyk et al., 2017; Ren et al., 2017). This 
was also identified for the reduced graphene oxide functionalised knits. Vibrations of the sp2 carbon 
atoms which permit identification of presence of reduced graphene oxide on fabrics, are associated 
with conductivity. Conductivity confirmed change to Raman spectra and identification of Raman 
peaks confirmed the imparted conductivity. 

Effects on fabric properties 
Effects of applying reduced graphene oxide on fabric mass were minimal, and no reports in 
comparable published work were identified. Longer immersion time yielded higher conductivity 
without subsequent increases in mass. The increase in conductivity can be attributed to increased 
connections among yarns in the fabrics and fibres in the yarns without increasing the amount of 
reduced graphene oxide that became fixed to the fabric. Therefore an optimum treatment time may 
be found, and the longest treatment time may not necessarily be 'best'. A slight increase in thickness 
following reduced graphene oxide treatment was consistent with other published literature 
(Chatterjee, Kumar, and Maity, 2017). No evidence of an effect on stitch density was found in 
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literature for functionalised fabrics. Surface treatments should not often have a structural effect, but 
reporting stitch density is still considered desirable, particularly related to other properties such as 
swelling and/or shrinkage. In the present work, minimal effects were found, and therefore a useful 
indicator for communicating the structure of the knits 

a b 

technical face 

 

technical rear 

 

technical face 

 

technical rear 

 

Figure 4.2.6.1 

Potential conduction of electrical signals through single jersey structures67 
a Connections among yarns in the wale direction b Continuous yarn in the course direction  
*black areas show points of connection parallel to the courses and to the wales on the technical 
face and technical rear 

  

 

67 Potential conduction pathways in black. 
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Increased repellence of water following reduced graphene oxide treatment as evidenced by droplet 
absorption and contact angle on wool and cotton, was in agreement with the expectation of published 
literature (Garg, Hurren, and Kaynak, 2007; Xu et al., 2020; Liu et al., 2008; Abbas et al., 2013; Shateri-
Khalilabad and Yazdanshenas, 2013b; Makowski, Kwowalczyk, Fortuniak, Jeziorska, Brzezinkski, 
and Tracz, 2014; Sahito et al., 2015b; Cai et al., 2017; Stan et al., 2019). The reduced graphene oxide 
coating may confer microscale and/or nanoscale roughness or lower surface free energy to the fabric 
increasing hydrophobicity (Shateri-Khalilabad and Yazdanshenas, 2013b). Superhydrophobicity was 
not conferred, typical of micro/nano scale roughness. Functional groups conferred by reduced 
graphene oxide may account for increased hydrophobicity (e.g. C-H groups/hydrocarbons). In 
comparison, liquid absorptive capacity did not change. Structural effects can dominate the amount 
of liquid fabrics hold (Laing et al., 2007). Therefore, lack of difference in liquid absorptive capacity 
could be a result of the maintenance of a relatively similar structure. 

Reduced graphene oxide treated wool had comparable regain to the fabric with and without pre-
treatment, which were also similar (i.e. ~13% to ~18%). The functionalised wool knits had regain 
similar to that of wool fibre (~16%) under the same environmental conditions (65%RH, 20ºC) as 
reported by Hearle and Morton (Hearle and Morton, 2008). Applying reduced graphene oxide to the 
cotton knit resulted in an increase in regain (i.e. 12% to 16%), greater than that typical of cotton fibres 
(~8% in conditions 65%RH and 20±2ºC (Hearle and Morton, 2008)). Thus, reduced graphene oxide 
functionalised knits had high affinity for moisture from humid air. Increased regain may relate to the 
observed increase in mass. High regain also indicates potential use as a humidity sensor if changes in 
conductivity are elicited. 

Next-to-skin garments made from fabrics permeable to water vapour which draw moisture away 
from the garment microclimate to the external environment are desirable to maintain pleasant 
conditions in the garment microclimate (Havenith, 2002). This becomes particularly important in 
conditions which cause increased body temperature and sweat production (e.g. work). Previous 
scientific literature suggests permeability to water vapour decreased with application of reduced 
graphene oxide (reducing agent: sodium dithionate; 10 dipping cycles, 2.25% concentration) to 100% 
cotton knit (i.e. 2287 grams per m2 per day to 1740 grams per m2 per day) (Chatterjee, Kumar, and 
Maity, 2017) and silver nanoparticle coated 100% cotton plain woven (160g/m2) had no significant 
change in water vapour permeability compared to non-treated fabric (78.8% to 77.5%, 74.6%, and 
73.9%) (0.1M silver nitrate; 50, 100, 150 dips, respectively) (Ali et al., 2017). Although not directly 
comparable, results of the current work indicate a potential decrease or minimal change in 
permeability to water vapour and were in agreement with publications. Permeability to water vapour 
was therefore maintained to a desirable level to support homeostasis of the wearer. 

Fabric permeability to air is important in relation to thermal properties of next-to-skin textiles because 
air contained in fabric is the main insulation in fabric and garment systems (Havenith, 2002). Size of 
interstitial spaces consequential to the loop structure of the yarns and flexibility in the fabric structure 
contribute to air flow through fabric. Properties such as fibre and yarn diameter, knit structure, stitch 
density determine permeability to air (Ogulata and Mavruz, 2002). Structure was consistent, however 
fibre and yarn diameter could differ if reduced graphene oxide deposits around the fibre and/or yarn 
circumference or absorbed within fibres causing fibre swelling. An increase in permeability to air of 
functionalised knits was observed. Rather than filling more space, fibres may have become contracted, 
or extensions of fibre smoothed on the yarns while interstitial spaces remained present or increased 
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in size, confirmed by microscope images. Results of the present work differ to previous reports in 
literature of decreased interstitial spaces and by cause permeability to air. For instance, a 41% 
(35cm3/cm2/s to 20cm3/cm2/s) decrease in air permeability was reported of a 100% cotton knit 
(140g/m2) following surface treatment (15 dipping cycles, 2.25% concentration) of reduced graphene 
oxide (reducing agent: sodium dithionate) (Chatterjee, Kumar, and Maity, 2017) and air permeability 
(ISO BS EN 9237:1995) of a silver coated cotton fabric was less than that not treated (i.e. 790mm/s to 
782mm/s, 770mm/s, and 756mm/s) following 50, 100, and 150 dips (Ali et al., 2017).  

Conductivity 
Knits composed of wool and cotton fibres were electrically insulating as resistance was not 
measurable. This is in agreement with previously reported high resistance of conventional fabrics 
(Shirgholami, Loghman, and Mirjalili, 2016). Application of reduced graphene oxide conferred 
conductivity to each of the knits. Conductivity of reduced graphene oxide treated wool and cotton 
fabrics was lower (resistance higher) compared to published research (Table 4.2.6.1 a-b). Lower 
conductivity could be due to a number of factors: i use of different conductive treatments (e.g. 
polypyrrole, carbon nanotubes, gold, graphene nanotubes), ii type (fibre, yarn, fabric), iii construction 
of the underlying textile (yarn and/or fabric), iv fabric structure (woven, knit), v application 
technique (graphene oxide applied to the textile followed by reduction, immersion in treatment, 
printing), and vi presence of additional components in the treatment, such as polymers (poly-
(styrenesulfonate) (Karim et al., 2017)) or other functionalised substances (e.g. titanium dioxide 
(Shirgholami, Loghman, and Mirjalili, 2016)). Inconsistencies in preparation of reduced graphene 
oxide products (e.g. exfoliation), may also contribute to differences in interactions/deposition on 
textiles and the resulting conductivity. A thin coating leaves much of the textile electrical insulating 
with less conductive material to transfer electrical signals. 

Different measurement techniques used (e.g. electrochemical cells, multimeters, four-point probe), 
instruments, and laboratories (environmental conditions) could contribute to observed differences. 
Instruments can differ in terms of measurement range, data output, length and design of the leads, 
and clips/fastenings. The size of the effect is not known but should be considered as potential 
contributions of variability. The amount of fabric grasped in the alligator clips and consequently the 
contact between the clips and fabric due to difference in fabric surface can affect conductivity (Zhang, 
Fairbanks, and Andrew, 2017). Similar challenges were experienced in the present work. Differences 
between another thermal magnetic stirrer method (Gan et al., 2015) and that of the present work 
included lower wash volume (100mL < 400mL), smaller specimen dimensions (40mmx10mm < 
100mm x 100mm), higher spin speed and longer wash time (600rpm and 20min > 300rpm and 8min), 
and wash temperature was 40ºC > 30ºC (Gan et al., 2015). Drying temperature also differed (60ºC 
compared to room temperature). 

One exception of the treatment process of graphene oxide functionalisation followed by reduction 
was identified of graphene oxide reduced as a treatment and stabilised with poly-4-styrenesulfonate 
applied to 3/1 twill 100% cotton with pad dry dyeing (Karim et al., 2017). Use of a polymer should 
enable a direct treatment on the fabric and increase stability. Reduced graphene oxide stabilised with 
poly-4-styrenesulfonate was also used in the present work but applied to both wool and cotton knits 
by immersion rather than pad drying (Karim et al., 2017). Both investigations were successful for 
deposition and conferring conductivity.  
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Table 4.2.6.1 
Electrical properties of wool and cotton functionalised with graphene from  

published research compared to the present work 
a Wool 

textile treatment electrical properties reference 
single jersey, pre-treated 
0.05mol/L 15min potassium 
hydroxide in methanol 

reduced graphene 
oxide stabilised 
with poly(sodium 4-
styrenesulfonate) in 
water 

up to 962µS/m 
approximately 1.2MΩ 

the present work 

    
1x1 rib knit, scoured in acetone, 
rinsed with deionised water, 
dried 40°C 

graphene oxide 
reduced with L-
ascorbic acid or heat 
(180°C 2h) 

12.3KΩ/square > 
598KΩ/square, 
respectively for curing 

(Xu et al., 2020) 

    
weft knit ~0.7mm thickness, 
~509.7µm yarn diameter, area 
density ~0.38kg/m2 

graphene 
nanoplatelets and 
carbon black 

232.15±35.21Ω 
with encapsulation of 
elastomer: 1.22±0.15KΩ 

(Souri and 
Bhattacharya, 
2018c) 

    
plain woven, 170g/m2 graphene oxide 

reduced with 
sodium 
hydrosulphite 

330x103Ω/square (Shirgholami, 
Loghman, and 
Mirjalili, 2016) 

    
plain woven, worsted yarn 
300g/m2 

graphene oxide 
reduced with UV 
curing 

45KΩ/square (Javed et al., 
2014)  

    
fibres reduced graphene 

oxide 
10mS/cm (Samad et al., 

2014) 
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Table 4.2.6.1 contd 
b Cotton 

100% cotton fabric structure treatment electrical properties reference 
single jersey, pre-treated 2mol/L 
30min sodium hydroxide with 
deionised water 

reduced graphene 
oxide stabilised 
with poly(sodium 
4-styrenesulfonate) 
in water 

up to 1947µS/m 
approximately 0.96MΩ 

the present work 

    
yarn count 40S, 133x100 density, 
130g/m2, 40x40 count; pre-treated 
with polymer, ethyl cellulose 

graphene 
nanoflakes screen 
printed, annealed 
80°C for 30min, 1, 2, 
3, 4 print passes 

sheet resistance - for 1, 2, 3, 
4 print passes: 
418±21Ω/square, 
197±7Ω/square, 
104±5Ω/square, 
96±8Ω/square, 
respectively 

(Xu et al., 2020) 

    
woven fabric 
90°, 45° angles between 
intertwined yarns (vertical, 
horizontal); yarn count, Ne 40s; 
density 60×60 
2 specimens - 
60mmx60mmx0.2mm3; 
30mmx10mmx0.46mm3 

dipped in 
multilayer 
graphene 
nanosheets, fabric 
edges coated with 
silver paste to 
attach copper tapes 

decrease from 61.84Ω to 
0.08Ω with increase in 
dipping and drying; 3 
cycles selected 
0.21Ω, 0.49Ω for CFSS-90° 
and 45° 

(Zheng et al., 
2020) 

    
plain woven, 117g/m2 

alkalisation and etherification 
 

graphene oxide 1, 5, 
10 cycles, partial 
reduction with 
sodium 
hydrosulphite 

higher conductivity with 
increased cycles, not 
sufficient with only one 
cycle; form continuous 
conductive film with more 
cycles 

(Liu et al., 2019) 

    
commercial fabric 40x40 yarn 
count, 133x100 density, mass 
130g/m2; carboxymethyl cellulose 

screen printing of 
water-based 
graphene nanoplate 
conductive ink, 
annealed 80°C for 
30min, effective 
area 20mmx20mm, 
strap size 
5mmx10mm 
copper tape and 
silver conductive 
paste 

resistance as low as 
42.2Ω/square 
one printing pass 
200Ω/square, decrease 
65% with second printing 
pass 
3 and 4 printing passes - 
46.6Ω/square to 
42.2Ω/square 

(Xu et al., 2019) 

    
plain woven graphene oxide 

dipping followed 
by reduction with 
hydrazine; silver 
subsequently 
sputtered coated 

2.71Ω/square (He et al., 2018) 

    
weft knit  
 

ultrasonicated with 
graphene 
nanoparticle and 
carbon black  

286.54±24.23Ω,  (Souri and 
Bhattacharya, 
2018c) 

    
commercially available cloth ultrasonicated with 

graphene 
nanoparticles and 
carbon black 
encapsulated with 
Ecoflex® 

101.24±8.06Ω, 
539.92±16.34Ω 

(Souri and 
Bhattacharya, 
2018b) 
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Table 4.2.6.1 b contd 

100% cotton fabric structure treatment electrical properties reference 
plain woven soaked in 1mol/L 
sodium hydroxide 80ºC for 1h 

immersed in 
graphene oxide 
followed by thermal 
reduction reaction 

∼108Ω/m2 (Cai et al., 2017) 

    
knit and woven with matched 
mass 140g/m2 

graphene oxide 
reduced with 
sodium dithionate 

0.26MΩ/square (Chatterjee, 
Kumar, and 
Maity, 2017) 

    
3/1 twill reduced graphene 

oxide with poly-
(styrenesulfonate) 

36.94KΩ/square (Karim et al., 
2017) 

    
plain woven pre-treated with 
diethyl ether and anhydrous 
ethanol extraction 

surface roll padding 
of graphene and 
reduced graphene 
oxide 

1.7x105±0.2x105Ω (Kowalczyk et 
al., 2017) 

    
fabric, yarn count 40x40, 103g/m2 graphene oxide 

with vacuum 
filtration followed 
by thermal 
reduction  

0.9KΩ/square (Ren et al., 2017) 

    
plain woven immersed in 

graphene 
oxide/titanium 
dioxide 

303KΩ/square±5 (Karimi et al., 
2016) 

    
plain woven coated with 

poly(3,4-
ethylenedioxythiop
hene):poly(styrenes
ulfonate) and 
graphene 
nanosheets by layer 
by layer self-
assembly 

2.29Ω/m (Tian et al., 2016) 

    
fabric immersed in 

graphene 
nanoribbons 

~80Ω (Gan et al., 2015) 

    
plain woven one, two, three 

repeat dips 
producing three 
weights: 240mg/m2, 
320mg/m2, 
480mg/m2 

2.94x101Ω/m (Hu et al., 2015) 

    
woven pre-treated with 0.5M 
sodium hydroxide for 30min, and 
0.15g/L bovine serum albumin 

immersed in with 
0.1% of graphene 
oxide for 30min at 
80ºC, dried for 
30min at 80ºC 
followed by 
reduction with 
hydrazine hydrate 

40Ω (Sahito et al., 
2015b) 
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Table 4.2.6.1 b contd 

100% cotton fabric structure treatment electrical properties reference 
woven, pre-treated with 2% (w/v) 
sodium hydroxide at 85ºC for 
30min 

vacuum filtration 
deposition of 
graphene oxide 
nanosheets; in situ 
chemical 
polymerisation of 
polyaniline 

48.35Ω/cm (Tang et al., 2015) 

    
commercial fabric pre-treated 
with 1.0mol/L sodium hydroxide 
for 1h 

dipped in graphene 
oxide, chemically 
reduced 

611Ω/square (Xu et al., 2015b) 

    
plain woven painted with 

graphene oxide 
followed by UV 
reduction  

100.8KΩ/square (Javed et al., 
2014) 

    
plain woven bleached, 102g/m2, 
30warp/cm, 28weft/cm, 16.3tex 

immersed in 
graphene oxide (0.5 
weight by volume) 
followed by 
reduction and 
titanium dioxide 
nucleation 

3.6x103Ω/square (Karimi et al., 
2014) 

    
woven cladding with 

graphene oxide 
followed by 
reduction 

0.05S/cm (Samad et al., 
2014) 

    
de-sized, scoured, bleached graphene oxide 

followed by 
chemical reduction 
with sodium 
borohydride, 
sodium hydrazine, 
ascorbic acid, 
sodium dithionite, 
sodium hydroxide 

34,600KΩ/cm, 
62.7KΩ/cm, 31.2KΩ/cm, 
19.4KΩ/cm, 
23,300KΩ/cm, respectively 

(Shateri-
Khalilabad and 
Yazdanshenas, 
2013a) 

    
twill graphene oxide 

2mg/mL in 'ultra-
pure water' painted 
on the fabric 50 
times, dried 150ºC 
10min, annealed 
300°C for 2h 

1560Ω/cm (Liu et al., 2012) 

    
fabric immersed in 

graphene-oxide 
followed by 
chemical reduction 
with and without 
ultrasonication 

2.0132×107Ω (Gu and Zhao, 
2011) 
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Directional effects on conductivity were evident, distance between electrodes likely affected the 
outcome. The diagonal direction had the poorest conductivity and the greatest distance between 
electrodes. Additionally, distance between connectors positioned to measure parallel to wales and 
courses was similar and each had similar conductivity. That taken at right angles was the shortest 
distance and had highest conductivity. Differences attributable to distance between the connectors 
have been reported elsewhere (i.e. direction dependence for horizontal, vertical, and diagonal 
measurements (Zhang, Fairbanks, and Andrew, 2017)). The plain woven fabric was almost identical 
in both directions (Zhang, Fairbanks, and Andrew, 2017), while in the present work, the wale and 
course directions differed in terms of structure.  

Durability of functionalisation with exposure to wash and storage 
Effects of wash on conductivity have been determined with manual stirring and immersion, 
controlled wash processes (e.g. magnetic stirrers), washing machines, both international and national 
standard test methods. The findings of the present study are consistent with published literature in 
that conductivity decreased after exposure to wash, specifically fabrics functionalised with reduced 
graphene oxide: (Tang et al., 2015; Nooralian, Gashti, and Ebrahimi, 2016; Chatterjee, Kumar, and 
Maity, 2017; Karim et al., 2017; Kale et al., 2018; Hu et al., 2015; Shirgholami, Loghman, and Mirjalili, 
2016; Ren et al., 2017; Kim et al., 2018b; Schal et al., 2018)). Reduced graphene oxide was reported to 
be disrupted or removed with wash, which was consistent with the results of the present work. There 
is also consensus that wash is an unsolved challenge. Loss of graphene may have been more 
pronounced at the yarn intersections because less reduced graphene oxide was deposited initially, 
and interlocking yarns may abrade against one another. Notwithstanding, the other areas of the yarn 
may have greater exposure to the wash because the whole circumference of the yarn surface is 
exposed. A summary of published findings is given in Table 4.2.6.2. 

Initial values of conductivity were similar for the wales and courses, the greater maintenance of 
conductivity in the course direction following wash compared to the wales could be a result of the 
directional structural differences (Figure 4.2.6.1). Across the wale direction, only slight disruption to 
reduced graphene oxide may result in decreased conductivity as small changes critical to connections 
among the interlocking loops. In comparison, because an entire yarn can be followed in the course 
direction, larger degree of disruption may be required to result in any distinguishable change to 
conductivity. Evidence for such effects was not identified in scientific literature.  

Wash liquor has been observed as becoming darker in colour following use (Karim et al., 2017) 
consistent with the findings of the present work. Lower conductivity is likely due to reduced 
graphene oxide removed from the fabric resulting in non-continuous presence disrupting signal 
transmission. Degradation of reduced graphene oxide that remains may also occur with water, 
detergent, and/or mechanical agitation. Evidence for this comes from reduced graphene oxide 
remaining on the fabric after the 20 washes, although conductivity was not detectable. Both 
mechanisms could occur simultaneously and are difficult to separate. 

Conductivity of reduced graphene oxide treated wool decreased over 28 days of storage, likely a 
result of change in reduced graphene oxide (i.e. degradation) or that of the fabric or a combination of 
both. Perhaps the reduced graphene oxide became oxidised after exposure to humid conditions, or 
other changes occurred which affected conductivity. Reduced conductivity may be acceptable if the 
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Table 4.2.6.2 
Effects of wash on knits functionalised with graphene in published research  

compared to the current work 

fabric structure and fibre content method result 
100% wool single jersey treated 
with reduced graphene oxide 
stabilised with poly(sodium 4-
styrenesulfonate) in water, 
treatment time 8min, 24min and 
cured 110°C, 120°C for 20min 
(the present work) 

magnetic hotplate 
stirrer, 300rpm, 8min, 
30°C, detergent, 1, 5, 10, 
20 cycles 

conductivity (µS/m) with 1, 5, 10, 20 cycles: 
8min 110°C: 695 to 281 to 107 to 42 to 33 
8min 120°C: 834 to 292 to 111 to 76 to 11 
24min 110°C: 824 to 281 to 132 to 65 to 40 
24min 120°C: 807 to 315 to 164 to 106 to 48 

   
plain woven, 100% polyester, 
70g/m2, treated with reduced 
graphene oxide 
(Kale et al., 2018) 

AATCC 61-2A, 50°C for 
30min, liquor ratio 1:50 
with AATCC soap, 5 
cycles 

surface and volume resistivity increased 

   
100% cotton (image showed knit) 
coated with reduced graphene 
oxide and single walled carbon 
nanotubes 
(Kim et al., 2018b) 

rinsing in deionised 
water with a magnetic 
stirrer, 10 kPa pressure, 
10 cycles 

minimal change in resistance 

   
woven 100% cotton, 100% viscose, 
100% linen, 100% polyester coated 
with graphite/polyurethane 
dispersion 
(Schal et al., 2018) 

household washing 
machine, heavy duty 
detergent at 40°C, 
1,400rpm, 10 or 50 
cycles 

graphite flakes removed after 10 cycles 
resistance increase greatest for viscose and 
polyester 
less change observed with higher graphite 
concentration and fine flakes 

   
graphene inkjet printed polyester 
fabric 
(Carey et al., 2017) 

100mL deionised water 
with 2mg/mL sodium 
carbonate and 5mg/mL 
soap at 50ºC, tumble 
washed for 30min) (Ren 
et al method) 

function as a field effect transistor after wash 

   
woven, 100% cotton, 
25.98warp/cm, 22.83weft/cm, 
warp 28sNe, weft 19sNe, mass 
140g/m2, thickness 0.41mm;  
knit, 100% cotton, 
22.83course/cm, 12.60wales/cm, 
yarn count 30sNe, loop length 
2.72cm, mass 140g/m2, thickness 
0.58mm; dipped in graphene 
oxide, chemically reduced  
(Chatterjee, Kumar, and Maity, 
2017) 

ISO 105 C10:2006A; 
5g/L soap at 40°C, for 
30min 
Launderometer 30min, 
40ºC with 5g/L non-
ionic surfactant 

surface resistivity increased following wash: 
0.19MW/square and 0.26MW/square to 
1.75MW/square and 2.39MW/square for knit 
and woven, respectively 
increased ~9.2 times 

   
3/1 twill, 100% cotton pad dried 
(5 passes) with reduced graphene 
oxide 
(Karim et al., 2017) 

ISO BS EN 105 C06; 
4g/L reference 
detergent, 10 stainless 
steel balls at 40°C for 
30min, rinsed, air dried 

resistance increased from 36.94KΩ/square to 
70.32KΩ/square after first wash; 
139.09KΩ/square after 10 washes 

   
100% cotton 40x40 yarn, 130g/m2, 
treated with graphene oxide with 
vacuum filtration, thermally 
reduced 
(Ren et al., 2017) 

Labortex Ltd oscillating 
type dyeing machine, 
100mL deionised water, 
2mg/mL sodium 
carbonate, 5mg/mL 
soap, 60°C for 30min, 
10 cycles 

0.9KΩ/square before wash, remained lower 
than 2KΩ/square after 10 washes 
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Table 4.2.6.2 contd 

fabric structure and fibre content method result 
plain knit, 100% cotton with spray 
coating layer by layer of graphene 
(Nooralian, Gashti, and Ebrahimi, 
2016) 

ISO 105-C03 surface resistance increased after 
wash 

   
plain woven 100% wool treated 
with graphene/titanium dioxide 
(Shirgholami, Loghman, and 
Mirjalili, 2016) 

one cycle, 60°C for 20min, 
1g/L nonionic detergent, 
rinsed with distilled water, 
dried 

durable to wash based on minimal 
change in resistivity after one wash 

   
100% cotton woven treated with 
six layers of PEDOT:polysodium 
styrenesulfonate)/chitosan/ 
graphene nanosheet 
(Tian et al., 2016) 

10 washes following AATCC 
61-2006 

2.29Ω/m to 2.89Ω/m 

   
graphene nano ribbon treated 
100% cotton woven, 40mm x 
10mm 
(Gan et al., 2015) 

10 washing cycles, 100mL 40ºC 
distilled deionised water, 
mechanically stirred at 600rpm 
for 20min, dried 60ºC 

resistance stabilised after 
approximately five washing cycles 

   
plain woven, 100% cotton, mass 
190g/m2, 50mm x 100mm, treated 
with graphene nanoplate and 
polyurethane dispersion 
(Hu et al., 2015) 

AATCC 61-2006; 500mL 
(75mm x 125mm) stainless 
steel lever lock canisters; 
200mL standard detergent 
with 10 stainless steel balls, 10 
cycles 

surface resistivity increased from 
2.94x101-1Ω/m to 3.35x101-1Ω/m after 
10 washes 

   
woven 100% cotton treated with 
graphene oxide and polyaniline 
with vacuum filtration deposition 
(Tang et al., 2015) 

AATCC Test Method 61-2006, 
standard colour fastness to 
washing laundering machine 
with 500mL (75mm x 125mm) 
stainless-steel lever-lock 
canisters, 200mL aqueous 
treatment of an AATCC 
standard WOB detergent 
(0.37%) and 10 stainless steel 
balls 

10 washes increased resistance from 
48.35Ω/cm to 52.37Ω/cm (treated 
with graphene oxide) 
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sensor response remains reliable and valid. Comparable work related to performance of graphene 
functionalised graphene treated fabrics was seldom identified. These results provide valuable insight. 
Some examples of fabrics with treatments of intrinsically conductive polymers were found, each 
reporting decrease in performance over time (Kaynak, Rintoul, and George, 2000; Mazzoldi, De Rossi, 
Lorussi, Scilingo, and Paradiso, 2002; Grancaric et al., 2017; Zhang, Fairbanks, and Andrew, 2017). 
Conditions of storage were often not adequately described in terms of temperature, relative humidity, 
or exposure to light. Therefore, comparability and repeatability among research papers is inadequate.  
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Rationale for further work 

Encapsulating the reduced graphene oxide functionalised fabrics with polymer-based treatments 
may be used to improve the mediocre performance demonstrated in Part 2. Therefore, overall failure 
was concluded, especially related to durability to wash and storage. Based on this, trials were carried 

out with encapsulation products to improve durability68. Following preliminary work, experiments 
with larger specimens and a wide range of properties were planned. Due to sourcing issues of 
reduced graphene oxide this was not possible. However, the results of work explained in this chapter 
were used as the basis for encapsulating the same two knit fabrics functionalised with another 
graphene-based product for which a thorough experimental trial was undertaken, and presented in 
the following section (i.e. Part 3).  

 

68 Encapsulating functionalised fabrics can offer benefits in terms of durability to wash, abrasion, and storage, not possible 
with the functionalising treatment only. Polydimethylsiloxane has been frequently implemented to encapsulate functionalised 
surfaces and has potential to be compatible with the graphene functionalised wool and cotton knits. Preliminary trials were 
carried out with small narrow wool knit specimens functionalised with reduced graphene oxide for small scale measurements 
(one specimen per each treatment variable). Three encapsulants were tested, all polydimethylsiloxane based: SYLGARD™ 184 
Silicone Elastomer Kit (SYLGARD™), Granger's® Clothing Repel (Granger's®), and a polydimethylsiloxane polymer (PDMS). 

Due to inability to obtain a secure and reliable source of reduced graphene oxide a full encapsulation experiment was not 
possible with reduced graphene oxide treated knits. A different graphene product was used to investigate potential benefits 
of encapsulating a functionalised surface based on these preliminary trials, hence the inclusion of this information. Because 
both surfaces are relatively similar (i.e. natural fibre in single jersey structure functionalised with graphene based material) the 
principles identified with this preliminary work were assumed applicable for both fabrics and graphene treatments. 

Several processes were trialled to optimise encapsulation with SYLGARD™ 1 fabric technical rear placed in encapsulant on 
glass, encapsulant dropped on face, cured flat on glass and between glass; 2 fabric face placed on partially cured encapsulant 
(15min), encapsulant dropped on the technical rear, cured. Half cured (70ºC for 20min) polydimethylsiloxane has been 
previously used to prevent absorption in a sponge substrate while permitting adequate adherence (Chen et al., 2017); 3 
immersed in the encapsulant, cured hanging; 4 encapsulant on two glass slides, pressed between glass while cured; 5 
encapsulant on two glass slides, pressed between glass while cured for 35min at 100ºC, 20min at 125ºC, and 10min at 150ºC 
(all suggested by manufacturer); 6 encapsulant thinned with solvent toluene (1:10, 1:2, 1:1 solvent:polymer encapsulant) 
immersed and cured between glass or pinned on baking paper; 7 encapsulant thinned with solvent toluene (1:1, 1.5:1. 2:1) 
sprayed on and cured pinned between baking paper. Granger's® was applied according to the manufacturer's instructions 
(wet fabric, spray, dab excess, dry in ambient air). The PDMS polymer was investigated for deposition by immersion and spray 
application. Immersion was selected as a superior treatment process to yield effective coverage. Efficacy of the encapsulation 
process variables were evaluated for appearance and conductivity with some identification of water absorbency. Resistance 
could be measured through the encapsulation layers (i.e. by fastening electrodes on the encapsulated surface), a difference in 
the level occurred following encapsulation. Therefore, transmission and measurement of electrical signals was possible.  

SYLGARD™ caused a decrease to conductivity and substantial changes to the fabric were evident (i.e. the specimen was almost 
unrecognisable as a fabric). No obvious differences resulted between immersion and spray methods, albeit immersion may 
permit more thorough coverage and penetration. Combining SYLGARD™ with toluene resulted in greater similarity to the 
non-encapsulated fabric, considered desirable. Curing between layers of non-stick paper prevented curling and also resulted 
in a more desirable and continuous encapsulant layer. Therefore, encapsulant with toluene applied by immersion and cured 
between non-stick paper seems the optimal process. Encapsulation with Granger's® resulted in increased resistance but effects 
on fabric properties were minimal. Applying a specified volume of deionised water added some control to the wetting process 
and the treatment process is simple. Encapsulation with PDMS was also simple, both by immersion and spray application. 
Again, immersion has potential to result in greater penetration and fixation. Conductivity slightly decreased, but the overall 
fabric did not appear to be greatly changed. Differences in wetting (i.e. water droplet remaining spherical on the encapsulated 
fabric) suggest the interaction of water differed compared to the non-encapsulated fabric. 



 

216 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Part 3  
Functionalisation of wool and cotton knits with graphene ink and encapsulants 
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4.3.1 An alternative graphene treatment and additional encapsulants 
Several challenges arose with use of reduced graphene oxide to functionalise the knits including 
insufficient durability of the treatment with exposure to wash, abrasion, and storage (i.e. reduced 
graphene oxide came away from or was degraded on the knits). Therefore, an alternative graphene-
based product requiring minimal processing (i.e. ready to apply) was sought to functionalise the knits 
and mitigate these issues. To enhance performance further, especially in terms of durability that is 
currently unresolved/not effectively addressed with respect to the method process, replicates, 
duration of exposure, application of polydimethylsiloxane-based encapsulants was investigated. 
Encapsulants provide a protective layer between the functionalised fabric and potentially degrading 
external factors. Encapsulation can pose challenges related to effects on fabric properties critical for 
next-to-skin apparel applications (i.e. changes to fabric/yarn/fibre structure, flexibility, air and 
moisture transfer, tactile acceptability). 

A graphene ink was selected to trial because it is a commercially available off-the-shelf product, is 
readily available, and easy to apply to existing fabrics. Further, the product was designed to be cured 
at 120°C which poses no risk of thermal degradation of the fabric, yarn, or fibre, and conductivity and 
stability of the treatment may be greater with a processed graphene product. Three encapsulants were 
selected, all polydimethylsiloxane-based: SYLGARD™ 184 Silicone Elastomer Kit (SYLGARD™), 
Granger's® Clothing Repel (Granger's®), and a polydimethylsiloxane polymer (PDMS). Each can be 
applied with simple processes (i.e. immersion or spray) and potentially provide protection to an 
underlying functionalised surface. SYLGARD™ and PDMS were considered most desirable from a 
manufacturer's perspective while Granger's® Clothing Repel more so from a consumer's perspective. 
All products were also readily available and easy to source. 

The three hypotheses tested: 

1 graphene ink deposits will change the appearance and surface chemistry and confer 
conductivity to the knits; but the appearance, surface chemistry, and conductivity of the 
graphene ink functionalised knits will not change with encapsulation; 

2 no change to structural properties or moisture and air transfer related properties (water 
droplet absorption, contact angle, liquid absorptive capacity, moisture regain, 
permeability to water vapour, and permeability to air), stiffness, or tactile properties will 
occur due to graphene ink application or encapsulation; 

3 encapsulation of the wool and cotton knits with a graphene ink will yield superior durability 
to wash, abrasion, and storage, and the performance of each encapsulation will be 
similar. 
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4.3.2 Methods 
Graphene ink, encapsulants, and functionalisation procedure 

Aqueous graphene ink69  based on 'few layer' graphene (0.5nm to 3nm thickness, 0.15µm to 1µm 
lateral diameter, 130m2/g surface area) was selected. Other components of the ink were 0.1% to 5% 
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate), 1% to 20% diethylene glycol, and 1% to 
10% ethyl alcohol. The solids content was 1% to 2%, density 1g/mL, surface tension 27.4mN/m, 
viscosity 7.4cp (cone/plate) at 25°C. The ink was designed to apply to glass, polyethylene 
terephthalate, with a low drying temperature (120°C) for 20min. Sheet resistivity of the cured ink: 
2KΩ/square. Wool and cotton fabrics were treated for 16min and 40min, respectively, based on 

preliminaries70. Ink required stirring (not shaking) before use to ensure the ink was effectively mixed 
and without air bubbles. 

Three encapsulation processes were applied to the graphene ink functionalised knits. The factorial 
experimental design is given in Table 4.3.2.1 and schematic of the treatment process in Figure 4.3.2.1. 
The optimum pre-treatment concentration and time based on Part 1 was applied to prepare the knits 
(Table 4.3.2.1 a i-ii). Encapsulation processes were selected based on preliminary trials carried out 
with reduced graphene oxide. The experimental design for graphene ink and encapsulant 
functionalised knits is given in Table 4.3.2.1 b i-ii. 

SYLGARD™ 184 Silicone Elastomer Kit (SYLGARD™)71 and a polydimethylsiloxane liquid polymer 

(PDMS)72 were investigated as products desirable from a manufacturer’s perspective and selected 
based on the assumption of possible use. SYLGARD™ and PDMS have been used in some published 
research investigating encapsulation of conductive graphene-based products (Chapter 2). 
SYLGARD™ is PDMS based with additives specifically included to perform as an encapsulant and 
therefore may have different performance to the polymer without additives. SYLGARD™ base and 
curing agent were mixed in a 10:1 ratio by volume as per the manufacturer’s instructions. Properties  

 

69 DM-GRA-9003, Dycotec Materials Ltd, Unit 12 Star West, Westmead Industrial Estate, Westlea, Swindon, SN5 7SW. 

70 Preliminaries were carried out to determine effects of the pre-treatment and treatment time on graphene ink deposits. Other 
parameters (graphene concentration, curing temperature, curing time) were pre-determined and not altered for investigation. 
Graphene ink treatment time was also tested for effects with the three encapsulation treatments: SYLGARD™ 184 Silicone 
Elastomer Kit (SYLGARD™), Granger's® Clothing Repel (Granger's®), polydimethylsiloxane (PDMS) polymer. 

Graphene ink was deposited with immersion to identify effects of the pre-treatment and optimise treatment time (wool: 2min, 
4min, 8min, 16min, 24min; cotton: 2min, 5min, 10min, 20min, 40min). Three treatment times were tested for interactions with 
the encapsulants (wool: 2min, 8min, 24min; cotton: 2min, 10min, 40min). SYLGARD™ and polydimethylsiloxane were applied 
with immersion for 1min, removed and slight pressure applied. Curing was then carried out for 20min at 125°C. Immersion 
was selected for testing based on simplicity and ease for replication with repeats. Granger's® Clothing Repel was applied 
according to the product directions. Effects of the graphene ink treatment parameters and encapsulants were tested for 
appearance, conductivity, and durability to wash. Preliminaries were carried out with small narrow specimens (2mm x 40mm). 

One treatment time was selected to apply graphene ink to each of the wool and cotton knits. Wool was immersed for 16min 
and cotton for 40min based on evidence provided by the preliminary investigations. In terms of the encapsulation treatments, 
performance of each of the three types (SYLGARD™, Granger's®, and PDMS) in terms of maintenance of appearance, 
conductivity, and increased durability to wash was considered acceptable for further investigation when applied post 
graphene ink application. 

71 Purchased from Dow®, 4019862 0.5kg. mix ratio 10:1; part A (base):part B (curing agent); colourless, clear; viscosity (base): 
5,100 centipoise, 5.1 Pascal-second; viscosity (mixed): 3,500 centipoise, 3.5 Pascal-second; specific gravity (cured) 1.03; 
working time at 25ºC: 1.5h; cure time at 25ºC: 48h; cure time at 100ºC: 35min; cure time at 125ºC: 20min; cure time at 150ºC: 
10min; thermal conductivity: 0.27 Watts per metre Kelvin; durometer shore: 43; dielectric strength: 500 volts/millimetre, 19 
kilo Volts/ millimetre; volume resistivity: 2.9E+14Ω/cm; dissipation factor at 100 Hertz: 0.00257; dissipation factor at 100 
kilo Hertz: 0.00133; dielectric constant at 100 Hertz: 2.72; dielectric constant at 100 kilo Hertz: 2.68; linear CTE (by DMA): 
340ppm/ºC; tensile strength: 980 pounds per square inch, 6.7 mega Pascals, 69Kg/cm2; refractive index: 1.4118 at 589nm, 
1.4225 at 632.8nm, 1.4028 at 1321nm, 1.3997 at 1554nm; UL RTI rating: 150ºC. 

72 469319-50mL; Merck®, 3050 Spruce Street, Saint Louis, MO 63103, USA; www.sigmaaldrich.com. 
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Table 4.3.2.1 

Effect of functionalisation with graphene ink and encapsulants - factorial experimental design  

 levels    
 0 1 2 3 
a pre-treatment   
i wool     
concentration nil 0.05mol/L   
treatment time  15min   
     
ii cotton     
concentration nil 2.0mol/L   
treatment time  30min   
  
b graphene ink treatment and encapsulation  
i wool     
graphene ink     
concentration nil as is   
curing time*  20min   
curing temperature*  120ºC   
treatment time  16min   
     

encapsulation graphene ink 
(non-encap) Granger's® PDMS SYLGARD™ 

     
ii cotton     
graphene ink     
concentration nil as is   
curing time*  20min   
curing temperature*  120ºC   
treatment time  40min   
     

encapsulation graphene ink 
(non-encap) Granger's® PDMS SYLGARD™ 

*curing parameters were based on product details 
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Figure 4.3.2.1 
Schematic for the preparation of wool and cotton single jersey functionalised  

with graphene ink and encapsulants 
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of SYLGARD™ are given in Table 4.3.2.2. The encapsulant was thinned with toluene in a 2:1 ratio 
(toluene:SYLGARD™). The fabrics were immersed for 60s in either SYLGARD™ or PDMS and then 
placed on a wire gauze mat to allow excess to drip off for 60s and dried at 125ºC for 20min. 

Granger's® Clothing Repel (dimethyl siloxane polymer-based encapsulant) (Granger's®) was 
selected as representing consumer products available at the time of research with the potential to 
enhance durability yet minimise change to both conductivity and conventional fabric properties. 
Granger’s® Clothing Repel was also one of the few commercial encapsulants identified that was 
specifically designed for clothing and Bluesign® approved (environmentally responsible, water 
based). The product also claims to 'maximise breathability' (that is maintain permeability to water 
vapour and to air). Granger's® Clothing Repel was applied according to the product directions: clean 
garment before use and lay flat, shake bottle, whilst garment is still wet/damp spray from 150mm 
and leave for two minutes, remove any excess with a damp cloth and allow to dry naturally or tumble 
dry if the garment care label permits. The fabric was wetted by dropping five water droplets 
(~0.08mL) to the fabric surface rather than 'cleaning' to minimise disruption to the graphene ink 
treatment. Fabrics were dried flat overnight at ~20°C, 40%RH. 

Performance properties 
Structural and performance properties were determined as per the methods described in Chapter 3 
unless otherwise specified.  

1 Surface properties were determined with photographic, microscopic images - optical, 
scanning electron microscopy, image analysis, and colour coordinates. 

2 Fourier Transformed Infrared Spectroscopy and Raman spectra. 

3 Fabric structure was determined and included as mass per unit area, thickness, stitch density. 

4 Stiffness was determined with bending length and flexural rigidity. 

5 Moisture related properties were determined by measuring water absorbency (droplet 
method, contact angle, liquid absorptive capacity).  

6 Selected next-to-skin related performance properties were determined by measuring 
moisture regain, permeability to water vapour, permeability to air. 

7 Tactile properties were tested with a sensory assessment. 

8 Conductivity was demonstrated, effects of encapsulants were investigated further by 
encapsulation of the fabric centre. Graphene ink treated specimens (50mm x 50mm) were 
encapsulated in the centre only (i.e. ~40mm x 40mm). Clips of the multimeter could be 
fastened to the graphene ink surface rather than the encapsulated surface. Whether the 
encapsulation influenced conductivity of the functionalised specimen or if differences 
were attributed to change in connector contact with the graphene ink or a combination 
of the two factors. Measurements were taken parallel to the courses and wales. 
Measurements were also taken diagonally (i.e. fastened to opposite corners) due to 
concern of potential encapsulant spreading to the fabric edges. 

9 Durability to wash was determined following washing with a thermal magnetic stirrer. 

10 Durability to abrasion was examined as per the Martindale method. 

11 Changes with storage were tested over 364 days. 
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4.3.3 Results - wool knit functionalised with graphene ink and encapsulated 

Visual evidence of deposits73 
Deposition of graphene ink was confirmed by colour change to the technical face and technical rear 
of the wool knit, previously cream coloured. Fixation to individual fibres and yarns (i.e. not a surface 
coating over the fabric) was evident as fibres, yarns, interstitial spaces were visible (Figure 4.3.3.1). 
Coverage was relatively uniform along the yarn length. Graphene ink was non-uniformly distributed 
among fibres in yarns and individual fibres were also not uniformly coated. Accumulation of 
graphene ink under the scale tips could be seen. Encapsulation deposition was difficult to discern 
based on images because products were mostly transparent and deposited in a thin layer. 
SYLGARD™ encapsulated specimens indicated presence of another treatment, perhaps suggesting a 
more cohesive layer (i.e. over the whole fabric surface rather than adhering to individual fibres and 
yarns). Based on maintenance of the black colour, graphene ink distribution was not disrupted 
following encapsulation. 

Image analysis (Table 4.3.3.1) revealed applying graphene ink and/or encapsulants had affected pixel 
intensity mean (F5,294=172.41, p≤0.001), minimum (F5,294=268.11, p≤0.001), maximum (F5,294=46.98, 
p≤0.001), mode (F5,294=97.28, p≤0.001); fibre width (F5,294=20.87, p≤0.001), and area of the region of 
interest (F5,294=11.72, p≤0.001). The F value for the measurements of dimensions were comparatively 
small compared to effects of pixel intensity. Not treated and pre-treated specimens had similar mean, 
maximum, mode pixel intensity (all the highest measurements obtained) which differed from all 
functionalised specimens which were all low (Table 4.3.3.1).  

Compared to specimens graphene ink functionalised, SYLGARD™ had the greatest effect on mean; 
the effect of all encapsulants was similar for the maximum; for mode SYLGARD™ and Granger's® 
were similar while PDMS differed. The effect of graphene ink and all encapsulants was similar for 
minimum pixel intensity. Graphene ink introduced lower pixel intensity values, not present of the 
initial state of the fabric, of which encapsulants did not change. Pixel intensity standard deviation 
differed with application of graphene ink, the encapsulants had minimal effects. Three groups were 
found for pixel intensity mean (PDMS, graphene ink, Granger's®; Granger's®, SYLGARD™; pre-
treated, nil); minimum (graphene ink, PDMS, Granger's®, SYLGARD™; nil; pre-treated); mode 
(PDMS, graphene ink; Granger's®, SYLGARD™; pre-treated, nil); two groups were found for the 
maximum values (graphene ink, PDMS, Granger's®, SYLGARD™; pre-treated, nil). Three groups 
were identified for width (nil, graphene ink, Granger's®; graphene ink, Granger's®, pre-treated, 
SYLGARD™; PDMS) and two groups were identified for area covered in the region of interest 
(graphene ink, Granger's®, nil, pre-treated, SYLGARD™; PDMS). 

The SEM images of the non-treated fabrics, yarns, interstitial spaces, and individual fibres could be 
distinguished in the fabric structure (Figure 4.3.3.2 a). Magnifying interstitial spaces show these were 
free from graphene, remaining as air as black areas (Figure 4.3.3.2 b). Scales were visible along fibres 
within the fabric and on those extracted from not treated wool (Figure 4.3.3.2 a, c). Ends of scales were 
lifted yielding visible ridges (Figure 4.3.3.2 d). Scales were relatively uniform along the length of the 
fibre. Additionally, only fibre seems to be present (i.e. minimal contaminants).  

 

73 Evidence of deposition of graphene ink and encapsulants at the macro level was confirmed by changes to colour coordinates 
(Appendix B). 



 

222 

  

 pre-treated non-encap 
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Figure 4.3.3.1 
Wool knit functionalised with graphene ink and encapsulated - images and infrared spectra 

a Knit technical face and rear photographs b Knit technical face and rear (6.3x) c Yarn (3.2x) d 
Fibre (40x) e Knit infrared spectra (FTIR) 
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 SYLGARDä Granger's® PDMS 
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Figure 4.3.3.1 contd 
a Knit technical face and rear photographs b Knit technical face and rear (6.3x)  
c Yarn (3.2x) d Fibre (40x) e Knit infrared spectra (FTIR) 
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 E:\FTIR 14 Jan\PDMS 15.17.48          PDMS          fabric 14/01/2020
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Table 4.3.3.1 
Appearance of wool knit functionalised with graphene ink and encapsulated 

- image analysis of extracted fibres (n=10) 

   graphene ink treated 
 nil pre-treated non-encap SYLGARD™ Granger's® PDMS 
pixel intensity      
       
mean 131.45 130.12 58.78 70.94 67.49 57.46 
s.d. 1.82 1.88 20.23 19.44 22.61 21.08 
CV% 1.39 1.45 34.42 27.41 33.50 36.69 
       
minimum       
mean 61.72 72.80 12.06 16.06 15.20 12.40 
s.d. 3.00 3.48 6.37 9.37 5.96 5.09 
CV% 4.86 4.78 52.80 58.35 39.20 41.06 
       
maximum       
mean 160.26 154.00 111.54 123.30 119.76 119.28 
s.d. 1.02 1.10 26.94 21.12 25.65 21.78 
CV% 0.64 0.71 24.15 17.13 21.42 18.26 
       
mode       
mean 153.98 147.82 45.38 74.56 71.88 40.78 
s.d. 1.73 2.19 37.52 47.03 45.35 39.28 
CV% 1.12 1.48 82.67 63.07 63.09 96.32 
       
fibre width       
mean 14.43 14.58 13.75 15.01 13.94 17.20 
s.d. 0.19 0.28 2.70 2.03 2.50 3.50 
CV% 1.33 1.89 19.60 13.51 17.97 20.34 
       
area of the region of interest     
mean 74.41 75.78 72.89 78.73 73.86 89.79 
s.d. 1.48 1.70 13.52 10.48 12.66 17.62 
CV% 1.99 2.24 18.54 13.31 17.14 19.63 
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Figure 4.3.3.2 
Appearance of wool knit functionalised with graphene ink and encapsulated - SEM  

a Knit 
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Figure 4.3.3.2 contd   
b Interstitial space of knit 
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Figure 4.3.3.2 contd  
c Extracted fibres (x700) 
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Figure 4.3.3.2 contd  
d Extracted fibres (x2,700) e Extracted SYLGARD™ encapsulant (x200) 
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Figure 4.3.3.2 contd  
e Extracted SYLGARD™ encapsulant (x200) 
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Graphene ink functionalised fabrics had particles or flakes present, likely the graphene ink (Figure 
4.3.3.2 a-d). Cohesion and surface coating among and over fibres within yarns eventuated however 
individual yarns, interstitial spaces, and fibres could be distinguished in the structure (Figure 4.3.3.2 
a). Magnifying interstitial spaces also revealed empty space, thus graphene ink did not accumulate 
in interstitial spaces (Figure 4.3.3.2 b). Prominence of scales was reduced along the length of the fibres 
and particles/flakes were evident, presumably graphene ink (Figure 4.3.3.2 c, d). Deposition through 
the fabric and yarn structure to fibres indicated good penetration of the treatment. 

The SYLGARD™ encapsulant formed a surface layer over the fabric, binding surface fibres to the 
yarn surface and among yarns, individual yarns and fibres were difficult to distinguish in the 
structure (Figure 4.3.2.2 a). Cracks in encapsulant deposits on the knit were also visible. Some 
interstitial spaces were partially filled, and others filled (Figure 4.3.3.2 a, b). Scales on the fibres could 
not be seen when in the yarns/fabric (Figure 4.3.3.2 a, b). Notwithstanding extracted fibres had scales 
visible over the fibre surface, not dissimilar to those extracted from graphene ink treated fabrics (i.e. 
scarce indication of encapsulant presence) (Figure 4.3.3.2 c, d). Encapsulant was also extracted (i.e. 
pulled away from fibres) (Figure 4.3.3.2 e). Tracks and imprints of the fibres, including scales, were 
visible in the extracted encapsulant. The SYLGARD™ encapsulant was likely fixed by physical 
attachment. 

On Granger's® encapsulated specimens, individual yarns and fibres were visible in the knit structure 
(Figure 4.3.3.2 a). Interstitial spaces were also visible (Figure 4.3.3.2 a, b). Increased extraneous 
material was apparent compared to the knit with only graphene ink likely attributed to the 
Granger's® encapsulant. Fibres and yarns in the structure had a different appearance, affirming 
presence (Figure 4.3.3.2 a, b). Some cohesion among yarns, and fibres within the yarns, occurred. Less 
protruding scales and uniformity of a thin deposit with some larger concentrations of deposits also 
indicate Granger's ® fixation (Figure 4.3.3.2 c, d).  

Following application of PDMS, particles were present with some cohesion among fibres in yarns in 
the fabric, individual yarns and fibres could be distinguished in the knit (Figure 4.3.3.2 a). Interstitial 
spaces were visible, not filled with graphene ink or the PDMS encapsulant (Figure 4.3.3.2 b). Scales 
were less prominent along the fibre length and extraneous non-fibrous material was present on and 
among the fibres (Figure 4.3.3.2 c). PDMS may have accumulated at the scale edges having a 
smoothing affect (Figure 4.3.3.2 d). 

Spectral characteristics 
Not treated and pre-treated fabrics had characteristic infrared peaks indicative of wool (Part 1 - 4.1.3 
Results - wool knit). Changes occurred after functionalisation with graphene ink (Figure 4.3.3.1), 
including two new peaks forming at ~988cm-1 and 944cm-1 indicative of C-O and C-H groups related 
to increased carbon presence, shifts in wavenumber ~1,627cm-1 to 1,575cm-1 and 1,514cm-1 to 1,478cm-

1 linked to C=C/C=O regions, and ~3,270cm-1 to ~3,000cm-1 shift in the O-H region, also smaller, 
flatter, and broader relate to hydroxyl bonds between graphene particles and wool fibres. Subsequent 
deposition of encapsulants showed changes to infrared spectra indicative of PDMS (Figure 4.3.3.1). 
Key peaks related to PDMS include the sharp peak in the O-H region (~3,000cm-1), a sharp, narrow 
peak at ~1,227cm-1, 1,061cm-1, 1,005cm-1, and 762cm-1. SYLGARD™ encapsulated specimens had 
characteristic spectra of PDMS rather than wool or graphene ink. Specimens encapsulated with 

Granger'sÒ had low reflectance, most peaks were flattened with change in a region related to PDMS, 
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1,096cm-1 to 1,037cm-1. PDMS encapsulated specimens showed similar changes in that overall 

reflectance was less and most peaks were flattened. Smaller particle deposition of Granger'sÒ and 
PDMS may increase difficulty to effectively identity infrared reflectance from particles. 

Characteristic peaks of wool (Carter et al., 1994) (Figure 4.3.3.3 a) were evident from Raman analysis74 
of yarns extracted from not treated wool, including 1,448cm-1 CH2 and CH3 bending modes, 1,665cm-

1 Amide I, 2,930cm-1 CH2 asymmetric stretch, 3,068cm-1 Amide B C-N-H bend overtone, 3,309cm-1 
Amide A N-H stretch. Dried graphene ink showed signals at 1,336cm-1, 1,569cm-1, 2,670cm-1 indicative 
of D, G, and 2D bands of graphene (Figure 4.3.3.3 a). For the wet ink, bands at 1,572cm-1 and 2,691cm-

1 were linked to the G and 2D bands with no evidence of D band. Peaks at 1,439cm-1, 2,873cm-1 and 
2,928cm-1 were related to the solvent. A peak assigned to C-H symmetric stretching of 
polydimethylsiloxane was similar for each of SYLGARD™, Granger's®, and polydimethylsiloxane 
(i.e. 2,899cm-1, 2,899cm-1, 2,877cm-1, respectively (Jayes, Hard, Sene, Parker, and Jayasooriya, 2003)). 
The band at 1,411cm-1 of SYLGARD™ is also typical of polydimethylsiloxane (C-H asymmetric bend 
(Jayes et al., 2003)) which may be extended to 1,437cm-1 and 1,438cm-1 of Granger's® and PDMS. 

Graphene D and G bands (1,342cm-1 and 1,594cm-1, respectively) were indicative of graphene ink 
presence on the yarns extracted from the knits (Geim and Novoselov, 2010) (Figure 4.3.3.3 a, b). Wet 
(solvent) and dry ink was evident of graphene ink treated wool; all in separate domains (Figure 4.3.3.3 
b). Each of the yarns extracted from encapsulated specimens had similar spectra (Figure 4.3.3.3 b). 
Because wool has some similar bands to polydimethylsiloxane, presence of the material was difficult 
to detect. Additionally, a bias may have been evident in the component 1 spectra (wet ink) enhancing 
solvent signals over the graphene. As the graphene ink dried, solvent did not evaporate rather a 
precipitation process occurred. 

Effects on fabric properties 
Functionalisation and encapsulation affected fabric mass (F5,24=566.07, p≤0.001) and thickness 
(F5,24=29.60, p≤0.001) to different extents (Table 4.3.3.2 a, b). With graphene ink mass and thickness 
changed 20% and -1%, respectively, and -0.3% for each when measured sequentially on the same 
specimens. Application of SYLGARD™ resulted in a further increase in mass per unit area and 
thickness (79%, 17%, respectively). Granger’s® and PDMS encapsulants decreased mass per unit area 
(-6%, -8%, respectively) and thickness (-8%, -5%, respectively), thus smaller changes occurred 
compared to application of SYLGARD™. Some difference could be accounted for by variability in 
treatment deposition and of the measurement process. For mass, four groups were identified (pre-
treated, nil; Granger's®, PDMS; graphene ink; SYLGARD™). Graphene ink and SYLGARD™ 
encapsulated specimens resulted in the most change from the original fabric. Thickness of 
SYLGARD™ encapsulated specimens differed from the remaining treatments which did not differ, 
sorting specimens in two groups (graphene ink, pre-treated, PDMS, Granger's®, nil; SYLGARD™).  

  

 

74 Based on information provided by Samanali Garagoda Arachchige. 
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Figure 4.3.3.3 
Wool knit functionalised with graphene ink and encapsulated - Raman 

a Spectra of treatments  
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Figure 4.3.3.3 contd 
b Spectra of cross-sections of extracted yarns 
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Figure 4.3.3.3 b contd 
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Table 4.3.3.2 
Wool knit functionalised with graphene ink and encapsulated - structural  

properties and stiffness 

 nil pre-treated non-encap SYLGARD™ Granger’s® PDMS control 
a mass (n=5)      
mass per unit area (g/m2)      
before encapsulation      
mean 156.28 154.75 193.40 186.76 186.28 194.66 256.13 
s.d. 1.75 4.83 3.84 2.06 1.95 5.27 7.91 
CV% 1.12 3.12 1.99 1.10 1.05 2.71 3.09 
after encapsulation       
mean - - 192.84 334.26 175.21 178.62 - 
s.d. - - 4.22 13.68 1.35 3.39 - 
CV% - - 2.19 4.09 0.77 1.90 - 
% change       
mean - - -0.29 78.99 -5.93 -8.22 - 
s.d. - - 0.26 7.21 0.70 0.95 - 
CV% - - 90.46 9.13 11.81 11.59 - 
      
b thickness (n=5)      
thickness (mm)      
before encapsulation      
mean 0.82 0.80 0.83 0.82 0.89 0.84 1.26 
s.d. 0.00 0.01 0.01 0.03 0.02 0.01 0.01 
CV% 0.54 1.04 1.01 3.34 2.60 1.76 0.71 
after encapsulation       
mean - - 0.79 0.96 0.81 0.80 - 
s.d. - - 0.01 0.06 0.03 0.01 - 
CV% - - 0.90 5.99 3.30 1.04 - 
% change       
mean - - -4.58 17.38 -8.35 -4.73 - 
s.d. - - 1.29 7.15 2.16 1.41 - 
CV% - - 28.19 41.11 25.87 29.72 - 
        
c stitch density (yarns per 10mm) (n=5)    
wales        
mean 18.20 18.08 17.04 16.28 16.72 16.76 18.16 
s.d. 0.24 0.84 0.74 1.04 1.17 1.20 0.26 
CV% 7430.12 2142.69 2301.86 1557.91 1427.44 1392.80 6964.04 
courses      
mean 18.52 18.88 17.52 17.24 17.16 17.60 18.2 
s.d. 0.48 0.23 0.58 0.62 0.65 0.51 0.58 
CV% 3845.01 8279.43 3040.64 2767.72 2622.98 3451.64 3121.27 
        
d stiffness (n=12)*     
bending length (mm)75      
wales        
mean 6.50 6.90 12.30 21.60 10.60 9.90 12.3 
s.d. 0.14 0.18 0.19 0.23 0.29 0.36 0.05 
CV% 21.76 25.60 15.75 10.81 27.38 36.54 4.44 
flexural rigidity (mg/cm)      
mean 4.84 5.93 38.29 347.07 25.43 22.97 47.34 
s.d. 2.78 3.88 18.33 118.00 19.58 16.28 6.12 
CV% 57.48 65.43 47.87 34.00 76.99 70.84 12.92 

- denotes not measured;  
* in preliminaries no difference between measurements obtained parallel to the wales and courses was found, 
therefore measurements parallel to the wales were used for comparisons 
** data is provided for after encapsulation for the non-encap samples as an indication of variability between 
taking two sequential measurements 
 
  

 

75 Standard (BS 3356:1990) specifies cm, converted to mm because of small values. 
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The number of courses slightly exceeded the wales (F1,58=6.40, p≤0.001) (Table 4.3.3.2 c). 
Functionalisation had an effect on stitch density of the wales (F5,24=3.52, p≤0.05) and courses (F5,24=8.95, 
p≤0.001), both with small F values and that of wales low significance, likely to be of limited 
importance. Only not treated and SYLGARD™ encapsulated specimens significantly differed in the 
number of wales, while for courses, each functionalised specimen differed from pre-treated 
specimens. SYLGARD™ and Granger's® encapsulated specimens also differed from not treated 
specimens. Two groups were identified for wales (SYLGARD™, Granger's®, PDMS, graphene ink, 
pre-treated; Granger's®, PDMS, graphene ink, pre-treated, nil), and three for courses (Granger's®, 
SYLGARD™, graphene ink, PDMS; graphene ink, PDMS, nil; nil, pre-treated). The increase in mass 

and thickness, and decrease in stitch density, especially after applying SYLGARDÔ, indicates these 
fabric properties changed, which may affect performance properties (e.g. flexibility, air and moisture 
transfer) known to be linked to structure. 

Bending length and flexural rigidity did not differ for specimens cut parallel to the wales compared 
to courses (F1,22=0.33, NS; F1,22=0.67, NS, respectively; Table 4.3.3.2 d). Measurements of specimens cut 
parallel to the wales were considered acceptable to comparisons of functionalised specimens. 
Functionalisation influenced bending length (F5,66=60.89, p≤0.001) and flexural rigidity (F5,66=87.01, 
p≤0.001) to different extents (Table 4.3.3.2 d). The pre-treatment yielded greater bending length and 
flexural rigidity than the non-treated fabric. Subsequent application of graphene ink also caused an 

increase, while encapsulation with Granger'sÒ and PDMS decreased bending length and flexural 
rigidity, the latter desirable for manoeuvrability. Encapsulation with SYLGARD™ increased both 
properties to the greatest extent of all treatments and least preferred for next-to-skin apparel. Three 

groups were identified for bending length (nil, pre-treated; PDMS, Granger'sÒ, graphene ink; 

SYLGARD™) and two for flexural rigidity (nil, pre-treated, Granger'sÒ, PDMS, graphene ink; 
SYLGARD™). Increased bending length and flexural rigidity suggest the fabric may have inherited 
some mechanical aspects which may not be compatible with next-to-skin apparel. 

Functionalisation had an affect on time for water to absorb in the knit (F5,4=28.53, p≤0.001; Table 3.3.3 
a). The droplet on non-treated wool initially remained spherical and absorbed in the fabric with 
minimal spreading while the droplet on the pre-treated fabric quickly absorbed with most of the time 
related to droplet spreading (Figure 4.3.3.4). Droplets on graphene ink treated and PDMS 
encapsulated specimens were initially flat and absorbed in the knit within ~2s (Figure 4.3.3.4). Water 
droplets remained spherical on the surface of SYLGARD™ encapsulated specimens for some time, 
gradually flattened over 5min but were not absorbed (Figure 4.3.3.4). For Granger's® encapsulated 
specimens, droplets initially beaded on the fabric surface, flattened, and then absorbed in the fabric 
(Figure 4.3.3.4). Therefore, hydrophobicity of the fabric was increased, most notably with the 
SYLGARD™ encapsulant; three groups were identified (graphene ink, PDMS, pre-treated, nil; nil, 
Granger's®; SYLGARD™). Increased hydrophobicity is desirable in that moisture interference to 
electrical properties is minimised and required washes is less with lower susceptibility to soiling. 
Effectiveness of cleaning (dislodging contaminants) the functionalised knit may be compromised. 
Adverse effects on liquid transfer could change moisture properties of the fabric (i.e. reduced 
permeability) which may restrict maintenance of homeostasis. 
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Table 4.3.3.3  
Wool knit functionalised with graphene ink and encapsulated - moisture and  

air transfer properties 

 nil pre-treated non-encap SYLGARD™ Granger’s® PDMS control 
a water absorbency time (s) (n=5)     
mean 94.80 11.40 2.80 300.00 160.60 3.00 7.20 
s.d. 32.52 1.82 0.45 0.00 117.14 0.00 0.84 
CV% 34.31 15.94 15.97 0.00 72.94 0.00 11.62 
     
b liquid absorptive capacity (n=5)     
mean 241.19 255.77 167.54 57.70 159.22 145.63 306.96 
s.d. 13.96 6.95 1.71 3.87 5.52 72.72 7.90 
CV% 5.79 2.72 1.02 6.70 3.46 49.94 2.57 
      
c contact angle (°) (n=10)      
mean 11.58 79.20 0.00 96.63 58.50 0.00 0.00 
min 0.00 50.22 0.00 66.21 0.00 0.00 0.00 
max 50.22 106.53 0.00 132.28 114.51 0.00 0.00 
s.d. 17.24 14.37 0.00 17.99 38.78 0.00 0.00 
CV% 148.86 18.14 0.00 18.61 66.29 0.00 0.00 

image 
       

       
e regain (%) (n=5)       
mean 13.52 13.80 10.22 5.43 12.40 11.71 12.30 
s.d. 1.04 1.06 5.18 2.59 0.58 1.08 1.09 
CV% 7.73 7.65 50.69 47.77 4.68 9.18 8.86 
     
f water vapour permeability index (n=3)     
mean 104.56 92.31 96.06 78.24 102.50 101.84 90.59 
s.d. 95.09 7.58 0.71 12.21 5.08 6.21 5.01 
CV% 91.74 8.21 0.74 15.61 4.96 6.10 5.53 
     
g air permeability (mm/s) (n=10)     
mean 811.62 948.56 1028.72 304.60 928.52 1275.88 758.18 
s.d. 47.37 82.12 84.50 48.45 85.95 71.81 38.73 
CV% 5.84 8.66 8.21 15.90 9.26 5.63 5.11 
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*droplets that absorbed before the total time elapsed indicated by blank space  

time  
(s) nil pre-treated non-encap SYLGARD™ Granger's® PDMS 
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Figure 4.3.3.4 

Wool knit functionalised with graphene ink and encapsulated - appearance of  
water droplets over time* (n=5) 
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Moisture and air related properties are specified in Table 4.3.3.3. Functionalisation influenced liquid 
absorptive capacity (F5,24=27.68, p≤0.001), contact angle (F5,54=46.78, p≤0.001), regain (F5,24=7.75, 
p≤0.001), permeability to water vapour (F5,12=4.52, p≤0.05) (a small F value of little significance), and 
a dominant effect on permeability to air (F5,54=201.80, p≤0.001).  

Encapsulation with SYLGARD™ yielded the lowest liquid absorptive capacity most different from 
the remaining specimens. PDMS, Granger's®, and graphene ink followed, altering liquid absorptive 
capacity to a lesser extent, and nil and pre-treated specimens had the highest liquid absorptive 
capacity. Three groups were identified (SYLGARD™; PDMS, Granger's®, graphene ink; nil, pre-
treated). The decrease in liquid absorptive capacity supports increased hydrophobicity, primarily 
with the SYLGARD™ encapsulant. 

Contact angle was reduced following graphene ink application, PDMS resulted in similar 
performance. Encapsulation with SYLGARD™ increased contact angle greater than not treated 
specimens, Granger's® caused an increase but not to the same extent. Three groups were identified 
(graphene ink, PDMS, pre-treated; Granger's®, nil; nil, SYLGARD™). Increased contact angle 
provides additional evidence for greater hydrophobicity with Granger's® and SYLGARD™ while 
applying PDMS did not alter the contact compared to graphene ink (i.e. remained hydrophilic). 

Functionalising with graphene ink lowered regain of the knit. A further reduction occurred following 
encapsulation with SYLGARD™, while Granger's® and PDMS caused an increase. SYLGARD™ had 
a significantly different effect from the remaining fabrics except for those with graphene ink only. 
Two groups were identified (SYLGARD™, graphene ink; PDMS, Granger's®, nil, pre-treated). 
Decreased regain is undesirable potentially restricting maintenance for homeostasis, thus 
SYLGARD™ and graphene ink conferred the least desirable performance while PDMS and 
Granger's® were advantageous. 

Graphene ink increased fabric permeability to water vapour compared to those fabrics which had not 
been treated and pre-treated specimens. Specimens encapsulated with SYLGARD™ had lowest 
permeability to water vapour, different from those encapsulated with Granger's® and PDMS. Two 
groups were identified (SYLGARD™, pre-treated, graphene ink, nil; pre-treated, graphene ink, nil, 
PDMS, Granger's®). Low water vapour permeability can also yield restrictions on moisture transfer 
undesirable for next-to-skin apparel, therefore SYLGARD™ and graphene ink would be least 
preferred. 

Fabric permeability to air increased following application of graphene ink and Granger's® 
encapsulant (as well as pre-treated specimens) compared to not treated wool. SYLGARD™ caused 
the largest reduction and PDMS the greatest increase in permeability to air. Five groups were 
identified (SYLGARD™; nil; Granger's®, pre-treated; pre-treated, graphene ink; PDMS). Increased 
permeability to air is desirable for the body to regulate heat balance without interference from apparel 
layers, therefore SYLGARD™ would be least suited and PDMS best suited. 

Tactile assessment revealed significant differences among the wool knits differing in functionalisation 
(χ2=10.68, df=3, p=0.01). Specimens encapsulated with SYLGARD™ differed from that with 
graphene ink (Z=-2.04, p=0.04), Granger's® (Z=-2.06, p=0.04), and PDMS (Z=-2.07, p=0.04). Graphene 
ink did not differ from Granger's® (Z=-0.28, p=0.78) nor PDMS (Z=-1.41, p=0.16) and PDMS was not 
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different from Granger's® (Z=-1.52, p=0.13). Graphene ink, Granger's®, and PDMS had large CV% 
resulting in overlap of standard deviations and therefore negligible differences. 

A general consensus among participants was reached identifying SYLGARD™ encapsulated 
specimens as most different and lease desirable from the not treated baseline (i.e. consistently ranked 
at four with 100% agreement (mean 4.0, s.d 0.00, CV% 0.00)). The remaining fabrics were handled 
more, and moved repeatedly among ranked positions before the assessors decided on the final 
placement. PDMS encapsulated specimens were ranked second or third different from the baseline 
(mean 2.60, s.d. 0.89, CV% 55.90). Specimens with only graphene ink and those encapsulated with 
Granger's® were each ranked least, second, or third different from the baseline with Granger's® 
encapsulated specimens being more like the baseline overall (mean 1.80, s.d. 0.84, CV% 46.48; mean 
1.60, s.d. 0.55, CV% 21.06, respectively). Perceptions and preference of participants may account for 

some variability in responses76. 

Generally, participants handled fabrics in a similar way, picking up and holding the fabric in their 
hand, moving between the left and right hands, rubbing between fingers, and moving over the palm 
of the hand. No differences among participants were noted as important. Significance of Kendall's W 
confirmed assessors applied the same criterion in ranking suggesting overall agreement (W=0.71, 
χ2=10.68, df=3, p=0.01). 

All participants agreed the non-treated fabric had acceptable tactile properties to be used in apparel 
worn next to the skin (i.e. 100% agreement). Approximately 80% of assessors agreed graphene ink 
treated fabric had acceptable tactile properties to be worn next to the skin. One participant stated the 
SYLGARD™ encapsulated specimen was acceptable (i.e. 80% considered SYLGARD™ encapsulated 
fabric to have unacceptable performance); 60% of the assessors agreed the PDMS encapsulated fabric 
was acceptable while 100% concurred the Granger's® encapsulated fabric was acceptable. Therefore, 
other than those encapsulated with SYLGARD™, all fabrics have acceptable tactile properties to be 
integrated as a small patch. 

Conductivity 
Conductivity was conferred to the wool knit with the graphene ink to a level suitable for sensing 
applications (Table 4.3.3.4 a). Resistance was read in ohms (not kilo ohms or mega ohms) from the 
multimeter reflecting high conductivity (i.e. low resistance) up to 5S/m (328Ω). The non-treated and 
pre-treated fabrics were not conductive (i.e. resistance could not be measured). Functionalisation 
effected conductivity (F3,32=45.95, p≤0.001) while direction of measurement did not (F1,32=0.00, NS) 
and there was no interaction between the two factors (F3,32=0.28, NS) (Table 4.3.3.4 a). Each of the three 
encapsulations differed in effect from graphene ink only, each encapsulation had a similar effect, thus 
two groups were found (Granger's®, SYLGARD™, PDMS; graphene ink). Notwithstanding non-
significance among encapsulations, the greatest decrease occurred with SYLGARD™. Granger’s® 
had high variability but mean was less than the change caused by the PDMS encapsulant. Sequential 
measurements changed for those graphene ink treated suggesting variability. Conductivity which 
remained following encapsulation was still considered acceptable for the intended sensing function. 

  

 

76 A larger number of participants could provide clarity of the differences or lack thereof. 
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Table 4.3.3.4 
Wool knit functionalised with graphene ink and encapsulated - conductivity 

a Fully encapsulated 

 nil pre-treated non-encap SYLGARD™ Granger’s® PDMS control 
conductivity (S/m) (n=5)      
before encapsulation      
wales      
mean 0.00 0.00 5.02 2.36 1.23 2.28 0.00 
s.d. 0.00 0.00 2.16 0.98 0.80 1.17 0.00 
CV% 0.00 0.00 43.07 1.23 64.97 51.33 0.00 
      
after encapsulation**      
wales        
mean 0.00 0.00 3.18 0.28 0.23 0.53 0.00 
s.d. 0.00 0.00 1.17 0.13 0.17 0.18 0.00 
CV% 0.00 0.00 36.81 44.57 73.90 34.05 0.00 
        
courses        
mean 0.00 0.00 2.88 0.34 0.30 0.69 0.00 
s.d. 0.00 0.00 1.06 0.14 0.22 0.64 0.00 
CV% 0.00 0.00 36.69 41.32 64.18 93.08 0.00 
     
% change (wales) (n=5)    
mean - - -31.82 -88.20 -62.65 -74.95 - 
s.d. - - 16.15 2.47 53.58 6.38 - 
CV% - - 50.77 2.80 85.51 8.51 - 

** data is provided for after encapsulation for the non-encap samples as an indication of variability between 
taking two sequential measurements 
 

b Central strip of encapsulation 

 nil pre-treated non-encap SYLGARD™ Granger’s® PDMS control 
conductivity (S/m) (n=3)    
wales        
mean 0.00 0.00 2.62 1.06 1.18 1.16 0.00 
s.d. 0.00 0.00 1.16 0.52 0.67 0.40 0.00 
CV% 0.00 0.00 44.24 49.19 56.83 34.04 0.00 
        
courses        
mean 0.00 0.00 2.01 0.92 1.31 1.18 0.00 
s.d. 0.00 0.00 0.39 0.56 0.61 0.74 0.00 
CV% 0.00 0.00 19.28 60.68 46.88 62.73 0.00 
        
diagonal        
mean 0.00 0.00 1.03 0.84 0.67 0.74 0.00 
s.d. 0.00 0.00 0.61 0.61 0.44 0.61 0.00 
CV% 0.00 0.00 59.19 73.41 64.60 83.12 0.00 

- denotes not measured; 
0.00 indicates electrical resistance could not be detected to determine conductivity 
 
fully encapsulated central strip of encapsulation 
       black = graphene ink treated fabric 
       white = encapsulants   
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Applying a central strip of the encapsulants also negatively affected conductivity (F3,24=7.31, p≤0.01) 
and measurement direction had an effect (F2,24=3.79, p≤0.05) but there was no interaction between the 
two factors (F6,24=0.76, NS) (Table 4.3.3.4 b). However, both F values were small, therefore importance 
may be low. Encapsulants all had similar effects compared to those with just graphene ink. Two 
groups were identified (SYLGARD™, PDMS, Granger's®; graphene ink). Therefore SYLGARD™ still 
resulted in the greatest decline in conductivity, but remaining at an acceptable level. The similar 
pattern of results (but slightly lower effect) to 'full' encapsulation suggests both penetration of the 
encapsulant and reduced contact between the connectors and conductive graphene functionalised 
surface occurred with encapsulation. With respect to the direction of measurement, only diagonal 
measurements differed from that taken parallel to the wales. Two groups were identified (diagonal, 
courses; courses, wales). The difference between measurements diagonally and parallel to the wales 
suggests an effect of direction or that encapsulant was present at edges where measurements parallel 
to the wales were taken thereby producing a physical barrier between connectors and the conductive 
surface. 

Effects of wash77 
Based on photographic images, specimens with graphene ink only and those encapsulated with 
Granger's® and PDMS lost colour (i.e. graphene ink was removed), predominantly from the centre 
of the specimens (Figure 4.3.3.5). Loss generally increased as the number of wash cycles increased. 
Minimal loss occurred with specimens encapsulated with SYLGARD™. Regardless of 
functionalisation, loss was greater from the technical face than the technical rear likely linked to 
differences in connections on each fabric face. Disruption to fibres over the fabric surface following 
washing was also evident from the microscope images. There was no evidence of pilling with wash. 
Wash resulted in some graphene ink removal and for the graphene that remained degradation was 
minimal.  

Wash caused a reduction in conductivity (F1.12,17.96=40.35, p≤0.001), increasing as the number oof cycles 

increased (Figure 4.3.3.6 a-b78; Table 4.3.3.5). The extent of change decreased after ~50 washes and a 
further decline occurred after 75 washes. The pattern of response with wash differed when 
considering functionalisation (F3.37,17.96=11.13, p≤0.001) but not with respect to direction of 
measurement (F1.12,17.96=0.69, NS). Additionally, there was no interaction among wash, measurement 
direction, and functionalisation (F3.37,17.96=0.13, NS). Overall, encapsulated specimens performed 
differently to specimens with graphene ink only, typically retaining higher conductivity. Only small 

differences among encapsulants were observed, SYLGARDÔ typically had the highest conductivity, 
but no one encapsulation could be said to perform best.  

  

 

77 Change of colour coordinates with wash in provided in Appendix B. 

78 The assumption of Mauchly's Test of Sphericity was violated (χ2(44) =404.88, p=0.00), the Greenhouse-Geisser correction 
was used (p=0.13). 
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Figure 4.3.3.5 
Appearance of wool knit functionalised with graphene ink and encapsulated with  

wash - photographic and microscope images (n=5) 
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Figure 4.3.3.5 contd 
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*Note, intervals 
between values on the x 
axis are not equal 
  

a            i 
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b            i 

 
ii 

 

Figure 4.3.3.6 
Conductivity of wool knit functionalised with graphene ink and  

encapsulated with wash (n=5) 
a Wales i Values ii % change b Courses i Values ii % change 
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Table 4.3.3.5  
Conductivity of wool knit functionalised with graphene ink and  

encapsulated with wash (n=5) 

 non-encap SYLGARD™ Granger's® PDMS 
 wales courses wales courses wales courses wales courses 
electrical conductivity (S/m)     
0 wash         
mean 1.31 1.69 0.31 0.44 0.06 0.14 0.37 0.63 
s.d. 0.76 0.64 0.12 0.16 0.03 0.09 0.18 0.58 
CV% 58.14 37.66 39.91 35.81 43.41 63.99 49.03 91.28 
         
100 wash         
mean 0.01 0.06 0.02 0.10 0.01 0.05 0.01 0.05 
s.d. 0.01 0.06 0.01 0.03 0.01 0.06 0.01 0.06 
CV% 85.04 93.03 47.58 34.53 138.56 126.89 126.76 131.41 
         
% change         
mean -98.07 -94.92 -92.65 -76.58 -89.24 -69.31 -98.39 -94.36 
s.d. 2.69 6.34 2.09 2.73 13.35 37.02 1.52 3.28 
CV% 2.74 6.68 2.26 3.57 14.96 53.41 1.55 3.48 

 

Performance with pilling and abrasion79 
Encapsulant, graphene ink, and/or fibres were removed from the specimen or the encapsulant was 
affected permitting graphene ink and fibres to be dislodged and transferred around the specimen 
and/or to the abradant (Figure 4.3.3.7 a-b). Crocking at the functionalised area of specimens to the 
non-treated area and to the abradant, intensified as the number of cycles increased. No colour change 
was evident of pre-treated specimens (Figure 4.3.3.7 a-b). Few pills initially formed and shed, both 
wool coloured (i.e. cream) and black coloured (i.e. graphene ink) on functionalised knits (Figure 
4.3.3.7 a-b; 4.3.3.8 a-b; 4.3.3.9). As cycles increased, pills formed and then stopped. Fluff and fibres 
continued to shed collecting around the abradants edge. Scant surface fibres suggest fibres were 
abraded off. Larger and sparingly distributed pills formed on encapsulated specimens compared to 
those treated with graphene ink only (Figure 4.3.3.7 a-b; 4.3.3.8 a-b). The lack of pills was most 
noticeable on and immediately surrounding the functionalised area (Figure 4.3.3.7 a-b). The few pills 
that did form on the functionalised area were cream coloured (i.e. transferred from the non-treated 
specimen area and abradant). Therefore, fibres of functionalised fabric were held better in the knit 
structure. After 500 cycles, no pills were present on SYLGARD™ encapsulated specimens, while the 

graphene ink treated, Granger'sÒ, and PDMS encapsulated had pills up to ~25,000 cycles (Figure 
4.3.3.7 b).  

Fibres shed from wool fabrics had frayed ends suggesting these fibres had been broken off, not pulled 
from the knit (Figure 4.3.3.9). Fibres shed from functionalised fabrics were frayed and split to a greater 
extent than fibres from pre-treated fabrics. The greatest number of pills was shed from knits with 
graphene ink only (13), encapsulated specimens ranged between 9 and 6: pre-treated (7), SYLGARD™ 
(9), Granger's® (6), PDMS (7). Graphene ink seemed to increase the number of shed pills compared 
to not treated fabrics while encapsulants reduced production of pills, mostly to a level similar to that 

of the pre-treated fabrics. The SYLGARDÔ encapsulant was visible in some of the pills produced 
from the encapsulated knit, which was not obvious from the other functionalised fabrics. 

 

79 Change of colour coordinates with abrasion is given in Appendix B. 
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5,000 cycles    
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50,000 cycles    

    

Figure 4.3.3.7 
Appearance of wool knit functionalised with graphene ink and encapsulated with  

abrasion - photographic images (n=3) 
a Effect of graphene ink 
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SYLGARD™ Granger’sÒ PDMS 
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Figure 4.3.3.7 contd 
b Effect of encapsulation 
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b contd   
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SYLGARD™ Granger’sÒ PDMS 
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1,000 cycles   
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Figure 4.3.3.7 b contd 
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a     
nil non-encap SYLGARD™ Granger's® PDMS 
no abrasion     

     
    
50,000 abrasion cycles    
specimen     

     
    
50,000 abrasion cycles    
adjacent to the specimen    

     
     
     
b     
nil non-encap SYLGARD™ Granger's® PDMS 
no abrasion     

     
    
50,000 abrasion cycles    

     

Figure 4.3.3.8 
Appearance of wool knit functionalised with graphene ink and encapsulated with  

abrasion - microscopic images 
a Specimen b Abradant 
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pre-treated non-encap SYLGARD™ 

   

   
   
    
 Granger's® PDMS  

  

  

Figure 4.3.3.9 
Fibres and pills shed from wool knit functionalised with graphene ink and  

encapsulated with abrasion 
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Pill dimensions indicate an effect of measurement axis (F1,74=8.05, p≤0.01) and functionalisation 
(F4,74=4.68, p≤0.001), with small F values indicating little importance. There was no interaction 
between the two factors (F4,74=1.72, NS). Pre-treated specimens significantly differed, with the greatest 
dimensions, compared to functionalised specimens of which were all similar. Thus, two groups were 
identified (PDMS, Granger's®, graphene ink, SYLGARD™; pre-treated). Therefore, functionalisation 
resulted in a reduction in pill size, possibly a result of fibres being better held in fabrics under layers 
of treatment. 

No difference in pilling ratings following 50,000 cycles, attributable to functionalisation on fabric 
specimens or abradants, was found (χ2=1.67, df=3, p=0.64; χ2=1.91, df=3, p=0.59, respectively). 
Kendall's W was not significant for the specimens or abradants (W=0.04, χ2=1.67, df=3, p=0.64; 
W=0.04, χ2=1.91, df=3, p=0.59, respectively). Overall, the treatments did not change the wool fabrics 
propensity to pill based on visual assessment and all fabrics performed similarly. Therefore no 'best' 
fabric could be identified. 

Conductivity decreased with exposure to abrasion (F1.50,12.02=47.71, p≤0.001; Figure 4.3.3.10 a-b80; 
Table 4.3.3.6), the rate of loss decreased following ~5,000 cycles. Based on patterns observed in the 
figures, SYLGARD™ encapsulated specimens typically retained highest conductivity followed by 
that of PDMS, Granger's®, and graphene ink only (Figure 4.3.3.10 a-b). The difference among the 
treatments was not significant (F4.51,12.02=2.78, NS). All specimens showed a high initial decline, with 
the greatest drop for specimens with graphene ink only; encapsulated specimens dropped to a lesser 

extent. Change was similar for all encapsulants. Typically, specimens encapsulated with Granger'sÒ 
had the smallest change to begin with followed by SYLGARD™ and PDMS with those treated with 
graphene ink only showing the greatest change. After ~5,000 cycles the order became SYLGARD™, 
PDMS, Granger's®, and graphene ink, for least to greatest change. 

Durability with storage 
Performance with storage revealed a decrease in conductivity over time (F1.79,14.34=17.42, p≤0.001) 
(Figure 4.3.3.11; Table 4.3.3.7) and functionalisation treatments influenced this response (F5.38,14.34=4.47, 
p≤0.01). A greater initial decline (i.e. first 28 days) was evident with all functionalised fabrics followed 
by a decrease in the extent of change with sequential measures, with some indication of plateauing. 
The fabrics continued to show a decrease in conductivity over time. Encapsulating with SYLGARD™ 
was most effective, resulting in the least loss in conductivity over time, followed by Granger's® and 
PDMS.  

 

80 Mauchly’s W had no value of significance, the Greenhouse-Geisser correction was used (p=0.10, NS). 
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Figure 4.3.3.10 

Conductivity of wool knit functionalised with graphene ink and  
encapsulated with abrasion (n=3) 

a Conductivity i Total cycles ii Selected low cycles81 iii Selected high cycles81; b % change 
*Note, intervals between values on the x axis are not equal 
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Table 4.3.3.6 
Conductivity of wool knit functionalised with graphene ink and  

encapsulated with abrasion (n=3) 

 non-encap SYLGARD™ Granger's® PDMS 
 mean s.d. CV% mean s.d. CV% mean s.d. CV% mean s.d. CV% 
electrical conductivity (S/m) 
before 10.12 1.54 15.23 8.51 2.24 26.34 3.16 3.63 114.80 4.77 3.29 69.22 

         
after 
50,000 
cycles 0.01 0.00 20.99 0.20 0.01 6.74 0.02 0.03 159.25 0.07 0.07 95.51 

          
% change -99.86 0.05 0.05 -97.58 0.57 0.58 -99.63 0.43 0.43 -98.77 0.72 0.72 

 
 

 

81 Different y axes. 
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Figure 4.3.3.11 
Conductivity of wool knit functionalised with graphene ink and encapsulated 

with storage (364 days) (n=3) 
a Values b % change 
*Note, intervals between values on the x axis are not equal 
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Table 4.3.3.6  
Conductivity of wool knit functionalised with graphene ink and encapsulated 

with storage (364 days) (n=3) 

 non-encap SYLGARD™ Granger's® PDMS 
days mean s.d. CV% mean s.d. CV% mean s.d. CV% mean s.d. CV% 
electrical conductivity (S/m)         
1 20.47 12.35 60.35 2.84 0.85 30.04 4.47 5.49 122.83 7.32 1.98 27.09 
             
364 1.20 0.61 50.80 0.45 0.14 31.42 0.29 0.17 60.24 0.45 0.11 25.18 
             
          
% change -93.68 3.07 3.28 -84.35 1.12 1.33 -88.77 6.06 6.83 -93.73 1.44 1.54 

 
Testing hypotheses 
Hypothesis 1 

Hypothesis one which stipulated appearance and surface chemistry would change with graphene ink 
application and conductivity would be conferred to the wool knit was accepted as changes were 
observed and conductivity was imparted. Part of hypothesis one was rejected which stated no change 
in appearance, surface chemistry, or conductivity would change with encapsulation, evidenced by a 

change in all properties with the three encapsulations to slightly different extents. SYLGARDÔ 
resulted in the greatest change followed by Granger's® and PDMS allowing presence of deposits to 
be demonstrated. 

Hypothesis 2 

Hypothesis two (no change will occur to structural or moisture and air transfer properties after 
encapsulation) was rejected since changes in mass, thickness, stitch density, water droplet absorption, 
contact angle, liquid absorptive capacity, moisture regain, permeability to water vapour, and 
permeability to air, stiffness, and tactile properties with each encapsulation treatment. Specimens 
encapsulated with SYLGARD™ had greatest and least desirable change to structural properties. 
Circumstances of wear may permit differences that would normally be recognised as disadvantages 
(e.g. area confined to a small patch). 

Hypothesis 3 

Hypothesis three that specified increased durability to wash, abrasion, and storage would occur was 
accepted based on the obtained results. Because SYLGARD™ encapsulated specimens 
predominantly had the greatest durability to the different exposures, the second part of hypothesis 
three (encapsulants will have similar performance) was rejected. The Granger's® and PDMS 
encapsulants conferred less protection compared to SYLGARD™ but retained properties most similar 
to the not treated fabric. The desired end use and location on apparel will determine which treated 
fabric may be acceptable for performance based on what is of uttermost importance, durability or 
maintaining characteristics of the original state of the fabric. 
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4.3.4 Results - cotton functionalised with graphene ink and encapsulated 

Visual evidence of deposits82 
Black deposits on the cotton knit confirmed fixation of graphene ink to the cotton knit (Figure 4.3.4.1). 
Graphene ink was not uniformly distributed, and more uniform on the technical rear. Fabric structure 
and contours of yarns and fibres were visible; thus graphene ink did not form a complete surface 
layer, rather fixed to yarns and fibres and did not fill interstitial spaces (Figure 4.3.4.1). Segregated 
deposition along the yarn length may relate to less coverage/penetration at yarn intersections. Some 
fibres extracted from the treated knits appeared not to have evidence of treatment (i.e. cream). 
Graphene ink accumulated in folds and twists of fibres attributed to the ribbon like structure with 
little deposition at the fibre edges. Following encapsulation graphene ink deposition was not 
disrupted (Figure 4.3.4.1). Granger’s® and PDMS encapsulated specimens had similar surface 
features to knit prior to encapsulation. An encapsulant layer was visible following the SYLGARD™ 
application, some interstitial spaces may have been filled, effectively adhering fibres and yarns in the 
knit. Yarns indicated presence of another substance and evidence of SYLGARD™ on fibres could be 
seen of which did not conform to fibres and was disrupted from extracting fibres. Greater difficulty 
extracting yarns and fibres from specimens which have been treated with SYLGARD™ was more 
difficult compared to the other functionalised specimens.  

Applying graphene ink and/or encapsulants had an effect on pixel intensity mean (F5,294=116.84, 
p≤0.001), minimum (F5,294=220.72, p≤0.001), maximum (F5,294=12.97, p≤0.001), mode (F5,294=120.42, 
p≤0.001), fibre width (F5,294=14.87, p≤0.001), and area of the region of interest (F5,294=16.55, p≤0.001) 
(Table 4.3.4.1). Not treated and pre-treated specimens had similar pixel intensity mean, maximum, 
mode, as well as area of the region of interest, each higher compared to functionalised fabrics. 
Maximum pixel intensity of SYLGARD™ encapsulated specimens was similar to pre-treated 
specimens. SYLGARD™ encapsulated specimens differed from those with graphene ink only for 
pixel intensity mean and maximum while remaining functionalised specimens were similar; all 
functionalised specimens were similar for mode and the area of the region of interest. Sections of 
functionalised fibres did not have graphene ink present but also had areas with graphene (low pixel 
intensity) whereas not treated and pre-treated fibres only have those associated with the fibre. 
Minimum pixel intensity was less of functionalised specimens compared to those with no graphene 
ink and subsequent encapsulation had negligible effects. For fibre width, not treated specimens were 
different to those with graphene ink and encapsulated with SYLGARD™ and PDMS. Pre-treated 
specimens differed from all functionalised specimens. Functionalised specimens tended to have 
greater fibre width than those not functionalised. Of functionalised specimens only graphene ink 
treated and Granger's® encapsulated were different. 

Three groups were identified using pixel intensity mean (graphene ink, Granger's®, PDMS; 
Granger's®, PDMS, SYLGARD™; pre-treated, nil), minimum (graphene ink, Granger's®, 
SYLGARD™, PDMS; pre-treated, nil), and standard deviation (nil, pre-treated; pre-treated, graphene 
ink; graphene ink, PDMS, Granger's®, SYLGARD™); four groups for maximum (graphene ink, 
PDMS, Granger's®;   

 

82 Evidence of deposition of graphene ink and encapsulants at the macro level was confirmed by changes to colour 
coordinates, provided in Appendix B. 
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Figure 4.3.4.1 
Cotton knit functionalised with graphene ink and encapsulated - images and  

infrared spectra 
a Knit technical face and rear photographs b Knit technical face and rear (6.3x)  
c Yarn (3.2x) d Fibre (40x) e Knit infrared spectra (FTIR) 
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 SYLGARD™ Granger's® PDMS 
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 Figure 4.3.4.1 contd 
a Knit technical face and rear photographs b Knit technical face and rear (6.3x)  
c Yarn (3.2x) d Fibre (40x) e Knit infrared spectra (FTIR) 
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Table 4.3.4.1 
Appearance of cotton knit functionalised with graphene ink and encapsulated 

- image analysis of extracted fibres (n=10) 

 nil pre-treated non-encap SYLGARD™ Granger's® PDMS 
pixel intensity      
       
mean 112.79 102.24 41.61 55.03 46.98 49.76 
s.d. 3.57 5.07 21.72 23.68 21.16 24.09 
CV% 3.16 4.96 52.20 43.02 45.04 48.42 
       
minimum       
mean 73.54 55.30 11.34 14.54 13.46 14.88 
s.d. 4.60 3.59 8.47 8.69 10.60 11.83 
CV% 6.25 6.50 74.71 59.75 78.79 79.50 
       
maximum       
mean 136.92 130.40 104.30 120.02 110.48 110.06 
s.d. 2.19 11.99 23.79 30.15 35.41 25.18 
CV% 1.60 9.20 22.81 25.12 32.05 22.88 
       
mode       
mean 121.06 112.66 27.08 39.04 28.80 34.70 
s.d. 2.85 6.49 31.39 36.31 25.14 33.01 
CV% 2.36 5.76 115.91 93.00 87.30 95.12 
       
fibre width       
mean 13.45 11.80 16.63 16.05 14.58 15.47 
s.d. 0.33 1.26 3.53 3.13 3.11 3.28 
CV% 2.45 10.66 21.25 19.49 21.36 21.22 
       
area of the region of interest     
mean 66.57 61.31 84.04 84.06 76.77 81.18 
s.d. 7.87 6.70 17.52 15.18 15.57 16.41 
CV% 11.82 10.94 20.84 18.06 20.29 20.22 
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PDMS, Granger's®, SYLGARD™; SYLGARD™, pre-treated; pre-treated, nil); and two for mode 
(graphene ink, Granger's®, PDMS, SYLGARD™; pre-treated, nil). Four groups were identified for 
fibre width (pre-treated, nil; nil, Granger's®; Granger's®, PDMS, SYLGARD™; PDMS, SYLGARD™, 
graphene ink) and two groups for area of the region of interest (pre-treated, nil; Granger's®, PDMS, 
graphene ink, SYLGARD™). 

In SEM images of the non-treated fabric, the fibres, yarns, and interstitial spaces could be seen in the 
fabric structure (Figure 4.3.4.2 a). Magnification of interstitial spaces showed them to be free of 
graphene and encapsulants, based on black areas, and fibres could be seen twisted within yarns 
surrounding interstitial spaces (Figure 4.3.4.2 b). Cotton fibres in the fabric and yarn structure and 
those extracted from knits had the characteristic ribbon-like structure with twists and folds along the 
fibre length (Figure 4.3.4.2 a, b). Ridges were also evident on individual fibres with minimal 
extraneous material evident (predominantly only cotton fibre/cellulose) (Figure 4.3.4.2 c, d). 

Knits functionalised with graphene ink had similar surface appearance to the non-treated fabric with 
some additional particles/flakes, likely attributed to graphene ink deposition (Figure 4.3.4.2 a). The 
fabric structure (i.e. yarns and fibres in the structure) and interstitial spaces were visible indicting 
graphene ink did not accumulate in the air space (Figure 4.3.4.2 a, b). Some cohesion among fibres in 
the yarns was evident. Fibres in the structure and those extracted from fabrics had the characteristic 
ribbon-like structure, twists, and folds compared to those of non-treated fabrics but with flakes and 
particles (Figure 4.3.4.2 a, c, d). Deposition appeared to be concentrated in folds and twisted portions 
of fibres and therefore deposition was not uniform on individual fibres but was present along much 
of the fibre length. Ridges along the fibres were less prominent compared to fibres of not treated 
fabrics. 

Fabrics encapsulated with SYLGARD™ had different surface properties to the remaining fabrics 
(non-treated and other encapsulants) (Figure 4.3.4.2 a). Non-fibrous material was evident on the 
fabric, presumably attributable to the presence of SYLGARD™. Yarns were filled in with treatment 
(i.e. cohesion occurred among the fibres in yarns and at points of yarn intersections) notwithstanding 
interstitial spaces were not filled (i.e. remain as air space) (Figure 4.3.4.2 b). Fibres surrounding 
interstitial spaces were bonded within yarns and individual fibres were difficult to distinguish. The 
SYLGARD™ encapsulant seemed to bond to itself and to fibres; when extracting fibres, encapsulant 
was also extracted (Figure 4.3.4.2 c, d, e). Indentations of cotton fibres were in the extracted 
encapsulant. Deposition of the encapsulant was primarily in folds and twists of cotton fibres possibly 
indicating non-uniform deposition. 

Following encapsulation with Granger's®, the fabric structure, including yarns and interstices in the 
fabric as well as individual fibres twisted in the yarns, were apparent (Figure 4.3.4.2 a). Interstitial 
spaces were not filled, remaining as empty space. Some cohesion between and among fibres in yarns 
occurred (Figure 4.3.4.2 b). Deposition of extraneous material (likely attributable to graphene ink and 
Granger's® encapsulant) was evident on fibres and among fibres surrounding interstitial spaces 
(Figure 4.3.4.2 a, b). Build-up was greater in some areas of the fabric than others. Deposition was 
visible on fibres both in fabrics and those extracted from fabrics (Figure 4.3.4.2 a-d). Particles and 
flakes were present to a greater extent than fibres with graphene ink only, suggesting presence of 
Granger's® encapsulant. PDMS encapsulated fabrics had similar surface properties to fabric 
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Figure 4.3.4.2 
Appearance of cotton knit functionalised with graphene ink and encapsulated - SEM 

a Knit 
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Figure 4.3.4.2 contd  
b Interstitial spaces of knit 
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Figure 4.3.4.2 contd  
c Extracted fibres (x700) 
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Figure 4.3.4.2 contd  
d Extracted fibres (x2,700)  e Extracted SYLGARD™ encapsulant (x200) 
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Figure 4.3.4.2 contd  
e Extracted SYLGARD™ encapsulant (x200) 
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functionalised with graphene ink (Figure 4.3.4.2 a). The fabric structure could be seen, yarns and 
fibres distinguished, and interstitial spaces remained as air (Figure 4.3.4.2 a, b). Some particle 
deposition on the fabric was visible but minimal cohesion among fibres in yarns occurred. Particles 
and flakes were present on the fibres with greater deposition in folds and twists along the length, 
thus deposition was not uniform (Figure 4.3.4.2 c, d). A thinner layer of deposition may be present 
over the whole fibre surface with greater deposition is some areas than others. Ridges could be seen 
on the surface of the fibre.  

Spectral characteristics 
Infrared spectra revealed not treated and pre-treated specimens had characteristic peaks of cotton 
(Part 1 - 4.1.4 Results - cotton knit). Minimal changes to infrared spectra following functionalisation 
with graphene ink were evident (Figure 4.3.4.1). Similarities between regions related to cotton and 
graphene made distinguishing bands difficult. Although graphene ink was deposited, infrared 
reflectance provided little information. SYLGARD™ encapsulated specimens showed characteristic 
infrared spectra of PDMS including formation of new sharp peaks in low wavenumber regions 
(~1,227cm-1, 1,061cm-1, 1,005cm-1, and 762cm-1). Changes to wavenumber and increased sharpness of 
other peaks typical of cotton (sharp O-H region 3,000cm-1 to 3,018cm-1) also provided evidence for 
deposits. Granger's® and PDMS encapsulated specimens had only small shifts in wavenumber and 
an overall flattening of the spectra. 

Raman spectra83 showed yarns extracted from pre-treated cotton had characteristic peaks of cotton, 
including 375cm-1 symmetric δ(CCC) ring, 895cm-1 symmetric ν(C-O-C) in plane, 1,094cm-1 ν(C-O-C) 
asymmetric vibrations of the glycoside link, 1,116cm-1 symmetric ν(C-O-C) vibrations of glycoside 
bond (Cellulose), 1,338cm-1 (CH2) wagging (Cellulose), 1,378cm-1 CH2 bending and skeletal modes 
(Figure 4.3.4.3 a) (Jahn et al., 2002; Lewis and Edwards, 2001; Sahito et al., 2015a). G and 2D bands 
were evident in spectra of graphene ink, both the wet ink (1,572cm-1 and 2,691cm-1, respectively) and 
dried ink (1,569cm-1 and 2,670cm-1, respectively) (Figure 3.4.3 a). The D band was also present in 
spectra of dried graphene ink (1,336cm-1). Additional peaks were apparent with the wet ink related 
to the solvent (1,439cm-1, 2,873cm-1, and 2,928cm-1, respectively). SYLGARD™, Granger's®, and PDMS 
each had a distinctive band in the same region (2,899cm-1, 2,899cm-1, 2,877cm-1, respectively) assigned 
to C-H symmetric stretching (Figure 4.3.4.3 a) (Jayes et al., 2003). SYLGARD™ also had a band at 
1,411cm-1, typical of PDMS (C-H asymmetric bend) (Jayes et al., 2003). Bands at 1,437cm-1 and 1,438cm-

1 of Granger's® and PDMS may to relate to PDMS. 

Graphene G and D bands (1342cm-1 and 1594cm-1, respectively) are indicative of graphene ink 
presence on the yarns extracted from knits (Geim and Novoselov, 2010; Kowalczyk et al., 2017; Souri 
and Bhattacharya, 2018b). Signals related to cotton (cyan) and graphene (yellow) were evident of 
graphene ink treated cotton (Figure 4.3.4.3 b). The graphene ink (including solvent) and cotton were 
distinct domains with no evidence of ink penetration in the cotton fibres (i.e. fixed around and among 
fibres). SYLGARD™ encapsulated specimens showed a spectral domain of wet graphene ink and a 
second distinct spectral domain related to SYLGARD™, that accumulated among cotton fibres 
(Figure 4.3.4.3 b). Spectra of SYLGARD™ appeared more crystalline than the other two coatings;   

 

83 Based on information provided by Samanali Garagoda Arachchige. 
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Figure 4.3.4.3 
Cotton knit functionalised with graphene ink and encapsulated - Raman 

a Spectra of treatments  
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Figure 4.3.4.3 contd 
b Spectra of cross-sections of extracted yarns 
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Figure 4.3.4.3 b contd 
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Figure 4.3.4.3  
c Spectral stack of different depth of yarns 
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PDMS and Granger's® did have similar chemical structural features to SYLGARD™. Of Granger's® 
encapsulated specimens, spectral features could be attributed to the wet ink, dry ink and cotton, each 
a separate domain (Figure 4.3.4.3 b). For PDMS encapsulated specimens three distinct spectral 
domains were evident; the cotton (cyan), the dried graphene ink (red) and the wet graphene ink 
(yellow) with no evidence of inter-domain penetration (Figure 4.3.4.3 b). No spectral evidence of 
Granger's® or PDMS presence on fibres could be identified.  

Uniform spectral features from different depths with varying noise were found for graphene ink 
treated, SYLGARD™ and PDMS encapsulated specimens. Changing noise could relate to moving in 
and out of focus within the yarns. All spectral features were assignable to graphene or cotton. 
Additionally, principal component analysis showed graphene ink and cotton fibre spectral signatures 
versus noise in the loadings among which no evidence of encapsulants was identified. Therefore, 
spectral variation was consistent with movement in and out of focus with no evidence for change in 
relative composition of the specimen measured with depth.  

Effects on fabric properties 
Functionalisation had an effect on mass and thickness (F5,24=490.72, p≤0.001; F5,24=21.74, p≤0.001, 
respectively; Table 4.3.4.2 a-b). Mass per unit area increased and thickness decreased following the 
graphene ink treatment (26%, -7%, respectively) and both decreased when graphene ink treated 
specimens were measured sequentially (-0.7% for each). Some of the difference can be accounted for 
by variability. Mass per unit area and thickness were greatest following encapsulation with 
SYLGARD™ (48%, 7%, respectively), as expected based on viscosity of the encapsulant. The increase 
in each is potentially desirable indicating a protective barrier, although not preferred in terms of 
maintaining conventional fabric properties. Encapsulation with Granger's® and PDMS resulted in 
the lowest change for mass (-9%, -15%, respectively) and thickness (-0.2%, 2%, respectively). Four 
groups were identified for mass (PDMS; Granger's®; graphene ink; SYLGARD™) and three groups 
were identified for the effect of thickness (graphene ink, Granger's®; Granger's®, PDMS; 
SYLGARD™). The number of wales and courses differed (F1,58=27.69, p≤0.001) where courses slightly 
exceeded wales (Table 4.3.4.2 c). No effect of functionalisation on stitch density of the wales or courses 
was identified (F5,24=1.48, NS; F5,24=0.55, NS, respectively). 

Bending length and flexural rigidity did not differ between measurements of specimens cut parallel 
to the wales or courses (F1,22=2.51, NS; F1,22=1.48, NS, respectively; Table 4.3.4.2), therefore, specimens 
cut parallel to the wales were considered acceptable to compare functionalised specimens. 
Functionalisation influenced bending length (F5,66=4.31, p≤0.001) and flexural rigidity (F5,66=22.07, 
p≤0.001) of the knit (Table 4.3.4.2 d). Pre-treatment caused a slight increase in both when compared 
to the not treated fabric. Application of the graphene ink resulted in a further increase. Subsequent 
deposits of Granger's® and PDMS caused a reduction in bending length and flexural rigidity while 
SYLGARD™ increased each the most. Two groups were identified for effects on the cotton knit (nil, 
pre-treated, PDMS, Granger's®, graphene ink; PDMS, Granger's®, graphene ink, SYLGARD™). 
Increased stiffness is not desirable in next-to-skin apparel if movability with the body is compromised, 
thus the treated fabrics, especially SYLGARD™ encapsulated, may be less preferred. 
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Table 4.3.4.2 
Cotton knit functionalised with graphene ink and encapsulated - structural  

properties and stiffness 

 nil pre-treated non-encap SYLGARD™ Granger’s® PDMS control 
a mass (n=5)      
mass per unit area (g/m2)      
before encapsulation      
mean 164.86 167.83 229.46 226.81 222.11 212.51 256.13 
s.d. 2.29 5.26 5.61 5.94 6.50 5.56 7.91 
CV% 1.39 3.14 2.44 2.62 2.93 2.62 3.09 
after encapsulation**       
mean - - 227.79 334.76 201.73 181.61 - 
s.d. - - 5.90 12.20 5.12 2.85 - 
CV% - - 2.59 3.64 2.54 1.57 - 
% change in mass      
mean - - -0.73 47.68 -9.17 -14.52 - 
s.d. - - 0.37 6.62 0.43 1.26 - 
CV% - - 50.20 13.88 4.72 8.70 - 

       
b thickness (n=5)      
thickness (mm)      
before encapsulation      
mean 0.81 0.76 0.73 0.72 0.73 0.72 1.26 
s.d. 0.01 0.01 0.01 0.02 0.02 0.02 0.01 
CV% 1.03 1.32 1.85 2.31 2.91 2.09 0.71 
after encapsulation**       
mean - - 0.71 0.77 0.73 0.74 - 
s.d. - - 0.01 0.03 0.02 0.01 - 
CV% - - 1.99 4.04 2.26 2.01 - 
% change in thickness      
mean - - -2.20 6.89 -0.23 1.95 - 
s.d. - - 0.75 3.04 2.60 1.86 - 
CV% - - 34.16 44.06 1116.12 95.23 - 
        
c stitch density (yarns per 10mm) (n=5)    
wales        
mean 15.68 15.96 15.44 15.44 14.64 15.44 18.08 
s.d. 0.48 0.75 0.91 0.61 0.88 1.07 0.23 
CV% 3255.38 2117.67 1696.81 2545.21 1670.55 1441.04 7928.60 
courses        
mean 16.08 16.44 16.44 16.8 16.52 16.52 18.28 
s.d. 0.33 0.57 0.52 0.47 0.63 1.27 0.41 
CV% 4804.82 2870.55 3175.66 3581.77 2638.56 1301.15 4407.70 
        
d stiffness* (n=12)      
bending length (mm)84      
mean 10.70 11.70 14.20 15.80 12.60 12.20 12.20 
s.d. 0.29 0.38 0.24 0.15 0.33 0.38 0.05 
CV% 27.58 32.19 17.18 9.33 26.17 30.87 4.44 
flexural rigidity (mg/cm)       
mean 24.09 34.31 70.00 133.90 48.30 40.57 46.86 
s.d. 16.06 24.43 33.72 36.35 34.33 27.13 6.11 
CV% 66.66 71.19 48.18 27.14 71.08 66.89 13.04 

- denotes not measured;  
* in preliminaries no difference between measurements obtained parallel to the wales and courses was found, 
therefore measurements parallel to the wales were used for comparisons 
** data is provided for after encapsulation for the non-encap samples as an indication of variability between 
taking two sequential measurements 
  

 

84 Standard (BS 3356:1990) specifies cm, converted to mm because of small values. 
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Functionalisation had an effect on water absorbency time of the knit (F5,24=165.25, p≤0.001; Table 
4.3.4.3 a; Figure 4.3.4.4). Droplets on the not treated cotton knit remained spherical and evaporated, 
and therefore did not absorb. That on pre-treated fabrics were spherical on first contact, gradually 
flattened, and then absorbed in the fabric over a period >10min. Droplets were flattened on initial 
contact with graphene ink treated and PDMS encapsulated fabrics and absorbed within 3s. On 
SYLGARD™ encapsulated specimens, water droplets beaded initially, gradually flattened over time, 
eventually absorbing in the fabric after >10min. Droplets initially beaded and gradually flattened on 
Granger's® encapsulated specimens absorbing in just under 5min. Not treated and pre-treated 
specimens were similar, and effects differed from graphene ink, Granger's®, and PDMS, but not 
SYLGARD™. Functionalised specimens were each different from the other bar graphene ink and 
PDMS encapsulated specimens. Three groups were identified (PDMS, graphene ink; Granger's®; nil, 

pre-treated, SYLGARD™). Hydrophilicity increased with application of graphene ink, Granger'sâ 

and PDMS while SYLGARDÔ conferred hydrophobicity like the original state of the knit. The latter 
has desirable aspects for preventing contamination but may have consequences on moisture transfer 
and perceptions of how the fabric wears when moisture transfer is necessary (e.g. sweating). 

Functionalisation affected contact angle (F5,54=36.99, p≤0.001), liquid absorptive capacity (F5,24=62.69, 
p≤0.001), regain (F5,24=8.44, p≤0.001), permeability to water vapour (F5,12=12.79, p≤0.001), and 
permeability to air (F5,54=30.86, p≤0.001) (Table 4.3.4.3 b-f). Contact angle was reduced with 
application of graphene ink and PDMS compared to pre-treated and not treated specimens. The effect 
of Granger's® was similar, but to a less strong. Encapsulation with SYLGARDTM increased contact 
angle but remained smaller than not treated specimens. Three groups were identified (graphene ink, 
PDMS; Granger's®, pre-treated; pre-treated, SYLGARD™, nil). Therefore, hydrophilicity increased 

following application of graphene ink, PDMS, and Granger'sÒ and increased hydrophobicity with 
SYLGARD™ was confirmed by contact angle. 

Other than SYLGARD™, each functionalising treatment produced a fabric with greater liquid 
absorptive capacity compared to the not treated fabric. Four groups were identified (SYLGARD™, 

nil; pre-treated, Granger'sÒ; Granger'sÒ, graphene ink; graphene ink, PDMS). Therefore, 
SYLGARD™ encapsulated specimens could not hold much water compared to the remaining fabrics, 
potentially desirable to prevent interference with conductivity and/or soiling, less desirable for 
effective cleaning or sensing liquid presence. 

In terms of regain, the SYLGARD™ encapsulated knit had the lowest regain that was different from 
the remaining fabrics, while other functionalised fabrics did not differ. Two groups were found 
(SYLGARD™; PDMS, nil, Granger's®, graphene ink, pre-treated). Moisture regain of the knit 
decreased with SYLGARD™, potentially undesirable for next-to-skin wear properties, while the other 
encapsulants and not treated fabrics had similar performance preferable for next-to-skin wear. 

The specimens which had not been treated differed in permeability to water vapour from all 
functionalised specimens which resulted in a similar decrease. Two groups were evident (nil; 
SYLGARD™, Granger's®, graphene ink, pre-treated, PDMS). Transfer of water vapour was affected 
to a lesser extent than other moisture related properties. All fabrics had desirable water vapour 
transfer properties to facilitate. 
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Table 4.3.4.3  
Cotton knit functionalised with graphene ink and encapsulated - moisture and  

air transfer properties 

 

 

 nil pre-treated non-encap SYLGARD™ Granger’s® PDMS control 

a water absorbency time (s) (n=5) 
mean 300.00 300.00 2.60 300.00 205.80 2.40 7.20 
s.d. 0.00 0.00 0.55 0.00 62.24 0.55 0.84 
CV% 0.00 0.00 21.07 0.00 30.24 22.82 11.62 

     
b liquid absorptive capacity (n=5)     
mean 62.12 154.38 212.44 36.08 181.28 233.69 306.96 
s.d. 5.00 54.23 7.27 7.74 4.51 3.76 7.90 
CV% 8.05 35.13 3.42 21.45 2.49 1.61 2.57 

  
c contact angle (°) (n=10)  
mean 67.93 90.55 0.00 75.24 43.92 0.00 0.00 
min 56.18 83.45 0.00 51.15 0.00 0.00 0.00 
max 77.32 100.33 0.00 89.52 106.88 0.00 0.00 
s.d. 6.64 6.11 0.00 11.17 47.38 0.00 0.00 
CV% 9.78 6.75 0.00 14.84 107.88 0.00 0.00 

image 
       

      
d regain (%) (n=5)      
mean 7.94 9.08 8.62 4.53 8.48 7.27 12.30 
s.d. 2.78 0.50 0.76 0.60 0.56 0.67 1.09 
CV% 35.08 5.54 8.80 13.15 6.66 9.20 8.86 
        

     
e water vapour permeability index (n=3)     
mean 106.53 231.66 219.82 202.47 258.74 209.99 90.59 
s.d. 2.68 22.21 14.14 26.68 46.35 15.89 5.01 
CV% 2.52 9.59 6.43 13.18 17.91 7.57 5.53 
        

     
f air permeability (mm/s) (n=10)     
mean 377.75 363.72 444.88 285.56 404.80 305.60 758.18 
s.d. 20.07 10.61 58.08 26.40 36.34 32.81 38.73 
CV% 5.31 2.92 13.06 9.25 8.98 10.74 5.11 
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*droplets absorbed before the total time elapsed is indicated by blank space  

time  
(s) nil pre-treated non-encap SYLGARD™ Granger's® PDMS 
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Figure 4.3.4.4 
Cotton knit functionalised with graphene ink and encapsulated - appearance of  

water droplets over time* (n=5) 
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For permeability to air, graphene ink and Granger's® encapsulated specimens were similar and 
differed from the remaining treatments. SYLGARD™ resulted in the greatest decrease but the effect 
was not different to PDMS. Three groups were identified (graphene ink, Granger's®; pre-treated, nil, 
PDMS; PDMS, SYLGARD™). A decrease in permeability to air was not preferable for next-to-skin 

applications, therefore PDMS and SYLGARDÔ may be least suited. 

The ranking of the functionalised cotton specimens differed according to encapsulants (χ2=11.16, 
df=3, p=0.01). Specimens with graphene ink only differed from SYLGARD™ (Z=-2.07, p=0.04) and 
Granger's® (Z=-2.12, p=0.03) but not PDMS (Z=-0.97, p0.33). SYLGARD™ differed from Granger's® 
(Z=-2.07, p=0.04) and PDMS (Z=-2.04, p=0.04) but PDMS did not differ from Granger's® (Z=-0.97, 
p=0.33). PDMS had the greatest standard deviation and therefore overlapping values with graphene 
ink and Granger's®. 

Granger's® and PDMS encapsulated specimens were ranked most similar to the baseline fabric (i.e. 
ranked first) (mean 2.00, s.d. 1.00, CV% 50.00; mean 1.40, s.d. 0.55, CV% 39.12). Specimens with 
graphene ink only were next similar (mean 2.60, s.d. 0.55, CV% 21.07). Lastly SYLGARD™ 
encapsulated specimens were most different (i.e. ranked fourth, mean 4.00, s.d. 0.00, CV% 0.00). 
Ranking of Granger's®, PDMS, and graphene ink was not consistent among participants suggesting 
differences were not large enough for participants to consistently distinguish. Assessors applied the 
same criterion in ranking, suggesting overall agreement across assessors (W=0.74, χ2=11.16, df=3, 
p=0.01). All participants concluded the fabric not treated, that with graphene ink and that 
encapsulated with PDMS had acceptable tactile properties to be used for a patch in next-to-skin 
apparel (i.e. 100% of responses were acceptable). Approximately 60% of participants agreed 
SYLGARDTM encapsulated specimens had acceptable tactile properties while 80% agreed Granger's® 
was acceptable. All the fabrics have acceptable tactile properties to be integrated as a patch in 
garments worn next to the skin. 

Conductivity 
Graphene ink conferred conductivity to the cotton knit. Conductivity was as high as 10S/m 
(resistance as low as 139Ω) (Table 4.3.4.4 a). The carbon structure network was retained through the 
functionalisation processes. Encapsulation had a significant effect on conductivity (F3,32=89.34, 
p≤0.001; Table 4.3.4.4 a). Each encapsulation differed from that with graphene ink only and 
Granger's® and SYLGARD™ had different effects. SYLGARD™ had the greatest effect, decreasing 
conductivity, followed by PDMS and Granger’s®. Three groups were identified (SYLGARD™, 
PDMS; PDMS, Granger's®; graphene ink). Sequential measurements of graphene ink treated 
specimens also differed; therefore, variability in the measurement processes likely accounted for 
some change. Despite the decrease in conductivity, the level was still considered desirable. 
Conductivity was typically higher parallel to the course direction than parallel to the wales, this 
difference was not significant (F1,32=0.70, NS), nor an interaction with encapsulation (F3,32=0.92, NS). 

With the central strip of encapsulation, functionalisation still had an effect (F3,24=5.13, p≤0.01) and 
there was no effect of measurement direction (F2,24=3.27, NS) nor was there an interaction between 
the two factors (F6,24=0.89, NS) (Table 4.3.4.4 b). Each encapsulation had a different effect compared 
to specimens with only graphene ink (highest conductivity) and conductivity was similar among 
encapsulations. Two groups were identified for functionalisation (PDMS, Granger's®, SYLGARD™; 
graphene ink). Penetration of the encapsulants in the graphene ink treated fabric affected   
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Table 4.3.4.4 
Cotton knit functionalised with graphene ink and encapsulated - conductivity 

a Fully encapsulated 

 nil pre-treated non-encap SYLGARD™ Granger’s® PDMS control 
conductivity (S/m) (n=5)      
before encapsulation      
wales      
mean 0.00 0.00 10.21 7.35 7.46 5.94 0.00 
s.d. 0.00 0.00 2.05 2.01 1.12 1.01 0.00 
CV% 0.00 0.00 20.05 27.37 15.04 16.96 0.00 
      
after encapsulation (n=5)**      
wales        
mean 0.00 0.00 7.65 0.92 2.38 1.63 0.00 
s.d. 0.00 0.00 2.14 0.34 0.15 0.32 0.00 
CV% 0.00 0.00 28.00 36.54 6.16 19.97 0.00 
        
courses        
mean 0.00 0.00 6.58 1.12 2.37 1.52 0.00 
s.d. 0.00 0.00 1.33 0.37 0.41 0.24 0.00 
CV% 0.00 0.00 20.17 32.62 17.27 16.06 0.00 
     
% change in (wales) (n=5)    
mean - - -25.18 -87.75 -67.39 -72.46 - 
s.d. - - 14.96 1.46 6.24 3.92 - 
CV% - - 59.42 1.66 9.26 5.41 - 

** data is provided for after encapsulation for the non-encap samples as an indication of variability between 
taking two sequential measurements 
 
 

b Central strip of encapsulation 

 nil pre-treated non-encap SYLGARD™ Granger’s® PDMS control 
conductivity (S/m) (n=3)    
wales        
mean 0.00 0.00 19.02 3.40 7.69 6.69 0.00 
s.d. 0.00 0.00 4.32 1.73 2.26 0.49 0.00 
CV% 0.00 0.00 22.73 50.71 29.41 7.29 0.00 
        
courses        
mean 0.00 0.00 19.03 3.31 6.36 7.17 0.00 
s.d. 0.00 0.00 2.71 1.47 1.05 0.76 0.00 
CV% 0.00 0.00 14.22 44.25 16.52 10.57 0.00 
        
diagonal        
mean 0.00 0.00 10.64 2.73 4.80 4.01 0.00 
s.d. 0.00 0.00 3.01 1.46 1.21 0.76 0.00 
CV% 0.00 0.00 28.29 53.62 25.26 18.85 0.00 

- denotes not measured, 0.00 indicates electrical resistance could not be detected to determine conductivity 

fully encapsulated central strip of encapsulation 
       black = graphene ink treated fabric 
       white = encapsulants 
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conductivity and reduced contact with the connectors likely also contributed to the decrease, 
especially with respect to encapsulation with SYLGARD™. 

Effects of wash85 
Graphene ink was re-distributed or removed from the fabric specimens (Figure 4.3.4.5). Areas of 
white were perceptible on specimens treated with graphene ink, and those also encapsulated with 
Granger's® and PDMS. Specimens encapsulated with SYLGARD™ did not show the same 
differences in appearance (i.e. less disruption/removal of graphene ink). As the number of wash 
cycles increased, loss in colour was spread over the specimen. Change to the technical face and 
technical rear appeared similar, perhaps with slightly less loss from the technical rear, primarily for 
Granger's® and PDMS encapsulated specimens. Once removable graphene ink was gone the 
remaining graphene ink was not degraded (i.e. no change occurred to the graphene ink that remained 
fixed to the fabric). No pilling was evident with washing. 

Wash had an effect on conductivity (F1.11,17.73=81.95, p≤0.001), resulting in a decrease (Figure 4.3.4.6; 
Table 4.3.4.5). Functionalisation changed the response to wash (F3.32,17.73=21.19, p≤0.001) but 
measurement direction had no effect (F1.11,17.73=0.21, NS), nor was there an interaction among wash, 
functionalisation, and measurement direction (F3.32,17.73=0.57, NS). Specimens treated with graphene 
ink were most different from that encapsulated while each encapsulation had similar effects in 
providing protection against exposure to wash. Cycles of six and ten washes were most similar as 
well as 20 and 30, and 40 and 50. 

Performance with pilling and abrasion86 
Crocking and tangling of graphene ink and encapsulated fibres occurred to the areas surrounding 
the treated parts of the specimen, and to the abradant. Most transfer appeared to occur with the 
SYLGARD™ encapsulated specimens. Considering the area adjacent to the specimen (not tested 
statistically) is important if the functionalised fabric is to be a patch in a larger area of fabric. 
Examining the abradant is critical if the functionalised fabric is to be worn under a fabric and therefore 
susceptible to abrasion and/or pilling. The crocking and pilling observed were considered 
undesirable. 

Pills were dense on the abradant and surrounding areas of specimens with fewer pills on graphene 
ink treated and encapsulated surfaces (Figure 4.3.4.7 a-b; 4.3.4.8 a-b). The pills were more perceptible 
on abradants of functionalised specimens compared to non-treated specimens due to crocking of 
graphene ink onto abradants or capture and transfer of fibres from graphene ink and encapsulated 
fibres to the abradant. Fibres were disrupted on functionalised surfaces, extending from the yarns.  

Fewest pills formed on specimens encapsulated with SYLGARD™, both on the graphene ink treated 

and encapsulated area and surrounding the specimen (Figure 4.3.4.7 b). SYLGARDÔ encapsulant 
may have spread beyond the graphene ink treated area and effected pill formation. Pills were 
inhibited from forming rather than forming and then being abraded off. A lower density of pills 
formed on specimens encapsulated with PDMS compared to that of graphene ink and those   

 

85 Change of colour coordinates with wash are given in Appendix B. 

86 Change of colour coordinates with abrasion is provided in Appendix B. 
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Figure 4.3.4.5 
Appearance of cotton knit functionalised with graphene ink and encapsulated with  

wash - photographic and microscope images (n=5) 
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Figure 4.3.4.5 contd 
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a            i 

 
ii 

 
b            i 

 
ii 

 

Figure 4.3.4.6 
Conductivity of cotton knit functionalised with graphene ink and  

encapsulated with wash (n=5) 
a Wales i Values ii % change b Courses i Values ii % change 

*Note, intervals between values on the x axis are not equal 
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Table 4.3.4.5 

Conductivity of cotton knit functionalised with graphene ink and  
encapsulated with wash (n=3) 

 non-encap SYLGARD™ Granger's® PDMS 
 wales courses wales courses wales courses wales courses 
cotton knit         
electrical conductivity (S/m)      
0 wash         
mean 4.47 3.59 0.68 0.89 0.90 1.20 0.94 1.01 
s.d. 1.77 1.44 0.278 0.11 0.13 0.08 0.26 0.04 
CV% 39.50 40.25 40.63 12.66 14.29 6.80 28.14 3.57 
         
100 wash         
mean 0.03 0.04 0.13 0.25 0.07 0.12 0.04 0.06 
s.d. 0.01 0.02 0.04 0.07 0.01 0.02 0.02 0.04 
CV% 34.40 56.84 32.59 28.66 19.50 18.56 54.29 78.72 
         
% change        
mean -99.30 -98.82 -78.15 -71.80 -92.07 -89.73 -95.39 -94.39 
s.d. 0.47 0.26 13.74 5.19 0.89 2.28 3.94 4.62 
CV% 0.48 0.27 17.58 7.23 0.97 2.54 4.13 4.90 
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a    
specimen  abradant  
pre-treated non-encap pre-treated non-encap 
0 cycles    

    
1,000 cycles    

    
5,000 cycles    

    
25,000 cycles    

    
50,000 cycles    

    

Figure 4.3.4.7 
Appearance of cotton knit functionalised with graphene ink and encapsulated with  

abrasion - photographic images 
a Effect of graphene ink 
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b   
specimen   
SYLGARD™ Granger’sÒ PDMS 
0 cycles   

   
1,000 cycles   

   
5,000 cycles   

   
25,000   

   
50,000   

   

Figure 4.3.4.7 contd 
b Effect of encapsulation 
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b contd   
abradant   
SYLGARD™ Granger’sÒ PDMS 
0 cycles   

   
1,000 cycles   

   
5,000 cycles   

   
25,000 cycles   

   
50,000 cycles   

   

Figure 4.3.4.7 b contd 
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a     
nil non-encap SYLGARD™ Granger's® PDMS 
no abrasion     

     
    
50,000 abrasion cycles    
specimen     

     
   
50,000 abrasion cycles   
adjacent to the specimen   

     
     
     
b     
nil non-encap SYLGARD™ Granger's® PDMS 
no abrasion     

     
    
50,000 abrasion cycles    
abradant     

     
   
50,000 abrasion cycles   
abradant pills     

     

Figure 4.3.4.8 
Appearance of cotton knit functionalised with graphene ink and encapsulated with  

abrasion - microscope images 
a Specimen b Abradant 
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encapsulated with Granger's® (Figure 4.3.4.7 b). SYLGARDÔ had the most desirable performance in 
terms of pilling, but crocking of graphene ink was not ideal for which Granger's® and PDMS 
conferred improved performance. 

The specimen and abradant differed with respect to the number of pills (F1,20=333.34, p≤0.001), 
therefore, each was examined separately. Functionalisation affected the number of pills on knit 
specimens (F4,10=16.64, p≤0.001) and abradants (F4,10=16.28, p≤0.001) (Table 4.3.4.5). Pill density was 
low on functionalised areas of specimens, fuzzing was pronounced and/or pills were redistributed 
over the specimen, to the abradant, or shed. Shedding was considered unlikely, as no pills were 
observed around the fabric edges. In terms of fabric specimens, pre-treated differed from all 
functionalised specimens bar PDMS. The effect of SYLGARD™ was most different to PDMS and 
graphene ink but did not differ from Granger's®. For the abradants the pre-treated knit differed from 
that with graphene ink or SYLGARD™. Abradants of graphene ink treated specimens also differed 
from those PDMS encapsulated; and SYLGARD™ were different from that of Granger's® and PDMS. 
Three groups were identified for specimens (SYLGARD™, Granger's®; Granger's®, graphene ink, 
PDMS; PDMS, pre-treated) and for abradants (pre-treated, PDMS, Granger's®; Granger's®, graphene 
ink; graphene ink, SYLGARD™). 

The vertical axis (parallel to the wales) was greater than the horizontal axis (parallel to the courses) 
of pills on the specimen sand abradant (F1,90=22.57, p≤0.001; F1,90=12.18, p≤0.001, respectively). Axes 
were comparatively similar when pills formed on SYLGARD™ encapsulated specimens compared to 
pills from specimens with the remaining functionalisation treatments. Functionalisation also had an 
effect on pills dimensions from specimens and abradants (F4,90=18.28, p≤0.001; F4,90=7.44, p≤0.001, 
respectively). There was no interaction between the two factors (F4,90=1.95, NS; F4,90=1.00, NS, 
respectively). Pills of functionalised specimens differed in dimensions to pills of pre-treated 
specimens. SYLGARD™ encapsulated specimens and the abradants shed pills different from the 
other functional treatments, all of which were similar. Three groups were identified for pills of 
specimens (SYLGARD™; PDMS, Granger's®, graphene ink; pre-treated) and two for that of 
abradants (SYLGARD™; PDMS, pre-treated, Granger's®, graphene ink). Smaller pills (i.e. that of 
SYLGARD™) could potentially be less visible and therefore preferred. 

A difference in pilling ratings following 50,000 cycles due to functionalisation treatments was found 
for specimens and abradants (χ2=31.02, df=3, p=0.00; χ2=14.91, df=3, p=0.00, respectively) (Table 
4.3.4.6). In terms of specimens, those SYLGARD™ encapsulated differed from specimens with 
graphene ink only (Z=-3.43, p=0.00), Granger's® (Z=-3.39, p=0.00), and PDMS (-3.37, p=0.00). 
Granger's® encapsulated specimens also differed from those with graphene ink only (Z=-3.05, 
p=0.00) and PDMS (Z=-2.17, p=0.03) but graphene ink only and PDMS did not differ (Z=-1.50, p=0.13). 
When considering abradants, pilling rating of SYLGARD™ differed from those with graphene ink 
only (Z=-2.60, p=0.01) and those encapsulated with PDMS (Z=2.59, p=0.01) but the remaining treated 
fabrics were not different from one another (i.e. graphene ink compared to Granger's® (Z=-1.41, 
p=0.16) and PDMS (Z=-0.58, p=0.56) as well as Granger's® compared to SYLGARD™ (Z=-1.72, 
p=0.09) and PDMS (Z=-1.13, p=0.26)). SYLGARD™ specimens were consistently rated higher than 
the remaining fabrics, Granger's® often followed and graphene ink only and PDMS were rated lowest. 
Therefore, SYLGARD™ encapsulated specimens had superior performance. Abradants all were rated 
similarly indicating poor performance.  
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Table 4.3.4.6 
Propensity to pill of cotton knit functionalised with graphene ink and encapsulated 

- dimensions of shed pills (n=10) 

 pre-treated non-encap SYLGARDä Granger'sÒ PDMS 
specimen (mm) 
     axis 1* 
mean 0.48 0.33 0.15 0.33 0.26 
s.d. 0.17 0.09 0.11 0.08 0.13 
CV% 36.40 26.67 72.09 25.21 49.55 

 
axis 2† 

mean 0.32 0.22 0.13 0.18 0.22 
s.d. 0.10 0.05 0.05 0.04 0.10 
CV% 29.67 24.23 36.40 23.83 45.08 

 
abradant (mm) 

axis 1* 
mean 0.46 0.55 0.24 0.48 0.44 
s.d. 0.10 0.23 0.09 0.16 0.19 
CV% 22.95 42.51 35.68 33.79 44.22 

 
axis 2† 

mean 0.34 0.43 0.25 0.32 0.32 
s.d. 0.09 0.14 0.14 0.13 0.10 
CV% 25.86 32.19 55.51 40.63 31.73 

*parallel to wales;  
†parallel to courses 
 

 

Table 4.3.4.7 
Propensity to pill of cotton knit functionalised with graphene ink and encapsulated 

- visual rating (n=5) 

 mean rating (1-5)* 
 non-encap SYLGARDä Granger'sÒ PDMS 

specimen (n=5)     
mean 1.8 4.7 2.6 2.2 
s.d. 0.62 0.65 0.74 0.86 
CV% 33.67 13.81 28.34 39.65 
     
abradant (n=5)     
mean 1.0 1.5 1.2 1.1 
s.d. 0.13 0.48 0.31 0.18 
CV% 12.49 32.77 26.45 16.49 

*1 = very severe, 2 = severe, 3 = moderate, 4 = slight, 5 = no pilling (ASTM D 3514) (American Society for Testing 
and Materials, 2020) 
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Agreement among assessors was evident for assessment of the specimens and abradants (W=0.69, 
χ2=31.02, df=3, p=0.00; W=0.33, χ2=14.91, df=3, p=0.00, respectively). Assessors agreed SYLGARD™ 
and Granger's® encapsulated specimens yielded a fabric with different propensity to pill compared 
to effects of the other functionalisation treatments. Effects of abradants were less distinguishable 
among the functionalisation treatments with SYLGARD™ the only treatment effecting performance 
differently to the remaining treatments. 

Abrasion influenced conductivity (F2.08,16.61=112.03, p≤0.001) typically causing a reduction with 

increased the number of cycles (Figure 4.3.4.9 a-b87). The greatest drop occurred initially (i.e. for the 
first 7,000 to 10,000 cycles) followed by a plateau. Of the functionalisation treatments, those with 
graphene ink were most different from SYLGARD™ and PDMS encapsulated specimens despite no 
overall significant effect of functionalisation (F6.23,16.61=6.99, NS). Specimens treated with graphene ink 
only had the greatest drop and lowest conductivity overall while encapsulated specimens show a 
more gradual decrease. SYLGARD™ encapsulated specimens generally retained the highest 
conductivity up to ~5,000 cycles (% change was greatest for specimens treated with graphene ink 
only, then usually Granger's®, PDMS, and SYLGARD™). Thereafter encapsulations all had a similar 
response to abrasion. Desirable durability was conferred with encapsulation treatments. 

Durability with storage 
Conductivity decreased over time (F3.26,26.07=87.62, p≤0.001) and functionalisation had an effect on this 
response (F9.78,26.07=12.34, p≤0.01) (Figure 4.3.4.10). Each fabric had a greater initial decrease (i.e. first 
28 days) followed by lesser change with sequential measurements, with some indication of plateauing. 
Fabrics continued to show a decrease in conductivity over time. Graphene ink treated specimens had 
the greatest initial decrease compared to encapsulated specimens and generally were attributed with 
the greatest change in conductivity over the 365 days. Of the encapsulated specimens, SYLGARD™ 
showed the smallest change in conductivity, followed by Granger's® and PDMS. 

Testing hypotheses  
Hypothesis 1 

Hypothesis one was accepted based on effects of depositing graphene ink: appearance and surface 
chemistry changed, and conductivity was conferred. Following encapsulation of the graphene ink 
treated knit, appearance, surface chemistry, and conductivity differed. Granger's® and SYLGARD™ 
resulted in the greatest changes. Thus, hypothesis one which specified no difference would occur to 
said properties, was rejected.  

Hypothesis 2 

Additionally, changes to some fabric structure properties (mass, thickness), the moisture and air 
transfer properties, stiffness, and tactile properties occurred following encapsulation with each of the 
three encapsulants. Encapsulating with SYLGARD™ consistently resulted in the greatest changes to 
these properties. Hypothesis two was rejected which stated no change to structural or moisture 
related properties.   

 

87 Mauchly’s W had no value of significance, the assumption of sphericity was violated, the Greenhouse-Geisser test statistic 
was used (p=0.14, NS). 
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Figure 4.3.4.9 
Conductivity of cotton knit functionalised with graphene ink and  

encapsulated with abrasion (n=3) 

a Conductivity i Total cycles ii Selected low cycles88 iii Selected high cycles88; b % change 
*Note, intervals between values on the x axis are not equal 



 

296 

Table 4.3.4.8 
Conductivity of cotton knit functionalised with graphene ink and  

encapsulated with abrasion (n=3) 

 non-encap SYLGARD™ Granger's® PDMS 
 mean s.d. CV% mean s.d. CV% mean s.d. CV% mean s.d. CV% 
electrical conductivity (S/m) 
before 9.179 1.13 12.34 8.59 1.05 12.22 9.14 2.78 30.45 8.38 1.66 19.80 
             
50,000 0.004 0.00 67.16 0.03 0.03 101.88 0.05 0.03 69.32 0.02 0.02 67.96 

           
% 
change -99.96 0.03 0.03 -99.69 0.29 0.29 -99.46 0.30 0.30 -99.71 0.19 0.19 

 
 

 

88 Different y axes. 
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Figure 4.3.4.10 
Conductivity of cotton knit functionalised with graphene ink and encapsulated  

with storage (364 days) (n=3) 
a Conductivity b % change 
*Note, intervals between values on the x axis are not equal 
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Table 4.3.4.9 
Conductivity of cotton knit functionalised with graphene ink and  

encapsulated with storage (n=3) 

 non-encap SYLGARD™ Granger's® PDMS 
days mean s.d. CV% mean s.d. CV% mean s.d. CV% mean s.d. CV% 
electrical conductivity (S/m)         
1 6.39 0.83 12.95 1.14 0.17 14.79 1.92 1.09 57.00 5.27 0.71 13.48 
             
364 0.36 0.11 29.32 0.25 0.08 32.44 0.11 0.04 32.49 0.41 0.05 11.18 
             
% change -94.40 1.07 -1.13 -77.70 7.80 10.04 -92.99 3.63 3.91 -92.09 1.66 1.81 

 

Hypothesis 3 

Acceptance of hypothesis three was made based on greater durability conferred by encapsulation 
improving durability to wash, abrasion, and storage. SYLGARD™ also conferred the greatest increase 
in durability, partially rejecting hypothesis three that supposed no difference would occur among 
encapsulations.  

Final comments 

Therefore, applications requiring high durability can be optimised with SYLGARD™ with some 
potentially undesirable change to properties pertinent to next-to-skin wear. Alternatively, Granger's® 
and PDMS are best suited to applications in which retaining conventional next-to-skin properties is 
crucial with slightly less exposure to degradative processes. 

4.3.5 Ranking for efficacy of graphene ink and encapsulated 
To consider the results together, efficacy in treatments and their effects were ranked in decreasing 
order of desired effect (Table 4.3.5.1). Effects of the encapsulants were similar for several properties 
(i.e. conductivity, mass, thickness, water absorbency time, contact angle, regain, permeability to water 
vapour and to air). Encapsulating with SYLGARD™ produced a fabric most dissimilar to the original 
fabric but also conferred durability to a desirable level compared to graphene ink only, and generally 
to a higher extent than Granger's® and PDMS encapsulants. 
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Table 4.3.5.1 
Efficacy of graphene ink and encapsulants ranked for visual and chemical evidence and effects 

on performance and durability 

 non-encap SYLGARD™ Granger's® PDMS 
 wool cotton wool cotton wool cotton wool cotton 
visual and chemical evidence         
photographic images 1 1 4 1 1 2 2 2 
microscope images 1 1 4 1 1 2 2 2 
image analysis 1 1 4 2 3 2 3 3 
SEM 1 1 4 1 1 2 3 2 
colour (L* a* b*)† 2 1 1 3 3 1 4 4 
FTIR 1 1 2 4 4 2 4 4 
Raman 1 1 -89 - - - - - 
         
performance         
fabric structure (mass, 
thickness, stitch density) 1 1 4 2 2 4 2 2 
stiffness (bending length, 
flexural rigidity) 3 3 4 1 1 4 2 2 
water absorbency time^ 1 1 4 1 1 4 3 3 
liquid absorptive capacity^ 1 2 4 1 3 4 2 3 
contact angle^ 1 1 4 1 1 4 2 2 
regain 2 1 4 1 2 4 1 1 
permeability to water vapour 1 2 4 2 3 3 2 1 
permeability to air 1 1 4 2 2 1 3 3 
tactile 2 3 4 4 1 2 3 3 
conductivity 1 1 4 2 3 4 3 2 
         
durability         
wash - conductivity 4 4 1 2 3 1 3 2 
wash - technical face L* a* b* 4 4 1 2 2 1 2 2 
wash - technical rear L* a* b* 3 4 1 4 2 1 2 3 
wash - photographs 4 4 1 2 2 1 3 3 
abrasion - conductivity 4 4 1 2 2 1 3 3 
abrasion - specimen colour (L* 
a* b*) 4 3 1 2 3 1 3 4 
abrasion - abradant colour (L* 
a* b*) 2 2 4 1 1 4 3 2 
abrasion - photographs 4 3 1 2 3 1 3 2 
abrasion - microscope 1 2 2 2 3 1 2 3 
pill number and dimensions 4 4 3 2 2 1 1 3 
pilling rating - specimen 1 4 2 2 2 1 2 3 
pilling rating - abradant 1 4 1 1 4 3 1 4 
storage 4 4 1 2 2 1 3 3 

1 most desirable, 4 least desirable; †based on darkness/uniformity; ^opposite order if hydrophobicity is sought; 
description of the results based on L* a* b* are given in Appendix B. 
  

 

89 Could not be detected with Raman analysis. 
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4.3.6 Discussion 
Graphene ink and encapsulant deposits and association with fabric properties 
Graphene ink and encapsulant deposits were confirmed with photographs and optical microscope 
images, particularly no presence in interstitial spaces, relatively uniform deposition on yarns, and 
non-uniform deposition over fibres. Thus, although not uniform, the deposition followed contours of 
the yarns and fibres. Similar information was reported in publications revealing deposition of 
graphene ink on fabrics of cotton: (Tian, Hao, Qu, Zhu, Zhang, and Chen, 2019; Xu et al., 2019; Xu et 
al., 2020)), graphene nanoparticles/platelets/ribbons on fabrics constructed from wool: (Souri and 
Bhattacharya, 2018c), and cotton: (Qu et al., 2014; Gan et al., 2015; Kowalczyk et al., 2017; Zheng et al., 
2020)), and most frequently reduced graphene oxide deposits on wool fabrics: (Javed et al., 2014; 
Samad et al., 2014; Shirgholami, Loghman, and Mirjalili, 2016; Kim et al., 2018b), and cotton fabrics: 
(Montazer, Ghayem Asghari, and Pakdel, 2011; Liu et al., 2012; Shateri-Khalilabad and Yazdanshenas, 
2013a, b; Javed et al., 2014; Karimi et al., 2014, 2015; Liu, Zhang, Huang, Li, Chen, Li, and Shi, 2015b; 
Sahito et al., 2015b; Xu et al., 2015b; Xu et al., 2015a; Yun et al., 2015; Zhou et al., 2015; Karimi et al., 
2016; Cai et al., 2017; Chatterjee, Kumar, and Maity, 2017; Kowalczyk et al., 2017; Ren et al., 2017; He 
et al., 2018; Liu et al., 2019; Song et al., 2019; Stan et al., 2019)). 

The presence and distribution of graphene ink and encapsulants was confirmed with SEM in the 
present work, consistent with other published research; examples included SEM of treated wool 
(Pahuis et al., 2007; Javed et al., 2014; Motaghi and Shahidi, 2015; Xu et al., 2015b; Chan, Fawcett, and 
Poinern, 2016; Zhang, Fairbanks, and Andrew, 2017), and cotton (Hu et al., 2010; Javed et al., 2014; 
Qu et al., 2014; Gan et al., 2015; Gao et al., 2015; Tian et al., 2016; Kowalczyk et al., 2017; Ren et al., 
2017; Zhang, Fairbanks, and Andrew, 2017; Souri and Bhattacharya, 2018c, b; Liu et al., 2019; Song et 
al., 2019; Tian et al., 2019; Xu et al., 2019; Zheng et al., 2020)). Dissimilar was investigation concerning 
yarns and fibres extracted from the functionalised fabrics. Therefore, the present work yielded 
additional information not possible from obtaining images of fabrics alone. Many images in literature 
were off centred and not aligned. Formatting images to the same direction and/or dimensions was 
considered essential in the present work to improve consistency for analysis of visual differences 
attributable to treatment. This practise is recommended to ensure any differences identified are 
related to the factor of interest and not arrangement of the images. 

The Granger's® and PDMS encapsulants did not fill interstitial spaces, consistent with some 
published research on wool fabrics (Vervust et al., 2012; Javed et al., 2014; Chan, Fawcett, and Poinern, 
2016; Zhang, Fairbanks, and Andrew, 2017); and cotton fabrics (Hu et al., 2010; Song et al., 2019). In 

contrast, SYLGARDä encapsulation partially or completely filled interstices. Greater viscosity of 
SYLGARD™ could result in penetration and fixation in interstitial spaces of the fabric, while PDMS 
and Granger's® manoeuvred among yarns and fibres. The former fills air spaces while the latter fixes 
to the fibrous constituents. Some evidence of encapsulants totally filling interstitial spaces in fabrics 
was identified for both wool (Kaynak and Foitzik, 2011; Javed et al., 2014), and cotton (Sahito et al., 
2015a; Souri and Bhattacharya, 2018c). Differences in interlocking yarns in single jersey structures 
constructed of 100% wool and 100% cotton could be linked to differences in deposits. Cotton fabric 
yarns were closely interlocked/aligned for which graphene ink and encapsulants could readily 
deposit on the high surface area. Whereas with comparatively large interstitial spaces, graphene ink 
and encapsulants may have passed through open space (accumulated in the case of SYLGARD™) in 
wool rather than attaching to yarns and/or fibres.  
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Evidence of interactions between treatments applied to functionalised fabrics and sequential 
encapsulating treatments (e.g. siloxane) included agglomeration on the surface (Nafeie et al., 2016). 
Fortunately, no such interactions or agglomeration were identified in the present work. Some 
encapsulants have been reported as having pores when deposited on fabrics (Varnaite-Zuravliova et 
al., 2016). Presence of pores may be linked with the preservation of permeability of fabrics following 

deposition of encapsulants, especially Granger'sÒ and PDMS. Reduced presence of pores may be 
associated with lower permeability (i.e. SYLGARD™). 

Deposits on fibres occurred, either accumulating under scales of the wool fibres or in twists and folds 
of the cotton fibres. Reports of accumulation under ridges of fibres scales or a smoothing effect 
reducing friction has been reported of wool fibres (Wang et al., 2005; Kaynak and Foitzik, 2011; 
Montazer, Ghayem Asghari, and Pakdel, 2011). Reports related to cotton fibres included increased 
presence of ridges and accumulation in fibre irregularities/corrugations (Babu et al., 2009; Karimi et 
al., 2014; Gan et al., 2015; Karimi et al., 2015; Xu et al., 2015a; Karimi et al., 2016; Chatterjee, Kumar, 
and Maity, 2017; Song et al., 2019), smoothing of fibres (Abbas et al., 2013; Shateri-Khalilabad and 
Yazdanshenas, 2013b), or increase in fibre twistiness (Zhou et al., 2015). Each of these effects could be 
seen on cotton fibres after the graphene ink treatment and encapsulation. Identifying deposits on 
cotton fibres was more difficult than wool fibres due to the somooth fibre surface. Where changes to 
the fibre were not completely detectable, a thin layer may have been deposited, similar to some 
previously reported resulted (Shateri-Khalilabad and Yazdanshenas, 2013a, b), that was not visible 
with the microscope images. The areas where treatment was visible (e.g. particles) may be where 

accumulation occurred. Deposition of Granger'sÒ and PDMS could be seen on extracted yarns and 
fibres; SYLGARD™ was not visible, becoming detached from the yarns and fibres suggesting physical 

attachment. Disturbance was less for Granger'sÒ and PDMS, possibly attributed to the finer particle 
deposits compared to SYLGARD™. 

Inherent variability of wool and cotton fibres could contribute to non-uniform deposition. Non-
uniformity of graphene ink is not necessarily undesirable as long as there is sufficient deposition to 
maintain connections throughout the fabric and yield stable conductivity. Non-uniformity can 
therefore be considered acceptable. Having separations in treatment deposits may also have desirable 
effects in terms of freedom of movement (i.e. not restricted by a rigid coating) and durability to move 
and deform with the fabric (Ren et al., 2017). Greater uniformity of encapsulants may be more critical 
to ensure enhanced durability. Thorough coverage may result in a more dissimilar fabric. This was 
evident with the SYLGARD™ encapsulation, whereby structure, stiffness, moisture/air transfer, 
tactile acceptability were each altered to the greatest extent. Positioning the fabric patch on the body 
will determine the requirement for retaining the fabric properties. At points where the body moves 
are most important to maintain stiffness of the original state of the fabric (e.g. joints). A patch 
positioned in a relatively stable garment position will require less consideration (e.g. chest). Similarly, 
areas of the skin with high sensitivity are crucial in terms of tactile acceptability, while others have 
greater leniency for change. Body areas with higher heat production or loss and/or perspiration will 
require more consideration of thermal and moisture transfer. 

Image analysis also confirmed deposits and distribution of graphene ink but was less effective for 
encapsulants. Mean pixel intensity showed graphene ink presence, as did the maximum, minimum, 
and mode. Fibres extracted from graphene ink treated fabrics had a combination of high pixel 



 

302 

intensity values (not treated areas) and low pixel intensity (areas with graphene ink) while fibres from 
not treated fabrics only have higher values. Negligible change occurred following encapsulation, thus 
image analysis was not effective to demonstrate encapsulant presence. No evidence of image pixel 
analysis to quantify functionalisation or encapsulation presence was found in published literature. 
Additionally, fibre width (and area of the region of interest) provided evidence for treatment 
absorption (fibre swelling) or deposition over the fibre surface (layer over and/or around the fibres). 
Changes in regain may cause swelling or shrinking and account for changes in fibre dimensions. 
Negligible differences with graphene ink and encapsulants were observed in the present work. No 
comparable research was identified. Because effects were small, image analysis of fibre dimensions 
did not offer much evidence for deposits. This information revealed the fibres remained relatively 
similar. Minimal changes are desirable in terms of maintaining conventional properties of the wool 

and cotton knits90. 

Infrared transmission was similar to published research (FTIR: −CH, C=O, −COOH, C−O, 
=C−H/=CH2 (Shateri-Khalilabad and Yazdanshenas, 2013a; Chatterjee, Kumar, and Maity, 2017)) 
and Raman analysis (D, G, 2D bands (Ferrari et al., 2006; Johra, Lee, and Jung, 2014)) confirmed 
presence of graphene ink on the wool and cotton fabrics based on changes to surface chemistry. 
Furthermore, groups related to PDMS (FTIR: Si-O-H, S-O, Si-O-Si, Si-CH3 (Mayhan, Thompson, and 
Magdalin, 1972; Lipp and Smith, 1991; Kuo, 1999); Raman: Si-O, C-H, CH3 (Jayes et al., 2003; Santiago-
Alvarado, Vazquez-Montiel, Munoz-Lopez, Castro-Ramos, and Delgado-Atencio, 2009)) were 
identified following encapsulation, primarily for SYLGARD™ encapsulated specimens. FTIR and 
Raman analysis have been implemented to identify graphene-based treatment deposition on fabrics 
of wool (Javed et al., 2014) and cotton (Krishnamoorthy et al., 2012; Javed et al., 2014; Karimi et al., 
2014; Qu et al., 2014; Gan et al., 2015; Hu et al., 2015; Sahito et al., 2015b; Tang et al., 2015; Xu et al., 
2015b; Nooralian, Gashti, and Ebrahimi, 2016; Tian et al., 2016; Cai et al., 2017; Chatterjee, Kumar, and 
Maity, 2017; Kowalczyk et al., 2017; Souri and Bhattacharya, 2018b; Stan et al., 2019; Liu et al., 2019; 
Song et al., 2019; Zheng et al., 2020) but seldom with encapsulated functionalised fabrics. Overall, 
infrared spectra had limited suitability for identifying both graphene and encapsulants. Raman 
analysis confirmed presence of the graphene ink but was less effective for identifying the 
encapsulants. 

Graphene has epoxides, hydroxyl, carbonyl, and carboxyl groups on the basal plane and edges (Park, 
Lee, Bozoklu, Cai, Nguyen, and Ruoff, 2008; Shateri-Khalilabad and Yazdanshenas, 2013a, b) 
allowing bonds to form between graphene and the surface (i.e. wool and cotton) to which they are 
deposited. Additionally, the graphene sheets or particles are flat and effectively all surface, therefore 
attractive surface-to-surface interactions, such as van der Waals forces, are favourable between the 
graphene sheets and particles and the surface to which they are applied (i.e. wool fibres). A lot of 
surface contact is possible which will result in fixation. Additionally, at the nanoscale, the surface of 

 

90 Colour coordinates (L* a* b* ∆L* ∆E) also provided quantitative data for deposition of graphene ink and to a lesser extent 
encapsulants at the fabric level. L* was most critical because fabrics with no treatment were cream or white and those treated 
with graphene ink were black. Changes in a* and b* were less relevant because the hue among red/green and blue/yellow 
spectrums did not change to a practically important extent. L* a* b* values of the present work were in agreement with 
published research, L* was slightly lower of the graphene ink treated knits (Shateri-Khalilabad and Yazdanshenas, 2013a; Song 
et al., 2019). Lower L* suggests greater amounts of deposition. However, reduced graphene oxide was used in published 
research, also possibly explaining the difference. Trivial effects of the encapsulants can be attributed to the encapsulants being 
mostly transparent. Therefore, characteristics of the treatments designate usefulness of L* a* b*. 
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the wool will have spots where graphene molecules can lay flat and fix. Graphene ink was likely fixed 
to cotton by electrostatic interaction, van de Waals forces and hydrogen bonds between oxygen 
containing groups of the graphene ink and cotton fibres (Xu et al., 2015a). A dominant factor for 
reactivity of graphene (i.e. among graphene particles or sheets) are van der Waals forces, therefore 
also a key consideration for attachment of graphene on other surfaces and materials (i.e. cotton) (Lee, 
Kwon, Seo, Shin, Koo, Pang, Son, Kim, Jang, Kim, and Lee, 2015). Ideally, the attractive forces between 
graphene and the surface to which it is applied will overcome inter-graphene bonds. This may be 
presumed as the treatment was readily absorbed in the knits and no agglomeration was observed. 
Because SYLGARD™ encapsulant could be extracted from the fabric structure away from the fibres, 
physical attachment can be hypothesised. This may also be assumed for Granger's® and PDMS 
encapsulants due to the similarity in treatment composition and potential interactions with the 
graphene ink functionalised surface. Thus, the encapsulants may have had a greater affinity to form 
bonds among the PDMS molecules rather than to the graphene functionalised wool and cotton knits. 

Irregularity of the fibre surface (i.e. scales of wool, twists and folds of cotton) may have been 
exaggerated increasing the effect of fibre characteristics on moisture and air transfer. Concentrated 
deposition of graphene ink, Granger's®, PDMS on fibres/yarns yielded a bonding/slicking effect 
among yarns and fibres and increased prominence of interstitial spaces. Deposition of a thin layer or 
small fine particles may have not added a layer on the fabric that had any practically important effect 
on the fibres, yarns, or air space presence for much of the fabric. The alternative is increased 
uniformity of the fabric surface effectively masking disparities in the surface features creating a 

smoother surface. This may explain the changes which occurred with SYLGARDÔ encapsulation 
creating a cohesive layer over the fabric. 

Trends in water absorbency time with treatment were similar to that for the amount and distribution 
of deposition. SYLGARD™ encapsulation showed the most pronounced increase while graphene ink, 

PDMS, and Granger'sÒ had lesser effect on both the wool and cotton knits. The changes can be linked 
to those evidenced from microscope surface properties as well as fabric structure which changed most 
with SYLGARD™ followed by Granger's® encapsulants. Because water absorbency time was affected, 
the amount of liquid (water) which could be taken up by the fabric may also be affected (especially 
when considering the not treated cotton fabric performance (i.e. evaporate before absorbing), and 
increase with SYLGARD™ and Granger's® deposits. Measuring liquid absorptive capacity and 
contact angle confirmed this assumption whereby specimens with longer water absorbency time 
typically had lower liquid absorptive capacity and greater contact angle. Changes in contact angle 
were mostly in agreement with published research for hydrophobic wool (Garg, Hurren, and Kaynak, 
2007; Mura et al., 2015; Xiao et al., 2015), hydrophilic wool (Sun and Stylios, 2006), decreased with 
pre-treatments to increase hydrophilicity (Garg, Hurren, and Kaynak, 2007), hydrophilic cotton 
(Abbas et al., 2013; Shateri-Khalilabad and Yazdanshenas, 2013b; Sahito et al., 2015b; Cai et al., 2017), 
with no evidence for graphene functionalised wool, while cotton stipulated increased contact angle 
with reduced graphene oxide (Abbas et al., 2013; Shateri-Khalilabad and Yazdanshenas, 2013b; 
Tissera et al., 2015; Nooralian, Gashti, and Ebrahimi, 2016; Cai et al., 2017; Stan et al., 2019) but no 
indication of effects of graphene ink was found. No evidence for effects of liquid absorptive capacity 
were identified in published research. Graphene ink use may explain differences (rather than reduced 
graphene oxide) in this work compared to literature. No information in scientific literature on effects 
of encapsulation treatments was identified. 
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Differences in the interaction of the fabric and liquid water may imply differences in transfer of water 
vapour and air. Changes were demonstrated with moisture regain, permeability to water vapour and 
to air in the present work. Transfer of moisture vapour and air are largely dependent on the ratio of 
air to fibre in the fabric structure (Holcombe, 1984; Havenith, 2002). The addition of another material 
filling interstitial spaces will therefore alter the way air and moisture move through fabric. Decreased 
regain and increased permeability to water vapour and to air of wool, compared to a decrease in all 
three properties for the cotton with graphene ink, could relate to differences in deposition patterns 
on each fabric constructed of different fibre types. Patterns were consistent with published literature 
investigating changes to permeability to water vapour and to air (Varnaite-Zuravliova et al., 2016; 
Chatterjee, Kumar, and Maity, 2017). Thicker fabrics generally resist transmission of heat, water 

vapour, and air (Havenith, 2002). SYLGARDÔ encapsulated specimens showed the greatest increase 
in thickness and decreased presence of interstitial spaces as well as the greatest differences in transfer 
of moisture vapour and air. Penetration of graphene ink and encapsulants within yarns and fibres 
changing composition of materials within the fabric and effective diameter can also contribute to 
differences in water vapour and air transfer (Vervust et al., 2012). Properties of each of the materials 
singularly cannot necessarily be added to determine performance when all the factors are combined 
due to unknown and/or unpredictable interactions. Investigating cumulative performance is 
important. 

Tactile properties are essential to consider of fabrics worn next to the skin. Although critical, tactile 
acceptability has had limited consideration in relation to functionalised fabrics, especially those 
designed for sensing applications. Fine wool and cotton fabrics are often attributed with desirable 
tactile properties (Harnett, 1984; Sneddon, Lee, and Soutar, 2012; Naebe et al., 2017), thus, maintaining 
these properties for performance in next-to-skin apparel is critical. Changes due to SYLGARD™ 
application on structural, moisture, and stiffness, tactile acceptability were the greatest. Also, 
potentially undesirable as some assessors noted the feel as unacceptable to be worn next to the skin 
even while in a confined patch.  

Demonstrating a number of performance properties presents comprehensive information concerning 
flexibility, moisture absorption, vapour and air transmission, and tactile acceptability which 
determine desirability for wear. Based on this graphene ink functionalised fabrics further 
encapsulated with SYLGARD™ have the greatest and least desirable changes when retaining 
properties of the conventional fabric are critical. Apparel may be produced with unacceptable 
properties for wear. While this may be true, a small patch/area on a garment would likely be 
acceptable (especially given desirable performance with durability) as most of the apparel will remain 
non-affected. Where retaining properties of the fabric is a priority (i.e. large area, sensitive next-to-
skin areas, body areas with high movement) fabrics with graphene ink only, and that sequentially 
encapsulated with PDMS or Granger's® are well suited due to small changes to the fabric. Some 
compromise to durability may be needed (see below). 

Conductivity - efficacy and durability 
Fabrics functionalised in the present work resulted in higher or lower conductivity (i.e. lower or 
higher resistance) than that in published research on functionalised fabrics with PDMS encapsulants 
(Table 4.3.6.1). Higher and potentially more uniform deposition derived high conductivity in the 
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present work, as reported elsewhere (Garg, Hurren, and Kaynak, 2007)91. Dissimilarities in fabric 
construction, graphene constituents, and encapsulation composition possibly contribute to observed 
differences between the present work and publications. Conductivity conferred with graphene ink 
decreased slightly from encapsulating specimens fully or with a central strip, albeit slightly less. The 
decrease in conductivity could be a result of a physical barrier between the conductive surface, the 
measurement device connectors, or due to encapsulant penetration through graphene ink, in 
interstitial spaces, among fibres and yarns (particularly intersections/points where yarns cross over), 
and within fibres interrupting electrical signal transmission. SYLGARD™ encapsulated specimens 
had the lowest conductivity and had the greatest visible penetration of encapsulant within yarns and 
the fabric structure. More viscous encapsulants can reduce penetration but result in greatest thickness. 
For instance, double thickness and increased density have been reported with an increase in viscosity 
(Vervust et al., 2012)). Some evidence of this was in the present work as the SYLGARD™ encapsulant 
was more viscous, increased thickness of the knits the most, and changed conductivity to the greatest 
extent. Granger's® encapsulant had the next greatest effect on conductivity and the next most visible 
deposition.  

Application of encapsulants to these functionalised fabrics has also been previously reported to 
decrease conductivity (Table 4.3.6.1). Evidence for effects was identified in published research (i.e. 
creation of a physical barrier (Zheng et al., 2020) and penetration within the fabric structure (Vervust 
et al., 2012; Souri and Bhattacharya, 2018c, d)). Variability between sequential measurements (i.e. that 
of graphene ink only) could also account for some observed differences. Effects/differences due to 
measurement direction suggest conductivity depended on distance between the clips. Therefore, 
distance electrical signals need to travel has an effect; greater distance results in lower conductivity. 
Findings from published research support this (Varesano, Dall'Acqua, and Tonin, 2005; Paradiso and 
De Rossi, 2006; Metcalf et al., 2009).  

Conductivity changed with exposure to wash, abrasion, and storage. All fabrics retained conductivity 
following 100 washes, 50,000 abrasion cycles, and 364 days of storage to an 'acceptable' level 
indicating desirable durability. The trend of a decrease was also predictable (i.e. steep initial decline 
followed by a more gradual decrease). The extent of change reducing with increasing number of wash 
cycles, abrasion cycles, and time with storage suggested a stabilising trend. Examples of studies 
demonstrating performance with wash of encapsulated functionalised fabrics are given in Table 
4.3.6.2. Performance in the present work compared well with other scientific reports as conductivity 
was maintained. No evidence for effects of abrasion or storing encapsulated functionalised fabrics 
was identified. 

Greater release of graphene ink in wash liquor decreased connections able to form conductive 
networks. Ideally, encapsulants increase fixation of graphene ink by producing a barrier between the 
graphene ink treated surface and any external exposure. Graphene ink loss could also increase if the 
graphene ink and encapsulant are adhered together but not effectively fixed to the fabric and 
therefore exposure to wash and abrasion remove both treatments. Affinity of the graphene ink to the   

 

91 Treatment deposition was greater by volume and uniformity with graphene ink compared to reduced graphene oxide use 
throughout the research. 
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Table 4.3.6.1 
Conductivity of fabrics functionalised with graphene and encapsulated with 
poly(dimethylsiloxane) in published research compared to the present work 

fabric, reference functionalisation encapsulation conductivity/resistance 
100% wool and 100% 
cotton single jersey 
 
the present study 

graphene ink 
applied by 
immersion for 
16min, 40min, 
respectively dried 
125°C 

SYLGARD™ 
immersion 1min cured 
125°C 20min, 
Granger's® applied 
according to the 
product directions, 
PDMS immersed 1min 
cured 125°C 20min 

wool: 5.02S/m (327.66Ω) 
cotton: 10S/m (138.64Ω); 
decrease to 0.28S/m (5.54Ω), 
0.92S/m (1.60Ω) (SYLGARDTM 

184); 0.23/S/m (13.38Ω), 
2.38S/m (0.58Ω) (Granger's®); 
0.53S/m (2.53Ω), 1.63S/m 
(0.86Ω) PDMS)  

    
100% cotton woven 90° 
or 45° angle between 
vertical and horizontal 
yarns; yarn count, Ne 
40s; density 60×60 
2 specimens - 60mm x 
60mm x 0.2mm3; 30mm x 
10mm x 0.46mm3 
(Zheng et al., 2020) 

dipped in 
multilayer 
graphene 
nanosheets 
4mg/mL 
dispersion, three 
cycles 

SYLGARD™, 
immersion,  
cured 100°C 30min 

0.21Ω, 0.49Ω to 0.26Ω, 0.68Ω 
for 90° and 45° fabrics, 
respectively fabrics due to 
encapsulation 

    
100% cotton and 100% 
wool weft knit, 0.55mm, 
0.7mm thickness, 
223.9µm, 509.7µm fibre 
diameter, 0.22kg/m2, 
0.38kg/m2 area density, 
respectively, 'dog bone' 
shape 100mm x 6mm 
(Souri and Bhattacharya, 
2018c) 

graphene 
nanoparticles and 
carbon black 
dispersed in 
deionised water 
and sodium 
dodecylbenzene-
sulfonate 

Ecoflex® (0030), liquid 
elastomer, cured 90ºC 
45min, fabric placed in 
this layer and non-
cured Ecoflex® on top, 
cured; yield 4mm 
thickness  

surface resistance ~286.54Ω 
and 232.15Ω for cotton and 
wool; increased to 1.95KΩ and 
1.22KΩ with the Ecoflex® 
layer, respectively 

    
polyurethane sponge 
(Chen et al., 2017) 

immersion in 
carbon nanotubes 

half cured (70ºC 20min) 
PDMS  

resistance after first dip 450KΩ 
and five treatments 2.3KΩ 

    
polyurethane sponge 
(Han et al., 2017) 

nickel 
nanoparticles and 
graphene 

PDMS upper and lower 
layer, half cured 

resistance 2.5MΩ with one 
cycle, 29.72KΩ after five cycles 
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Table 4.3.6.2 
Performance of fabrics functionalised and encapsulated with wash in published  

research compared to the present work 

fabric, reference functionalisation encapsulation performance with wash 
100% wool and 
cotton single jersey  
 
the present study 

graphene ink SYLGARD™, 
Granger's®, PDMS 

graphene ink, SYLGARD™, 
Granger's®, PDMS following 100 
washes show decline: wool 98%, 93%, 
98%, 89% (wales); 95%, 77%, 94%, 69% 
(courses);  
cotton 99%, 78%, 95%, 92% (wales); 
99%, 72%, 94%, 90% (courses), 
respectively 

    
100% cotton fabric 
 
(Molla, Compton, 
and Dunner, 2018) 

surface mount 
light emitting 
diodes soldered to 
stitch traces, silver 
conductive yarn 

Gear Aid Sil-Net™ 
silicon seam sealer 

0.38Ω/m following 16.67 hours 
washing and drying (Whirlpool® 
Ultimate Care II washing and tumble-
drying machines) 

    
woven fabric 
 
(Linz et al., 2008) 

miniaturised 
embroidery 
circuits with silver 
coated yarn 
(500Ω/m) 

hot melt and transfer 
molding of epoxy resin 
and hardener 

no reduction in performance 
following 20 washes (ISO 6330:2000 - 
6A: 40ºC, dripped dried); 19% failure 
outside encapsulated area 

    
100% Nomex single 
jersey 
 
(Matsouka et al., 
2018) 

digital printed 
circuit board (10Ω) 
soldered on 
electrodes of 
Kapton with 
Shieldex® 234/34-
2 ply, silver coated 
polyamide (linear 
resistance 
<100Ωm) 

silicon and 
thermoplastic 
polyurethane film 

conductivity decreased approximately 
four times following 50 wash cycles 
(ISO 6330 - 40ºC, 30min) 

    
99% polyester/1% 
carbon woven and 
polyamide/elastane 
knit 
 
(Vervust et al., 
2012) 

standard 
packaged 
components and 
meander-shaped 
copper tracks 
covered with 
polyimide 

four types of 
poly(dimethylsiloxane) 
(Dow Corning 9601, 
9600, 184, 186 with 
different viscosities) 
applied by screen 
printing, cured 100°C 
10min 

washes as per ISO 6330:2000: stable 
after 50 washes in protective bag, 60ºC 
water, 3h (procedure 5A), water and 
soap (2.5g/L standard detergent), 
gyro washing; functionality retained 
after five washes procedure 5A with 
protective bag, air dried; lost 
functionality after six washes (no 
protective bag, air dry); and two 
washes in protective bag with tumble 
drying; functional after five industrial 
washes at 40ºC with tumble drying 
80ºC; functionality lost with 65ºC 
wash 
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wool and cotton fibres should be greater than between the encapsulant and graphene ink. 
Encapsulant fixation also needs to be strong to yield a protective barrier. Decrease in conductivity 
was less with all encapsulants, least of all with SYLGARD™, notwithstanding the slightly lower 
original level of conductivity. Therefore, the cohesive coverage evidenced from microscope images, 
likely prevented graphene ink removal with exposure to wash and abrasion, especially pertaining to 
wool single jersey. Protection was conferred with the encapsulations. 

Crocking occurred with abrasion resulting in transfer of graphene ink and possibly encapsulants 
(American Association of Textile Chemists and Colorists, 2016). Graphene ink and encapsulant may 
both transfer or the encapsulant become disturbed allowing transfer of the graphene ink over the 
non-treated areas of the specimen and to the abradant. Crocking is important regarding a small 
section on an otherwise not treated garment potentially resulting in transfer beyond the treated area 
if worn in an area subject to abrasion or as an underlayer. Transfer to layers worn over the 
functionalised fabrics is also a possible challenge. Potentially three areas of concern were evident: the 
treated area, adjacent areas, and over layers. The SYLGARD™ encapsulant resulted in the greatest 
transfer to the abradant and surrounding fabric, often followed by graphene ink, PDMS, and 

Granger'sÒ. Graphene ink transfer was not sufficient to confer measurable conductivity to the 
abradants (i.e. conductive networks were not formed). Measuring mass for an indication of loss of 
graphene ink, encapsulants, and/or fibres was not an especially useful indication because transfer 
between the specimen and the abradant cannot necessarily be separated. 

Wool knits pilled early in the abrasion cycles and were shed from the fabric. Following formation of 
the few pills, fibres continued to be shed. Specimens with graphene ink had more pills than that 
without, of which decreased with encapsulated specimens. Encapsulants likely prevented fibres 
being pulled or broken from the fabric and/or forming pills. Pills from fabrics encapsulated with 
SYLGARD™ were tighter and smaller compared to the remaining treatments. Fibres shed from pre-
treated fabrics had sharp transverse break, transverse cracks, granular fracture whereas those of 
functionalised fabrics were fibrillated, had breaks with multiple splitting, axial splits, surface wear, 
break with bushy end (Hearle, Lomas, and Cooke, 1998). Multiple splitting leads to breakage which 
may later round (Hearle, Lomas, and Cooke, 1998) that could have happened with the pre-treated 
specimens. The graphene ink and encapsulants may have contaminated fibres and prevented 
rounding. Concentration of wear at interstices between yarns (Hearle, Lomas, and Cooke, 1998) may 
occur because they are porous single jersey fabrics of which fibres are relatively easy to pull out. 
Shedding fibres may also cause issues to integrity of the fabric. Functionalisation offers some benefits 
to pill formation and fibre shedding, therefore pilling and shedding of fibres may be considered 
acceptable for wear. Shedding fibres has the potential to affect the integrity of the fabric by reducing 
fibre presence in yarns and removing treated fibres resulting in negative effects on conductivity. 

Pills fixed to fabrics were most critical on cotton knits. Overall, density and size of the pills was less 
for functionalised specimens. The treatments may have caused adhesion between yarns and fibres 
increasing difficulty for extraction and entanglement causing lower pill density. Pills on the abradant 
for SYLGARD™ were darker and tighter and SYLGARD™ was present in pills. Black pills formed 
adjacent to the functionalised area and on abradants suggesting fibres from functionalised specimens 
were caught in pills or treatments transferred due to crocking. Specimens had severe pilling with the 
exception of SYLGARD™ encapsulation with moderate or no pilling. All cotton abradants performed 
poorly (very severe pilling), but SYLGARD™ had a slightly higher rating, and therefore less pilling 
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but still poor performance. For apparel minimal pilling is desirable in terms of appearance and tactile 
acceptability. Although useful for comparative purposes, relating to abrasion and pilling that can be 
experienced during use is a challenge. 

Changes in fabric colour (principally L* and ∆L*) were observed with wash and abrasion. A decrease 
in both with increased exposure to wash and abrasion suggest removal of graphene ink, and 
potentially encapsulants directly related to the reduction in conductivity. Once removable graphene 
ink was gone, the remaining graphene ink did not seem to degrade, therefore further exposure did 
not change graphene ink that remained on the fabric. The reduction in conductivity likely related to 
crocking, removing encapsulants and graphene ink, and therefore reduced material to yield 
conductive networks. Presence of pills may also disrupt transmission of electrical signals, therefore 
after reaching a certain pill density effects on conductivity may plateau. In terms of conductivity, all 
encapsulants were relatively similar, thus one could not really be distinguished as better than the 
remaining treatments. For some cycles SYLGARD™ and PDMS retained higher conductivity for the 
wool, and Granger's® highest for cotton. 

Despite apparent minimal change to the encapsulant layer itself, degradative changes to the 
underlying functionalised components and therefore conductivity can still occur (Vervust et al., 2012; 
Molla, Compton, and Dunner, 2018). In another study, no degradation, peeling, or cracking of the 
encapsulants occurred, rather decreased conductivity was suggested to relate to increased resistance 
between silver coated polyamide and electrodes under the encapsulants (Matsouka et al., 2018). A 
direct relationship between integrity of the encapsulations and protection provided in terms of 
retaining conductivity may not be evident. The encapsulated knits in the present work did not show 
physical evidence for degradation following wash but a decrease in conductivity was observed, and 
was retained through all washes, somewhat in agreement with the findings of each of these studies. 

Decreased conductivity with storage, particularly over the first 28 days, could relate to abrasion from 
fastening and removing connectors. Graphene not effectively bound may have been removed on the 
first few days thereafter becoming relatively stable. Conductivity continued to decrease with storage 
over the 364 days. As time increased the extent of change generally decreased. Changes could also be 
a result of degradation due environmental conditions primarily high moisture presence (i.e. 20°C and 
65%RH) (i.e. moisture presence). Exposure to light was minimised by storing specimens in the dark, 
therefore degradation from light was excluded. Negligible evidence in scientific literature was 
identified related to performance with storage; the present work provides novelty of information 
related to logistics prior to use as well as storage during use when apparel is not worn. 
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Justification for further work 

Encapsulation of graphene ink functionalised wool and cotton single jersey with PDMS based 
treatments changed performance of the fabrics. Effects of the encapsulants were consistent among 
properties, especially with use of SYLGARD™ resulting in the greatest change (i.e. appearance, 
infrared spectra, mass, thickness, water absorbency time, contact angle, regain, permeability to water 
vapour and to air, conductivity) yielding a fabric most dissimilar to the original fabric. Durability was 
conferred with each of the encapsulants, most of all with SYLGARD™, and to a greater extent than 
previously published research; further improvements seem feasible (e.g. minimise graphene and 
encapsulant removal and therefore retain conductivity). Thus, if durability is a key requirement the 
SYLGARD™ encapsulant is superior but a compromise for next-to-skin properties is required, 
although still likely acceptable for a small-confined patch on next-to-skin apparel. Where maintaining 
conventional performance of the fabric is critical (i.e. sensitive skin, area with high movement) the 

knits treated with only graphene ink, or encapsulated with PDMS or Granger'sÒ would be best suited 
with some compromise to durability. What is now needed is to determine whether graphene ink 
functionalised wool and cotton knits respond to external agents to perform as sensors or become 
effected by other external responses which may interfere with the sensor response. The encapsulation 
may impede or facilitate transfer and elicit changes in conductivity. Part 4 investigates possible 
responses and interference that may arise during sensor use. 
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Part 4 
Sensing using wool and cotton knits functionalised  

with graphene and encapsulants 
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4.4.1 Sensor performance of graphene functionalised knits and effects of encapsulants 
Graphene ink was successful in functionalising 100% wool and 100% cotton single jersey to be 
conductive. Performance, primarily durability to wash, abrasion, and storage were enhanced with 
encapsulation, especially by encapsulation with SYLGARD™. The aim of this section was to 
determine whether a change in conductivity with exposure to a stimulus occurs with the wool and 
cotton knit functionalised with graphene ink what effect encapsulation has on sensor performance. 
Use in next-to-skin apparel presents several potential opportunities for sensing, or perhaps also with 
factors which interfere or reduce conductivity. 

Fluctuating temperature and humidity, both in a garment microclimate and an external environment 
can be sensed to indicate health status, onset of sweating, conditions of enclosed workplaces or heat 
stress of workers, or interfere when detecting other parameters. Wetting by exposure to liquid is also 
a key consideration for sensing or for interference. Sweat/perspiration, blood, urine, and external 
sources of wetting such as rain and chemical spills are sources of interest for next-to-skin applications. 
Differences between the fabrics becoming fully immersed and partial exposure to a liquid as can occur 
with wear, were important considerations. 

Sensing the presence and/or concentration of carbon dioxide is also of interest. Applications for 
sensing include monitoring health based on carbon dioxide concentration of exhaled breath. 
Detecting presence in the workplace where exposure to carbon dioxide can be a hazard include 
enclosed spaces such as marine vessels or situations such as breweries, where production of carbon 
dioxide is high. When detecting carbon dioxide, temperature, humidity, and wetting can interfere 
with the sensor response. Potential sources include high humidity of human breath, different 
temperature and humidity to the surrounding air, and for more specific applications such as exposure 
of fire fighters to fluctuating temperature with fire and potential wetting from sprinkler activation. 
Carbon dioxide concentration can also be an interfering factor with fluctuating levels in ambient 
air/breath when sensing temperature, humidity, or wetting. 

Three hypotheses were tested to evaluate sensor performance: 

1 different combinations of temperature and relative humidity will have different effects on 
conductivity, encapsulation will not have an effect different from graphene ink only; 

2 wetting will have an effect on conductivity but encapsulating the fabrics will not influence 
the response to wetting; 

3 graphene-treated wool and cotton will exhibit changes in conductivity with exposure to 
carbon dioxide, the extent of change will not change with encapsulation. 
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4.4.2 Methods  
Effect of ambient temperature and humidity on conductivity 
Temperatures and relative humidity pertinent to next-to-skin end use were investigated. Of interest 
was 35±2ºC, reflective of human breath and next-to-skin at on-set of sweating, and 30±2ºC is 
applicable to next-to-skin applications. Relative humidity was not controlled, but measured with the 
associated temperatures (i.e. 23%RH and ~30%RH). Ambient conditions of the standard conditioned 
space (20°C and 65%RH) were also investigated as potential environmental conditions. The factorial 
experimental design is given in Table 4.4.2.1. Three specimens of the wool and cotton knits (100mm 
x 20mm) were exposed to three relative humidity and temperature conditions: 30±2ºC, ~30%RH; 

35±2ºC, ~23%RH both produced in an oven 92 and 20±2ºC, 65±4%RH (standard conditioned space). 

A data logger93 was kept in the conditioned space and in the oven to monitor temperature and 
humidity. Time of placement in the different conditions was noted to relate differences in 
temperature and humidity with changes to conductivity. 

Differences in conductivity attributable to different temperature and relative humidity conditions 
were tested by transferring the knits from standard conditions to the controlled oven conditions. First 
the conductivity of three specimens was determined in 20±2ºC, 65±4%RH parallel to the wales with 

a two-probe digital multimetre (Digitech QM1544) 94  fixed to a perspex acrylic (poly(methyl 
methacrylate)) board with tape. The experimental set up is illustrated in Figure 4.4.2.1. Specimens 
were then transferred to the oven set to the desired conditions (30±2ºC, ~30%RH or 35±2ºC, ~23%RH). 

Conductivity was determined immediately, and sequentially at 1min intervals over 15min95.  

Response (%) was determined with the formula: 

Response	(%) =
Rc	 − 	R0

R0 	𝑥	100 

(Qi et al., 2014) 

where Rc is conductivity with exposure to temperature/humidity and R0 is conductivity before 
exposure to temperature/humidity. 

The specimens were then transferred to standard conditions in less than one minute and were left to 
recover under standard conditions for 15min. Recovery (%) was determined as per the formula: 

Recovery	(%) =
Rc	 − 	Ra
Rc − R0 	𝑥	100 

(Chung et al., 2012) 

where Rc is conductivity with exposure to temperature/humidity for 15min, Ra is conductivity after 
the 15min recovery period in standard conditions, and R0 is conductivity before exposure to 
temperature/humidity (i.e. in standard conditions).  

 

92 Contherm Thermotec 2000, Contherm Scientific Ltd, PO Box 30-605 Lower Hutt, New Zealand. 

93 Tinytag Ultra data logger (Gemini Data Loggers), Tiny Tag – Energy Engineering, 3 Ross Street, Remuera, Auckland, New 
Zealand. 

94 Electus Distribution Pty Ltd, Rydalmere NSW 2116, Australia. 

95 The formula was changed in that conductivity was used in place of resistance. 
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Table 4.4.2.1 
Effect of temperature and humidity on conductivity - factorial experimental design 

 levels    
 0 1 2 3 
reduced graphene 
oxide treated wool* 8min 110ºC 8min 120ºC 24min 110ºC 24min 120ºC 
     
graphene ink† and 
encapsulation graphene ink* SYLGARD™ Granger'sÒ PDMS 
     
fabric wool cotton   
     
temperature/humidity 20±2ºC, 65±4%RH  30±2ºC, ~30%RH 35±2ºC, ~23%RH  

*cotton was not included due to non-availability of reduced graphene oxide;  
†treatment time: 16min wool, 40min cotton 
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Figure 4.4.2.1 
Experimental set up for determining the response of wool and cotton knits to temperature and humidity 

fabric specimen 

fabric specimen 

clip clip 

fastened wires 

clip clip 
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Bending or extending the fabric and multimetre could be influencing factors while obtaining electrical 
measurements and differences in positioning connectors, fabric, and cables can affect the result. 
Connectors and cables were fastened to an acrylic (poly(methyl methacrylate)) board with tape to 
minimise displacement and maintain the same distance between the connectors. Connectors 
remained fastened to the trial fabrics throughout testing. Contact with the wire rack in the oven or 
table surface in standard conditions could impede or hasten temperature and relative humidity 
change, reducing accuracy of the measurements. Fastening the fabric between the connectors 
attached to the acrylic board elevated the fabric above the board, so contact was with the connectors 
and the surrounding air only. The acrylic board did not conduct electrical signals, therefore is 
electrically benign and should not interfere with the electrical measurements.  

Response in conductivity to wetting 
Three specimens (50mm x 5mm) of the fabrics functionalised with graphene ink and encapsulants 
(SYLGARD™, Granger's®, and PDMS) were immersed in 10mL depth of distilled water in a 90mm 
diameter petri dish for 60s. The experimental design is given in Table 4.4.2.2. Fabrics were removed 
from the petri dish and placed on filter paper for 30s to absorb excess water (i.e. until fabrics were not 
dripping). Mass (g) and resistance (KΩ) (later converted to conductivity as per the method specified 
in Chapter 3) were measured before wetting, immediately after wetting, and at 5min intervals until 
dry. Fabrics were considered dry when the mass equalled that before wetting. The time taken for the 
fabrics to dry was also recorded. Three repeats carried out. 

Effects of wetting were also tested with droplet wetting. One droplet (0.08mL) was deposited on 
50mm x 50mm specimen sitting on a wire gauze mesh. The droplet could absorb for 30s, the fabric 
was then lifted from the gauze, and any water remaining on the fabric surface (not absorbed) fell from 
the fabric surface. Mass (g) and conductivity (determined from resistance as per the method in 
Chapter 3) was measured before and after wetting and at 5min intervals thereafter until the knits 
were dry. Time (min) taken to dry was also recorded. Three replicates were undertaken. 

Response in conductivity to gas exposure - preliminaries 
The experimental design for exposure to carbon dioxide is given in Table 4.4.2.3. Three methods of 

producing carbon dioxide were trialled. 1 sachets96 that absorb oxygen from the air and produce 
carbon dioxide were used to produce carbon dioxide in a sealable plastic container. One sachet in a 
2.5L container yields 0.1% oxygen, ~16% carbon dioxide. Oxygen absorption and carbon dioxide 
production occur immediately after the sachet is in contact with air. 2 dry ice added to water in a 
beaker was used to produce carbon dioxide in a glove box. 3 saturated liquid of sodium bicarbonate 
and 1M hydrochloric acid. 

Specimens differing in treatment (graphene ink and SYLGARD™ encapsulated specimens97) as well 
as graphene ink cured on a glass slide were tested. Either a sealable plastic container or glove box 

was used as a controlled environment. A carbon dioxide sensor98 was used to monitor carbon   

 
96 AnaeroPack®, Anaero, Mitsubishi Gas Chemical Company Inc, Japan. 

97 SYLGARD™ was selected as representative of the encapsulants. 

98  High Accuracy Portable CO2 Meter (IR) (AZ 7755; 0ppm~9999ppm, ±50ppm ±5% of reading 0ppm~5000ppm, 
5001ppm~9999ppm out of scale range); safety.kiwi operated by Accurate Instruments (NZ) Ltd, P.O Box 25-586, St Heliers, 
Auckland, New Zealand; https://www.safety.kiwi/shop/Gas+Detection/az7755.html 
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Table 4.4.2.2 
Effect of wetting on conductivity - factorial experimental design* 

 
 levels     
 0 1 2 3 4 

wetting dry partial full   
      
graphene ink and 
encapsulation not treated graphene ink 

(non-encap)* SYLGARD™ Granger'sÒ PDMS 

      
fabric  wool cotton   

*reduced graphene oxide functionalised fabrics were excluded from exposure to wetting due to undesirable 
performance with exposure to temperature and humidity 
 

 

 

 

 

 

 
Table 4.4.2.3 

Effect of carbon dioxide exposure on conductivity - factorial experimental design* 
 

 levels     
 0 1 2 3 4 
carbon dioxide 
concentration 0ppm 400ppm 1,000ppm 3,800ppm 5,000ppm 
      
graphene ink and 
encapsulation not treated 

graphene ink 
(non-encap)* SYLGARD™ Granger'sÒ PDMS 

      
fabric  wool cotton   

*reduced graphene oxide functionalised fabrics were excluded from exposure to carbon dioxide due to 
undesirable performance with exposure to temperature and humidity 
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dioxide production. The initial concentration of carbon dioxide, temperature, relative humidity in the 
sealable plastic container was ~617ppm, 20°C, 65%RH, and that of the glove box ~768ppm, and 24°C, 
42%RH. 

The carbon dioxide source (sachet, dry ice, or liquid), carbon dioxide meter, and fabric specimen 
secured between clips of the multimetre were positioned in the sealable plastic container or glove box. 
The change in carbon dioxide, humidity, temperature, and resistance were each monitored to 
ascertain any differences/correlations. Resistance was also monitored after removing the sachet, dry 
ice, or sodium bicarbonate and hydrochloric acid, to identify whether any change which could be 
considered 'recovery' occurred. Change in resistance or lack thereof was considered sufficient to 
determine any effects. 

  



 

319 

4.4.3 Results - effect of temperature and humidity on conductivity99 
Wool functionalised with reduced graphene oxide  
A response was found with change in environmental temperature and humidity. Increasing 
temperature and decreasing humidity from 20°C, 65%RH to 30°C, 30%RH and over the 15min 

exposure increased conductivity (F1.46,11.67=818.68, p≤0.01; Figure 4.4.3.1 a100) indicating performance 
as a temperature/humidity sensor. Treatment time had an effect on conductivity (F1.46,11.67=5.27, 
p≤0.05) although the F value was small with low significance. Curing temperature did not have an 
effect (F1.46,11.67=2.47, NS) and there was no interaction of the variables with time over the exposure 
period (F1.46,11.67=2.54, NS). Each exposure (1, 2, 3) differed in effect on the response in conductivity 
(F2,16=59.88, p≤0.01). Conductivity was typically higher with exposure two and three than one.  
Treatment time and curing temperature did not affect the response in conductivity with the three 
exposures (F2,16=3.39, NS; F2,16=2.10, NS, respectively) and the variables did not interact with exposure 
(F2,16=2.89, NS). Additionally, there was an interaction between exposure and time (F2.52,20.12=61.02, 
p≤0.01) but no interaction among exposure, time, and treatment time (F2.52,20.12=1.16, NS), or exposure, 
time, and curing temperature (F2.52,20.12=1.24, NS) or all four variables (F2.52,20.12=0.80, NS). Thus, the 
effect of time differed with the exposures. This is not desirable as non-consistent performance with 
the three sequential exposures suggest performance is not reliable. 

In terms of recovery an effect was found with change from 30°C, 30%RH to 20°C, 65%RH based on a 
decrease in conductivity (F1.61,12.87=237.31, p≤0.01; Figure 4.4.3.1 a). The significance of the effect may 
indicate conductivity did not return to the initial level and differed from the response in conductivity. 
Treatment time and curing temperature had no effect and there was no interaction considering both 
variables with time (F1.61,12.87=0.85, NS; F1.61,12.87=2.03, NS; F1.61,12.87=0.75, NS, respectively). An effect of 
exposure was found for recovery (F1.44,11.50=20.29, p≤0.01). Treatment time and curing temperature did 
not change effects of exposure on recovery (F1.44,11.50=0.65, NS; F1.44,11.50=0.98, NS, respectively) and 
there was no interaction of the two variables with exposure (F1.44,11.50=0.17, NS). There was no 
interaction between exposure and time (F3.10,24.77=0.55, NS); exposure, time, and treatment time 
(F3.10,24.77=0.09, NS); exposure, time, and curing temperature (F3.10,24.77=0.53, NS); exposure, time, 
treatment time, and curing temperature (F3.10,24.77=0.24, NS). 

Transferring specimens from 20°C, 65%RH to 35°C, 23%RH had an effect on the response in 
conductivity over time which increased over the 15min period (F1.08,8.63=201.02, p≤0.01; Figure 4.4.3.1 
b). Treatment time and curing temperature did not affect the response (F1.08,8.63=0.78, NS; F1.08,8.63=4.33, 
NS, respectively) nor was there an interaction when considering both variables with time   

 

99 Temperature and humidity remained consistent for the exposure and recovery period: 30°C and 30%RH, 35°C and 
23%RH 20°C, 65%RH 
100 Mauchly’s W was not significant for the effect of exposure on response and recovery between 20°C, 65%RH and 30ºC, 
~30%RH (Mauchly’s W = 0.70; χ2(2)=2.55, p=0.28, NS; Mauchly’s W = 0.61; χ2(2)=3.48,  p=0.18, NS, respectively), therefore 
sphericity was assumed. For time, Mauchly's W had no value of significance, therefore the Greenhouse-Geisser correction was 
used (p=0.09, NS; p=0.11, NS, respectively) for the interaction between exposure and time the same correction was used (p=0.08, 
NS; p=0.10, NS, respectively). 

Mauchly’s W was not significant for the effect of exposure on response between 20°C, 65%RH and 35ºC, ~23%RH (Mauchly’s 
W = 0.12; χ2(2)=14.99,  p=0.00, NS) but was significant for recovery (Mauchly’s W = 0.35; χ2(2)=7.45,  p=0.02, p≤0.05), therefore 
sphericity was assumed and Greenhouse-Geisser correction used (p=0.60, NS), respectively. For time, Mauchly's W had no 
value of significance, therefore the Greenhouse-Geisser correction was used (p=0.07, NS; p=0.09, NS, respectively) nor the 
interaction between exposure and time (p=0.08, NS; p=0.06, NS, respectively). 
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Figure 4.4.3.1 
Effect of temperature and humidity on conductivity of wool knit functionalised  

with reduced graphene oxide (n=3) 
a 30°C, 30%RH exposure 

exposure 1  exposure 2  exposure 3 
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Figure 4.4.3.1 a contd 

exposure 1  exposure 2  exposure 3 
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(F1.08,8.63=0.10, NS). An effect of exposure was identified (F2,16=52.19, p≤0.01) whereby the increase in 
conductivity was greater with each sequential exposure, suggesting inconsistency in performance, 
considered undesirable for reliability. Treatment time and curing temperature (F1,16=0.15, NS; 
F2,16=3,44, p≤0.01, respectively) did not have an effect nor was there an interaction when considering 
both variables and exposure (F2,16=0.13, NS). There was no interaction between time and exposure 
(F2.72,21.78=45.96, p≤0.01). No interaction was found among exposure time and treatment time 
(F2.72,21.87=0.18, NS); exposure, time, and curing temperature (F2.72,21.78=0.77, NS); or exposure, time, 
treatment time, curing temperature (F2.72,21.78=0.66, NS). 

In terms of recovery, conductivity decreased over the 15min recovery period at 20°C, 65%RH 
(F1.38,11.01=76.47, p≤0.01) but there was no effect of treatment time, curing temperature, or when 
considering both factors and time (F1.38,11.01=0.49, NS; F1.38,11.01=3.99, NS, F1.38,11.01=0.27, NS, respectively) 
(Figure 4.4.3.1 b). Exposure cycles affected recovery (F1.21,9.61=37.04, p≤0.01) for which treatment time 
and curing temperature did not have an effect (F1.21,9.61=0.25, NS; F1.21,9.61=1.80, NS) nor was there an 
effect when considering both variables and exposure (F1.21,9.61=0.48, NS). Therefore, all treated knits 
showed a similar response of change in conductivity for the recovery over 15min. An effect is 
undesirable if conductivity does not return to the initial level or respond consistently. No interaction 
between exposure and time was found (F1.76,14.10=0.36, NS), nor when considering both variables and 
treatment time (F1.76,14.10=0.32, NS) or curing temperature (F1.76,14.10=2.19, NS), or all four variables 
together (F1.76,14.10=0.10, NS). No interaction between exposure and time is desirable to ensure 
consistency over time. 

For exposure to 30°C, 30%RH there was no difference between conductivity at the start and that 

measured after 24 hours (F1.00,8.00=2.17, NS; Table 4.4.3.1103). That is conductivity returned to the 
original conductivity. Treatment time and curing temperature had no significant effect and there was 
no interaction when considering both variables with recovery (F1.00,8.00=0.30, p≤0.01; F1.00,8.00=0.33, 
p≤0.01; F1.00,8.00=0.47, p≤0.01, respectively). No difference was identified between the conductivity at 
the start and that measured following 24 hours of recovery for specimens exposed to 35°C, 23%RH 
(F1.00,8.00=0.04, NS; Table 4.4.3.1). Treatment time and curing temperature did not have an effect 
(F1.00,8.00=1.39, NS; F1.00,8.00=1.81, NS) not when considering both variables and recovery time 
(F1.00,8.00=0.01, NS). 

Wool functionalised with graphene ink and encapsulated 
Conductivity measured over the 15min response period at 30°C, 30%RH changed (F1.11,8.90=11.38, 

p≤0.01) and functionalisation had an effect on this (F3.34,8.90=10.05, p≤0.01) (Figure 4.4.3.2104).   

 

103 Mauchly's W had no value of significance, the Greenhouse-Geisser correction was used for both 30°C and 35°C (p=1.00; 
p=1.00, respectively). 

104 Mauchly’s W was significant for the effect of exposure on response and recovery between 20°C, 65%RH and 30ºC, ~30%RH 
(Mauchly’s W = 0.05; χ2(2)=20.63,  p=0.00, p≤0.01; Mauchly’s W = 0.04; χ2(2)=21.82,  p=0.00, p≤0.01, respectively) and no value 
was given for time or interaction between exposure and time; therefore the Greenhouse-Geisser correction was used for two 
(p=0.51; 0.51; p=0.07; 0.11; p=0.06 (recovery)) and Huynh-Feldt for one (p=0.08 (response)). 

Mauchly’s W was significant for the effect of exposure on response and recovery between 20°C, 65%RH and 35ºC, ~23%RH 
(Mauchly’s W = 0.38; χ2(2)=6.76,  p=0.03, p≤0.05; Mauchly’s W = 0.08; χ2(2)=17.95,  p=0.00, p≤0.01, respectively) and no value 
was given for time or interaction between exposure and time; therefore the Greenhouse-Geisser correction was used for each 
(p=0.61; 0.52; p=0.07; 0.07) and Huynh-Feldt (p=0.06; 0.06 (response and recovery)). 
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Table 4.4.3.1 
Recovery in conductivity (S/m) of wool knit functionalised with reduced graphene oxide after 24 

hours following exposure to temperature and humidity (n=3) 

  

 8min 110°C 8min 120°C 24min 110°C 24min 120°C 
30ºC, ~30%RH    
before     
mean 0.00071 0.00061 0.00049 0.00050 
s.d. 0.00011 0.00012 0.00007 0.00003 
CV% 15.82 19.92 14.07 6.52 
     
24h     
mean 0.00064 0.00060 0.00047 0.00048 
s.d. 0.00005 0.00010 0.00007 0.00008 
CV% 7.89 16.95 14.31 17.50 
     
35ºC, 23%RH    
before     
mean 0.00072 0.00071 0.00052 0.00063 
s.d. 0.00003 0.00010 0.00007 0.00007 
CV% 4.83 13.69 13.77 11.55 
     
24h     
mean 0.00072 0.00068 0.00055 0.00063 
s.d. 0.00004 0.00012 0.00005 0.00008 
CV% 6.20 18.15 9.90 12.34 
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Conductivity increased with transfer from 20°C, 65%RH to 30°C, 30%RH for graphene ink only, 
Granger's®, and PDMS but decreased of SYLGARD™ encapsulated specimens. No difference 
between the three exposures was found (F1.03,8.22=3.48, NS) and functionalised did not change this 
response (F3.08,8.22=2.91, NS). The effect of measuring over time differed among the three exposure 
periods (F2.56,20.45=4.35, p≤0.05), and an interaction occurred between all three variables (F7.67,20.45=2.56, 
p≤0.05) albeit a small F value and low significance for both.  

In terms of recovery, the response over time differed (F1.62,12.99=7.01, p≤0.01) but treatment did not 
affect this (F1.62,12.99=2.06, NS) (Figure 4.4.3.2). For recovery (20°C, 65%RH to 30°C, 30%RH) 
conductivity decreased slightly of graphene ink, Granger's®, and PDMS encapsulated specimens and 
an increase was observed with the SYLGARD™ encapsulation. There was no effect of the three 
sequential exposures (F1.02,8.18=1.50, NS) and treatment did not affect this (F3.07,8.18=1.25, NS). No 
interaction between exposure and time was found (F1.67,13.36=0.83, NS) nor was there an interaction 
between exposure, time, and functionalisation (F5.01,13.36=0.78, NS). 

For 35°C, 23%RH conductivity measured over the 15min response time differed (F1.04,8.28=7.79, p≤0.05) 
and treatment affected the pattern of response (F3.10,8.28=6.23, p≤0.05) (Figure 4.4.3.2); each had a small 
F value and low significance. The same patterns of response were observed with transfer from 20°C, 
65%RH to 35°C, 23%RH but to a slightly higher extent (i.e. % change was greater). Conductivity 
increased following functionalisation with graphene ink only, Granger's®, and PDMS while that with 
SYLGARD™ decreased. The three sequential exposures did not differ (F0.19,9.88=0.19, NS) and 
treatment did not affect the pattern of response (F3.71,9.88=0.71, NS). Additionally, there was no 
interaction between exposure and time (F1.92,15.35=1.46, NS) nor among exposure, time, and treatment 
(F5.76,15.35=1.39, NS).  

With respect to recovery, a difference was found with measurements over time (F1.06,8.44=9.37, p≤0.01) 
for which treatment did not affect (F1.06,8.44=3.68, NS) (Figure 4.4.3.2). With recovery only slight 
decreases or increases were observed with all functionalised specimens with the exception of 
SYLGARD™ that resulted in a large increase in conductivity. Sequential exposures did not have an 
effect (F1.04,8.32=0.42, NS) and treatment did not affect this (F3.12,8.32=0.59, NS). Additionally, there was 
no interaction between exposure and time (F1.62,12.99=1.11, NS) nor among exposure, time, and 
functionalisation (F4.87,12.99=0.84, NS). 

For the exposure of 30°C, 30%RH there was no difference between the conductivity at the start and 
that measured after 24 hours (F1.00,8.00=0.00, NS) and treatment did not have an effect on this 

(F3.00,8.00=0.19, NS) (Table 4.4.3.2109.). For the exposure to 35°C, 23%RH there was no difference 
between the conductivity at the star and that measured after 24 hours (F1.00,8.00=3.82, NS). Treatment 
did have an effect on this (F3.00,8.00=6.27, p≤0.05) (Table 4.4.3.2) but with a small F value and low 
significance with negligible differences among treatments. 

  

 

109 Mauchly's W had no value of significance, therefore the Greenhouse-Geisser correction was used for both 30°C and 35°C 
(p=1.00; p=1.00, respectively). 
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Table 4.4.3.2 
Recovery in conductivity (S/m) of wool knit functionalised with graphene ink and encapsulated 

after 24 hours following exposure to temperature and humidity (n=3) 

 
  

 non-encap SYLGARD™ Granger's® PDMS 
30ºC, ~30%RH    
before     
mean 543.22 176.16 101.30 91.80 
s.d. 166.64 64.04 169.82 70.09 
CV% 30.68 36.35 167.64 76.35 
     
24h     
mean 558.73 170.31 96.83 87.57 
s.d. 138.92 57.49 162.73 61.97 
CV% 24.86 33.76 168.05 70.77 
     
35ºC, 23%RH    
before     
mean 1038.15 249.40 142.76 139.75 
s.d. 516.63 71.18 237.25 77.41 
CV% 49.76 28.54 166.19 55.39 
     
24h     
mean 923.03 218.84 184.02 140.62 
s.d. 521.18 62.66 308.25 91.52 
CV% 56.46 28.63 167.51 65.08 



 

332 

Cotton functionalised with graphene ink and encapsulated 
Conductivity measured over time for the response to 30°C, 30%RH differed (F1.44,11.48=119.40, p≤0.01) 

and treatment had an effect on the performance (F4.31,11.48=14.23, p≤0.01) (Figure 4.4.3.3110). An 
increase in conductivity occurred from 20°C, 65%RH to 30°C, 30%RH with all functionalised fabrics 
with the exception to those encapsulated with SYLGARD™ which remained relatively consistent, 
with high variability. Conductivity differed with the three sequential exposures (F2,16=39.17, p≤0.01) 
and functionalisation had little effect (F6,16=3.27, p≤0.05). The effect of measuring over time differed 
with the three exposures (F3.27,26.15=10.22, p≤0.01) but not among exposure, time, and functionalisation 
(F9.81,26.15=2.17, NS).  

In terms of recovery, an effect on conductivity over time was found (F1.78,14.22=10.03, p≤0.01) but 
treatment did not affect the pattern (F5.33,14.22=1.37, NS). An increase also occurred with transfer from 
30°C, 30%RH to 20°C, 65%RH, albeit with a lesser extent compared to the response. Conductivity 
differed with the three sequential exposures (F1.26,10.04=14.57, p≤0.01) for which functionalisation did 
not affect the response (F3.77,10.04=2.44, NS). No interaction was found between exposure and time, nor 
among exposure, time, and treatment (F4.11,32.88=1.54, NS; F12.33,32.88=1.76, NS, respectively). 

For the response to 35°C, 23%RH conductivity measured over time differed (F1.90,15.23=61.06, p≤0.01) 
and functionalisation influenced the pattern of response (F5.71,15.23=7.47, p≤0.01) (Figure 4.4.3.3). A 
slight increase was observed apart from SYLGARD™ encapsulated specimens for which conductivity 
remained relatively consistent. Conductivity did not different among the three sequential exposures 
(F1.90,15.17=0.15, NS) and functionalisation did not affect this (F5.69,15.17=0.46, NS). No effect is 
encouraging for reliability with exposure. No interaction between exposure and time or exposure, 
time, and functionalisation was found (F3.01,24.05=6.20, p≤0.01; F9.02,24.05=1.71, NS, respectively).  

In terms of recovery, an effect on conductivity over time was found (F1.76,14.09=12.94, p≤0.01) but 
functionalisation did not have an effect (F5.28,14.09=1.64, NS). An increase was observed during the 
recovery period for graphene ink only, Granger's®, and PDMS functionalised specimens while that 
with SYLGARD™ remained relatively consistent, notwithstanding high variability. Exposure did not 
have an effect and functionalisation did not alter the response (F1.66,13.29=0.39, NS; F4.98,13.29=1.00, NS, 
respectively). Additionally, there was no interaction between exposure and time (F3.07,24.56=0.57, NS) 
nor among exposure, time, and treatment time (F3.07,24.56=0.96, NS). 

For the exposure to 30°C, 30%RH there was no difference between the conductivity at the start and 
that measured after 24 hours (F1.00,8.00=4.65, NS) and functionalisation did not have an effect on this  

  

 

110 Mauchly’s W was not significant for the effect of exposure on response but was for recovery between a 20°C, 65%RH and 
30ºC, ~30%RH (Mauchly’s W = 0.89; χ2(2)=0.84,  p=0.66, NS; Mauchly’s W = 0.41; χ2(2)=6.30,  p=0.04, p≤0.05, respectively) so 
sphericity was assumed for the former and Greenhouse-Geisser correction used for the latter (p=0.63, NS). No value was given 
for time or interaction between exposure and time; therefore, the Greenhouse-Geisser correction was used for each (p=0.09; 
0.12; p=0.10; 0.14, respectively). 

Mauchly’s W was not significant for the effect of exposure on response and recovery between 20°C, 65%RH and 35ºC, ~23%RH 
(Mauchly’s W = 0.95; χ2(2)=0.40,  p=0.82, NS; Mauchly’s W = 0.80; χ2(2)=1.60,  p=0.45, NS, respectively) and no value was given 
for time or interaction between exposure and time; therefore the assumption of sphericity was violated, the Greenhouse-
Geisser correction was used for each (p=0.12; 0.12; p=0.09; 0.10). 
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Table 4.4.3.3 
Recovery in conductivity (S/m) of cotton knit functionalised with graphene ink and encapsulated 

after 24 hours following exposure to temperature and relative humidity (n=3) 

 

  

 non-encap SYLGARD™ Granger's® PDMS 
30ºC, ~30%RH    
before     
mean 912.23 361.39 566.28 434.50 
s.d. 185.72 254.80 160.95 158.67 
CV% 20.36 70.51 28.42 36.52 
     
24h     
mean 838.82 314.03 595.52 382.74 
s.d. 172.33 187.62 232.16 136.37 
CV% 20.54 59.75 38.99 35.63 
     
35ºC, 23%RH    
before     
mean 1276.09 384.90 995.25 806.65 
s.d. 122.52 237.88 296.84 324.13 
CV% 9.60 61.80 29.83 40.18 
     
24h     
mean 1173.93 340.15 1069.35 615.76 
s.d. 184.30 233.70 326.22 227.52 
CV% 15.70 68.71 30.51 36.95 
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(F3.00,8.00=1.82, NS) (Table 4.4.3.3115). For 35°C, 23%RH no difference between the conductivity at the 
beginning and that measured following 24 hours of recovery (F1.00,8.00=1.62, NS) and no effect of 
functionalisation on the pattern of response was found (F1.00,8.00=1.15, NS) (Table 4.4.3.3). Following 24 
hours of recovery, conductivity returned to a level not dissimilar to that measured initially. 

4.4.4 Results - effect of wetting on conductivity 
Wool functionalised with graphene ink and encapsulated 
With respect to immersive wetting, drying time did not differ between the three sequential exposures 

(F1.23,9.87=0.25, NS)116. Fabrics that took the longest time to dry absorbed the most water. SYLGARD™ 
encapsulated specimens had a shorter drying time (30.00min, s.d. 8.66, CV% 28.87) than the remaining 
specimens which were relatively similar, non-encap (55.00min, s.d. 5.00, CV% 9.09), Granger's® 
(61.67min, s.d. 5.00, CV% 9.09), PDMS (63.33min, s.d. 7.64, CV% 12.06); the overall effect of 
functionalisation was not significant (F3.70,9.87=0.52, NS). Some values did not have standard deviation 
because specimens of the same treatment dried before others (i.e. there was only one specimen that 
took the time to dry). 

The mass and conductivity of the knit differed with wetting and drying (F1.16,9.31=583.61, p≤0.001; 
F2.60,20.80=95.61, p≤0.001, respectively) and response depended on functionalisation (F3.49,9.31=39.51, 

p≤0.001; F7.80,20.80=7.82, p≤0.001, respectively) (Figure 4.4.4.1 117 ). Wetting the fabric resulted in 
increased conductivity of the fabrics. The greatest change in mass (i.e. most water absorbed) typically 
resulted in the greatest increase in conductivity, as expected. As fabrics dried, mass and conductivity 
decreased; mass equalled the initial value after drying whereas conductivity decreased below the 
initial value and % change in mass and conductivity decreased over time. The change became 
negative for conductivity near the end of the drying time (i.e. conductivity was less after drying than 
before wetting/resistance was higher after the test than before). Increased mass and decreased 
conductivity were similar for specimens with graphene ink only and encapsulated with Granger's® 
and PDMS but with different drying times. SYLGARD™ exhibited comparatively minimal changes, 
absorbing the least amount of water, smallest change in conductivity, and shortest time to dry.  

For mass, the pattern of response was similar for the three sequential exposures (F2,16=2.14, NS) and 
functionalisation did not change the response (F6,16=0.29, NS) but a difference for each was identified 
based on conductivity (F1.13,9.02=40.08, p≤0.001; F3.38,9.02=3.95, p≤0.05, respectively). No interaction with 
mass between incremental measurements over time and sequential exposures, nor among both 
factors and functionalisation was identified (F1.35,10.80=2.04, NS; F4.05,10.80=0.55, NS, respectively) while 
with conductivity and interaction between time and exposure number was found (F2.61,20.90=8.05, 
p≤0.001) but not among both factors as well as functionalisation (F7.84,20.90=1.46, NS). 

 

115 Mauchly's W had no value of significance, therefore the assumption of sphericity was violated and the Greenhouse-Geisser 
correction was used for both 30°C and 35°C (p=1.00; p=1.00, respectively). 
116 Mauchly's Test of Sphericity was significant (χ2(2) =6.81, p=0.03), therefore the assumption of sphericity was violated and 
the Greenhouse-Geisser correction was used (p=0.62). 

117For Mauchly's Test of Sphericity was not significant (χ2(2) =5.06, p=0.08), therefore sphericity was assumed for exposure, 
significance was found for conductivity (χ2(2) =10.38, p=0.01), thus the Greenhouse-Geisser correction was used (p=0.56); no 
value of significance was given for time or exposure time interaction, therefore the Greenhouse-Geisser test statistic was used 
(p=0.07, p=0.04, NS; p=0.15, NS; p=0.08, NS). 
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Effect of immersive wetting on mass and conductivity  
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Figure 4.4.4.1 contd 
b % change in mass and conductivity with wetting/drying 
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After ~55min to 60min the fabric mass became similar to the initial dry mass. At 45min was where 
conductivity returns as close to the initial conductivity. Close to the beginning and end of the drying 
period, the rate of change in conductivity was similar for sequential measurements (i.e. 5min, 15min, 
20min, 25min and 50min to 80min), however there were also fewer values recorded at this time as 
some fabrics become dry prior to that required by others. 

In terms of droplet wetting, an effect of exposure on drying time was identified (F2,16=11.76, p≤0.001) 

and the pattern of response was affected by functionalisation (F6,16=5.03, p≤0.001)118. SYLGARD™ 
encapsulated specimens performed differently (31.67min, s.d. 6.61, CV% 20.89) to the remaining 
functionalised specimens, non-encap (67.22min, s.d. 14.39, CV% 21.40), Granger's® (65.56min, s.d. 
8.82, CV% 13.45), PDMS (62.22min, s.d. 9.39, CV% 15.09) which were all similar. 

Fabric mass changed following wetting with a droplet and subsequent drying (F1.16,9.31=583.61, 

p≤0.001) and functionalisation effected the response (F3.49,9.31=39.51, p≤0.001) (Figure 4.4.4.2119). The 
effect of the three sequential exposures did not differ (F2,16=2.75, NS) and no effect of functionalisation 
was identified (F6,16=1.75, NS). No interaction was found among variables (i.e. exposure and time 
(F2.07,16.59=2.54, NS) or exposure, time, and functionalisation (F6.22,9.21=1.25, NS)). SYLGARD™ 
encapsulated specimens performed differently being the least wetted (smallest change in mass) and 
lowest change in conductivity. 

Conductivity was affected by droplet wetting and the drying period (F1.49,11.92=16.14, p≤0.001). With 
the onset of wetting conductivity increased, subsequently decreasing during drying. 
Functionalisation did not affect the response (F4.47,11.92=2.64, NS). Therefore, despite the significant 
difference in wetting with functionalisation, the pattern of change in conductivity did not change. 
Sequential exposures did not alter the response (F1.31,10.50=3.51, NS) and functionalisation did not 
influence the pattern of response (F3.94,10.50=1.45, NS). Thus, change in conductivity was consistent with 
the three wetting cycles. No interaction was identified between time and exposure (F2.81,22.50=2.95, NS), 
nor time, exposure, and functionalisation (F8.44,22.50=1.72, NS). 

Cotton functionalised with graphene ink and encapsulated 
In terms of immersive wetting, drying time was not different with the three different exposures 

(F=2,16=2.35, NS)120. SYLGARD™ encapsulated specimens were the most different (25.00min, s.d. 
5.00, CV% 20.00) from the remaining specimens which were similar, non-encap (73.33min, s.d. 2.89, 
CV% 3.94), Granger's® (63.33min, s.d. 20.21, CV% 31.91), PDMS (66.67min, s.d. 7.64, CV% 11.46) 
although the overall effect of functionalisation was not significant (F6,16=0.36, NS). Some specimens 
treated in the same way dried more quickly than others, therefore in some instances standard 
deviation was not included because there was only one test specimen at some time intervals. The 
longest drying time was observed for fabrics with greatest change in mass (i.e. most water absorbed). 
The effect of graphene ink, Granger's®, and PDMS was similar on the response to water but with  

  

 
118 Mauchly's Test of Sphericity was not significant (χ2(2) =0.97, p=0.62), therefore sphericity was assumed. 

119 For mass, Mauchly's Test of Sphericity was not significant (χ2(2) =1.15, p=0.56), therefore sphericity was assumed for 
exposure, the Greenhouse-Geisser correction was used for exposure of conductivity (p=0.66) and time and exposure time 
interaction for mass and conductivity (p=0.06, p=0.06; p=0.08, p=0.08, respectively). 

120 Mauchly's Test of Sphericity was not significant (χ2(2) =2.18, p=0.34), therefore sphericity was assumed. 
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Figure 4.4.4.2 
Effect of droplet wetting on mass and conductivity of  

wool knit functionalised with graphene ink and encapsulated (n=3) 
a Change in mass and conductivity with wetting/drying 

mass    conductivity  
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Figure 4.4.4.2 contd 
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different drying times. Changes with SYLGARD™ encapsulated specimens were comparatively 
small.  

Wetting and drying affected mass and conductivity (F1.09,8.74=257.82, p≤0.001; F1.49,11.90=45.42, p≤0.001, 
respectively); functionalisation altered this response (F3.28,8.74=25.68, p≤0.001; F4.46,11.90=7.98, p≤0.001, 

respectively) (Figure 4.4.4.3 a-c123). The response in mass and conductivity differed between the 
three sequential exposures (F2,16=4.60, p≤0.05; F2,16=15.79, p≤0.01, respectively), the F value was small 
and only just significant, and functionalisation did not change the response with exposures (F6,16=0.68, 
NS; F6,16=2.30, NS, respectively). Mass increased after wetting indicating water was absorbed and 
consequently conductivity increased; typically increasing the greatest for those that had the greatest 
mass change. Mass and conductivity then decreased as the fabrics dried (i.e. water loss/evaporation) 
and % change in mass and conductivity decreased over time. After drying, mass returned to the 
original level, but conductivity was usually less than the initial level. The change became negative 
near the end of drying. As a result, trends of the second exposure were similar but with different 
values of conductivity. 

An interaction between time, and three exposures was found for mass and conductivity (F2.67,21.34=3.39, 
p≤0.05; F2.07,16.54=6.47, p≤0.01, respectively) (albeit small F values) but there was no interaction among 
these variables when also considering functionalisation (F8.00,21.34=0.94, NS; F6.20,16.54=1.43, NS, 
respectively). For differences with wetting and drying and the two sequential exposures, 
SYLGARD™ specimens were most different from the remaining specimens. Time increments greater 
than 65min to 70min were similar to the initial mass, thus near the end of the drying period mass was 
returning to the initial value. Approximately 50min to 60min was when the conductivity was most 
like the initial value. Immediately after wetting, conductivity was similar, and some sequential 
increments showed minimal difference. 

With respect to droplet wetting, an effect of exposure on drying time was identified (F2,16=15.53, 

p≤0.001) with no effect of functionalisation (F6,16=0.48, NS)124. Notwithstanding non-significance, 
SYLGARD™ encapsulated specimens (32.78min, s.d. 5.07, CV% 15.46) were most different from the 
remaining specimens, non-encap (69.44min, s.d. 10.14, CV% 14.60), Granger's® (58.33min, s.d. 17.14, 
CV% 29.38), PDMS (71,67min, s.d. 6.61, CV% 9.23). 

Droplet wetting with subsequent drying affected mass of the cotton knit (F1.09,8.69=130.54, p≤0.001) 

(Figure 4.4.4.4125). Mass increased with wetting and decreased as the fabric dried. Functionalisation 
changed the pattern of response (F3.26,8.69=9.84, p≤0.001). The three sequential exposures did not 
change the response (F2,16=1.80, NS) and functionalisation had no effect on this (F6,16=0.94, NS).   

 

123 For mass and conductivity, Mauchly's Test of Sphericity was not significant (χ2(2) =3.16, p=0.20; χ2(2) =1.18, p=0.56), 
therefore sphericity was assumed for exposure, the Greenhouse-Geisser correction was used for exposure of conductivity 
(p=0.66) and time and the exposure time interaction for mass and conductivity (p=0.06, p=0.07 (Huynh-Feldt); p=0.08, p=0.06, 
respectively). 

124 Mauchly's Test of Sphericity was not significant (χ2(2) =2.59, p=0.27), therefore sphericity was assumed. 

125 For mass and conductivity, Mauchly's Test of Sphericity was not significant (χ2(2) =0.91, p=0.63; χ2(2) =0.83, p=0.66), 
therefore sphericity was assumed for exposure, the Greenhouse-Geisser correction was used for time and exposure time 
interaction for mass and conductivity (p=0.06, p=0.06; p=0.21, p=0.10, respectively). 
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Figure 4.4.4.3 
Effect of immersive wetting on mass and conductivity  

of cotton knit functionalised with graphene ink and encapsulated (n=3) 
a Change in mass and conductivity with wetting/drying 
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Figure 4.4.4.3 contd 
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Figure 4.4.4.4 
Effect of droplet wetting on mass and conductivity  

of cotton knit functionalised with graphene ink and encapsulated (n=3) 
a Change in mass and conductivity with wetting/drying 
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Figure 4.4.4.4 contd 
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Additionally, no interaction between time and exposure (F2.06,16.48=2.51, NS) nor time, exposure, and 
functionalisation (F6.18,16.48=0.80, NS). 

Conductivity was affected by droplet wetting and drying that followed (F3.74,29.88=37.00, p≤0.001) and 
functionalisation had an effect on the response (F11.20,29.88=4.77, p≤0.001). Change in conductivity with 
droplet wetting and drying was affected by the three sequential exposures (F2,16=72.01, p≤0.001) with 
no effect of functionalisation (F6,16=1.90, NS). The pattern of response over wetting and drying was 
affected by the exposure periods (F3.52,28,19=5.67, p≤0.001) eliciting a small F value. No interaction 
among time, exposure, and functionalisation was found (F10.57,28.19=1.27, NS). 

4.4.5 Results - effect of carbon dioxide exposure on conductivity 
Sachets in sealable plastic containers resulted in a rapid increase in carbon dioxide concentration from 
617ppm to 8280ppm after 7min and over 9999ppm after 8min beyond the scope of the carbon dioxide 
monitor. Relative humidity increased from 77.8% to 99.9% after 2min while temperature increased 
slightly from 21°C to 25°C. Conductivity of the graphene ink treated wool and cotton knit increased 
after 50min (0.47S/m to 1.24S/m; 0.91S/m to 1.42S/m, respectively) (Figure 4.4.5.1 a-b). The 
SYLGARD™ encapsulated specimens showed lesser change over 50min (wool: 0.32S/m to 0.53S/m; 
cotton: 0.58S/m to 0.55S/m) (Figure 4.4.5.1 a-b). Conductivity dropped in the first minute of recovery 
(removal of carbon dioxide and reduction in temperature and humidity) and the change reduced over 
time with the curve flattening to a level similar to that initially measured. The change in conductivity 
could not be definitively linked with change in carbon dioxide concentration because temperature 
and humidity also affect conductivity, both of which also changed. Effects due to temperature and 
humidity were demonstrated in previous experiments and therefore are likely accounting for the 
changes in conductivity rather than carbon dioxide.. 

Dry ice added to water produced carbon dioxide in a glove box. The concentration of carbon dioxide 
rapidly increased from 578ppm to 9,999ppm over ~5min, relative humidity and temperature 
remained relatively consistent at 24°C and 41%. Conductivity did not differ with the increase in 
carbon dioxide concentration for either of the graphene ink treated or SYLGARD™ encapsulated 
knits of wool (0.072S/m to 0.073S/m; 0.319S/m to 0.320S/m, respectively) or cotton (0.944S/m to 
0.943S/m; 0.595S/m to 0.594S/m, respectively) (Figure 4.4.5.2 a-b). Similarly, to that applied to the 
fabrics, graphene ink cured on a glass had consistent conductivity (~24.29S/m) irrespective of the 
great increase in carbon dioxide concentration (Figure 4.4.5.2 c). 

Graphene ink functionalised wool and cotton knits, both encapsulated and not, did not show a 
detectable response in conductivity to changes to concentration of carbon dioxide. Although not 
desirable with respect to producing a carbon dioxide sensor, negligible change is desirable as no 
interference in performance will occur with changing environmental carbon dioxide levels. Minimal 
effects are important when sensing other properties due to increasing carbon dioxide concentration 
in the environment, differences between carbon dioxide levels in outside environments and indoor 
environments, and for detection of humidity of breath with higher carbon dioxide (3800ppm) than 
the ambient environment. Thus, sensing temperature and/or humidity as well as wetting is possible 
irrespective of the carbon dioxide concentration (i.e. little or no interference is expected to occur).  
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Figure 4.4.5.1 
Effect of carbon dioxide, temperature, and relative humidity on conductivity of wool and 

cotton knits functionalised with graphene ink and encapsulated (n=1) 
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Figure 4.4.5.2 
Effect of carbon dioxide air concentration on conductivity of wool and cotton knits 

functionalised with graphene ink and encapsulated (n=1)127 
a Wool b Cotton c Graphene ink 

graphene ink  SYLGARDÔ  carbon dioxide 
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4.4.6 Testing hypotheses  
Hypothesis 1  

Hypothesis one was accepted as temperature and relative humidity affected conductivity (hypothesis 
one specified a difference would occur) and but rejected as the encapsulation treatments also 
influenced the response (that were speculated to have no effect).  

Hypothesis 2 

Hypothesis two (wetting will affect conductivity with no change from encapsulants) was partially 
accepted as wetting did have an effect but the response also changed with encapsulants contradicting 
the hypothesis.  

Hypothesis 3 

Hypothesis three was rejected as conductivity did not change with carbon dioxide, but no effect of 
encapsulation was found which supports the hypothesis. Encapsulating fabrics with SYLGARD™ 
yielded a fabric which performed most different compared to those treated with graphene ink only, 
Granger's®, and PDMS encapsulated specimens. All indicate performance as temperature and 
humidity sensors and all bar SYLGARD™ encapsulated specimens performed as wetting sensors. 
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4.4.7 Ranking of functionalised fabrics for the sensor response 
A summary of the results with exposure to temperature and humidity, wetting, and carbon dioxide 
is given in Table 4.4.7.1. Each fabric responded to changes in ambient temperature and humidity and 
wetting with no response to carbon dioxide. Therefore, the fabrics can function as sensors to detect 
temperature/humidity and wetting which can function with little or no interference from fluctuating 

carbon dioxide levels. Granger'sÒ and PDMS encapsulated specimens showed the most pronounced 
response followed by those with graphene ink only and SYLGARD™. Performance with specimens 
encapsulated with SYLGARD™ still gives rise to sufficient sensor performance. 

Functions requiring higher sensitivity to temperature and humidity or wetting with some enhanced 

durability compared to non-encapsulated specimens would be best facilitated, but Granger'sÒ and 
PDMS encapsulated specimens. Such applications include monitoring temperature/humidity of the 
garment microclimate or breath in sections of apparel with little exposure to abrasion (e.g. chest, 
upper arm, face), areas pertinent to tactile quality (e.g. hands, forearm), or apparel items which 
require minimal washing (e.g. cover for low perspiration areas). Details about the health status of 
individuals can be surmised based on collected data. Sweat monitoring may also be possible based 
on the response to wetting, albeit presence of ions may alter the response. Graphene ink (non-encap) 
specimens are also operational as sensors for temperature and humidity and wetting but to a slightly 
lesser extent with lower durability. Therefore, a possible option where encapsulated specimens may 
not be attainable (limited or unavailable resources).  

SYLGARD™ encapsulated specimens can function as a temperature/humidity sensor with low 
sensitivity for wool, and response to wetting was negligible (i.e. not desirable for a sensor). A sensor 
of temperature and humidity that requires high durability and protection from interference of 
wetting would be best enabled with SYLGARD™ encapsulated knits. Applications of monitoring 
garment microclimate temperature/humidity where abrasion is high (e.g. under arm, between legs), 
that require frequent washing (e.g. underarm, underwear, face mask), and/or areas with low tactile 
sensitivity (e.g. chest, back) can also be facilitated by SYLGARD™. 

Each treated fabric presents advantages and disadvantages for temperature/humidity or wetting 
sensor performance. Which fabric is 'best' depends on consideration for the specific application. 
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Table 4.4.7.1  
Efficacy of graphene ink and encapsulants ranked for effects on conductivity with  

exposure to changing conditions* 

 non-encap SYLGARD™ PDMS Granger's® 
 wool cotton wool cotton wool cotton wool cotton 
temperature/humidity 2 3 1 2 3 1 4 4 
wetting 2 2 1 1 3 3 4 4 
carbon dioxide  1 1 1 1 1 1 1 1 

*change with exposure: 1 least change/undesirable fo sensor performance, 4 most change/desirable for sensor 
performance, opposite order for interference  
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4.4.8 Discussion 
Response to different exposure conditions 
Changes in conductivity between 20ºC, 65%RH and 30ºC, ~30%RH or 35ºC, ~23%RH indicated 
humidity and/or temperature dependence, that of wetting suggested liquid dependence, with no 
responses to carbon dioxide. Whether differences were practically important to detect 
temperature/humidity of skin, body microclimate, or breath, wetting of textiles and/or skin, or 
concentration of carbon dioxide in breath or ambient air is critical for sensor performance. Also of 
interest was to determine if differences were small enough to not interfere with sensor performance 
of other substances. Effects of relative humidity and temperature cannot be separated based on 
experiments carried out in the present work. Typically, temperature and humidity change as one or 
the other change, therefore from a practical point of view considering them in isolation was not 
considered appropriate because neither remains constant while the other changes. 

Limiting interference from other parameters is important and may be difficult in real life due to 
transient environments and movement of the body. If exposure to a stimulus produces a greater 
change in conductivity than potentially interfering factors, then small variation with transient 
conditions may be acceptable. Similarly, if change in the stimulus elicits a different response 
compared to potentially interfering factors, variation may be acceptable. Opposite responses could 
also yield a bifunctional sensor, this is only possible if the two can co-occur and effects on conductivity 
can be distinguished from one another. Matching changes caused by one or more agents would be 
difficult to separate and could produce misleading information and reduce effectiveness of the sensor. 
As it pertains to the present work, increasing temperature and decreased humidity resulted in 
increased conductivity while SYLGARD™ encapsulated specimens showed the opposite response, 
wetting caused an increase in conductivity and a subsequent decrease with drying while no 
detectable response was found with exposure to carbon dioxide. The response to temperature and 
humidity and to wetting were noticeably different, therefore a bi-functional sensor may be possible 
for temperature/humidity and wetting. Carbon dioxide can fluctuate under 'normal' conditions 
because no detectable change in conductivity occurred with changing carbon dioxide there is no risk 
of interference. 

Differences in conductivity with temperature and humidity 
The increase in conductivity from a lower to higher temperature observed in the current work is 
consistent with some published literature (Shao et al., 2008; Kong et al., 2012; Al-Mumen et al., 2013a, 
b; Trung et al., 2014; Yan, Wang, and Lee, 2015; Zhao et al., 2015). However, some studies reported a 
decrease in conductivity with increased temperature (Bolotin et al., 2008; Morozov et al., 2008; 
Banadaki, Mohsin, and Srivastava, 2014; Sadasivuni et al., 2015; Yang et al., 2015) contrasting with 
results of all fabrics other than those encapsulated with SYLGARD™. Increased temperature could 
cause a reduction in moisture presence fo the cellulose and thereby allowing temperature to have the 
dominant effect  (Sadasivuni et al., 2015). Hole and electron field-effect mobilities could have 
increased with increased temperature thereby increasing electrical conductivty (Trung, 
Ramasundaram, Hong, and Lee, 2014) The extent to which humidity was controlled was not always 
clear, therefore potentially a confounding factor. The increase in conductivity with increased 
temperature is consistent with a semi-conducting material (Trung et al., 2014). Yielding a semi-

conducting material is reasonable given the level of conductivity (resistance measured in MW, KW) 
with both reduced graphene oxide and graphene ink with and without the encapsulation treatments. 
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Additionally, the bulk of the treated fabric remains non-conductive (i.e. high proportion of fibrous 
constituents) and presence of polymers adds another non-conductive constituent. 

Humidity was not controlled but was measured with different temperatures, the higher temperatures 
corresponded to lower relative humidity. Thus, a decrease in relative humidity resulted in increased 
conductivity. Of the publications reviewed, authors agree that as relative humidity increases so does 
conductivity (Bi et al., 2013; Chen, Hsu, and Hsueh, 2014; Yu et al., 2014; Zhang, Tong, and Xia, 2014; 
Zhang et al., 2014a; Smith et al., 2015; Ali et al., 2016; Zhang et al., 2016). The present work was not 
consistent with published research except for specimens encapsulated with SYLGARD™. Mostly 
graphene-based materials (primarily reduced graphene oxide) were on silicon or other synthetic 
surfaces, different to the wool and cotton knits of the present work. The base for functionalisation 
may account for observed differences. Wool and cotton knits have different temperature and vapour 
transfer properties compared to silicon thereby influencing the response of the graphene on the 
surface. Subsequent deposition of the polymer encapsulants did not change the pattern of response 

with Granger'sÒ or PDMS but did with SYLGARDÔ. The difference in trend was more pronounced 

with the cotton knit compared to wool. Encapsulation with SYLGARDÔ resulted in performance 
consistent with published research, likely a result of the similarity in silicon composition to 

SYLGARDÔ. Whether an increase or decrease with increased temperature and decreased humidity 
occurs is not critical for performance so long as the trend is known with the changing factor and that 
other potentially interfering factors (e.g. gas composition of air) do not have similar effects on 
conductivity as to confound the outcomes. 

Conductivity of the fabrics did not recover fully following exposure to higher temperature and lower 
humidity. Degradation or change to the encapsulants and graphene may have occurred with the 
transition between the different conditions. Moisture presence is known to change performance of 
materials with electrical properties which could have occurred in the present work. Discerning 
between reversible and recoverable changes in conductivity and those which may be irreversible 
because of damage or degradation is important. Predictable change and consistency in performance 
for the intended function is crucial (i.e. detectable change in conductivity). 

Detecting temperature and humidity can benefit individuals. During physical exertion, body 
temperature can reach 38ºC (moderate work) or 39ºC to 40ºC (heavy work) (Havenith, 2002). Such 
considerations are important for physically active applications (e.g. first responders, sporting, fitness). 
Body temperature can also be important in healthcare applications where fever causes body 
temperature increases (e.g. 38.5ºC) (Havenith, 2002). Skin temperature is directly related to core 
temperature that can provide information for health status. A sensor which can detect temperature 
changes in the range typical of next-to-skin applications can serve as a non-invasive monitoring 
system of individual's health. Tracking humidity levels can serve to provide similar information, both 
in the garment microclimate and of the breath. That of the microclimate relates to perspiration while 
that of breath can provide and indication of lung function.  

In published research, controlling humidity typically involved one or more chemical (e.g. lithium 
chloride, magnesium chloride, magnesium nitrate, sodium chloride, potassium chloride, and 
potassium sulphate) in contained areas. Humidity was dictated by the selected temperatures in the 
present work and therefore differed in this regard to published research. The method for controlling 
humidity could influence resulting effects on conductivity. The difference in controlling humidity 
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could account for the different pattern of results. A wide range of humidity has been investigated in 
publications (i.e. ~10%RH to ~90%RH) dissimilar to the range investigated here. Therefore, the small 
range of humidity may not have been sufficient to change conductivity to the same extent. A greater 
range may have elicited greater detectable change and could be the subject of future work. 

Heat of sorption of wool may affect the response in conductivity to temperature and humidity. The 
release of heat when moisture is absorbed could explain the slower response as the temperature and 
moisture content of the fabric remains comparatively stable compared to the transient ambient 
environment. The wool knit absorbs moisture and releases heat creating a buffering effect reducing 
the change in temperature and humidity and therefore possibility for effects on conductivity. Absence 
of this effect for cotton could explain the greater change observed, specifically the large decrease in 

conductivity of SYLGARDÔ encapsulated specimens with increased temperature and decreased 
humidity. Graphene treated fabrics typically had greater permeability to water vapour which may 
link to the observed results (i.e. water vapour passed through and did not affect conductivity). 

In theory, swelling of wool and cotton with increased ambient moisture would also cause an increase 
in conductivity because fibre diameter increases and likely also interconnections between yarns. 
Connectivity within the fabric structure and therefore connections to transfer an electrical signal 
would be increased. The increase in conductivity observed with SYLGARD™ encapsulated 
specimens may partly relate to this. Application of graphene (reduced graphene oxide, graphene ink) 
may have restricted freedom for the fibres to swell. Inclusion of poly(sodium-styerenesulfonate) has 
been reported to enhance permeation to water vapour which would also suggest greater transfer of 

moisture (Yu et al., 2014). This was not evident in the present work. Encapsulation with SYLGARDÔ 
may have yielded some absorptive properties due to the properties of the PDMS material (i.e. 
absorbent). 

Fast response and recovery times of seconds were reported for graphene based sensors for 
temperature and humidity in literature. The response and recovery for all fabrics was slower in the 
present work and recovery did not occur over the 15min period, but often did after 24h. In published 
literature, recovery time reported was also slower than response but only by a few seconds. The trend 
was similar with this work, but time periods differed. Because water vapour and heat transfer need 
to occur through the encapsulant (of encapsulated specimens), the graphene treatment, and the fibres 
for a response and then the reverse for the recovery there are three layers of different composition 
that influence the ability to effect conductivity. Additionally, thickness to pass through is greater than 
that of silicon layers with graphene used for previous research. If an immediate response/recovery 
is sought, then the graphene functionalised, and encapsulated wool and cotton knits may not be 
acceptable. 

The change in conductivity with changes in temperature exhibited by graphene has been shown to 
be consistent over time. For example, a graphene nanowall film on polydimethylsiloxane was 
reported as reliable over two days, weeks, and months of use (Yang et al., 2015).  Reproducibility of 
the sensor response and recovery of graphene to humidity has also been shown. A number of the 
studies show reproducibility over a longer period than investigated with the current work (i.e. 30 
days (Bi et al., 2013), 42 days (Su and Chiou, 2014), 60 days (Zhang, Tong, and Xia, 2014; Zhang et al., 
2014a). Although a shorter time, the response and recovery were consistent with the three sequential 
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exposures to changing temperature and humidity indicating reliability and predictability for the 
effect on conductivity. 

Effects of wetting on conductivity 
Exposure to water had more marked and rapid effects on changing conductivity compared to changes 
with temperature and humidity. Very high levels of humidity (e.g. 90% to 100%) can produce  a 
continuous surface water layer and increase conductivity (Lin, Chang, and Wu, 2013) due to doping 
(Smith et al., 2015), protonation and density charge (Borini et al., 2013), increased polarisation and 
dielectric constant (Zhang, Tong, and Xia, 2014; Zhang et al., 2014a; Zhang et al., 2016). This effect 
was not seen with ambient humidity, the increase in conductivity with wetting may be attributed to 
these effects. Change in conductivity with the response to immersive wetting was greater than droplet 
wetting. Differences in the volume of liquid may be detectable. An effect on conductivity with partial 
wetting also suggests disturbance to any part of the fabric (not just where the connectors are 
positioned) can alter conductivity. 

Change in conductivity with exposure to wetting has been seldom reported in published research. A 
next-to-skin fabric sensor that responds to wetting could function to detect presence and/or volume 
of sweat produced, when bleeding might occur, or urination/incontinence. Additionally, exposure 
to potential hazards such as liquid chemicals, contact poisons, or allergens can be facilitated to 
forewarn the wearer of contact or proximity to the body. Other constituents of the liquids could also 
affect the response in conductivity (e.g. ions, chemicals) but wetting is the major and common factor 
among all potential sources. Measuring such parameters could provide information useful to 
monitoring individual's health and providing a detection mechanism for those which may have 
deficiencies in detecting such changes themselves (e.g. debilitated, incapacitated). The extent of 
information produced by the sensor may also provide additional information the wearer may not be 
able to detect (e.g. indication of duration, volume). If the onset of wetting is the desired sensor 

function, graphene ink only, PDMS, and Granger'sÒ encapsulated specimens are well suited based 
on the large change in conductivity with wetting. 

Interference from wetting can also occur from several external sources while the fabric is worn 
including rain, liquid spills or for more specialised applications such as firefighters entering a 
building with activated sprinklers or chemical spills. Understanding potential effects is important to 
minimise interference while sensing other sources of wetting or an entirely different parameter (e.g. 
temperature and humidity, gas). Minimal change with exposure to wetting is desirable if the 
functionalised fabric is intended to detect factors other than the moisture presence. With this 

requirement fabrics encapsulated with SYLGARDÔ performed best. Predictable change may also be 
acceptable and manageable.  

The response as the fabric dries is also critical. Fabrics returned to their initial dry state, conductivity 
will not necessarily match the starting level nor respond consistently with repeated exposures. In the 
present work, fabrics did not typically match the initial level of conductivity but did respond 
consistently with the three sequential exposures. So long as the decreased initial level is noted and 
the fabric will still respond at the onset of wetting then total recovery, although preferred, is not 
necessarily crucial to sensor performance. No comparable published research was identified. 
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Response in conductivity to carbon dioxide presence 
The trial for testing changes in conductivity to carbon dioxide which involved use of the sachet, 
initially indicated graphene ink functionalised knits were responsive to increased concentration of 
carbon dioxide. However, with use of the pouch, heat and moisture were also released increasing 
both temperature and humidity of the air environment. With further investigation of producing 
carbon dioxide thereby increasing the concentration without changing the humidity (i.e. chemical 
reaction, dry ice) no change in conductivity was observed. The response in the first instance was likely 
due to changes in temperature and humidity, not increased carbon dioxide. This outcome agrees with 
results of exposing the fabrics to different temperature and humidity levels in the present work). 
Humidity has been suggested to be a dominant factor compared to air composition and individual 
gases (Muhammad Hafiz et al., 2014; Smith et al., 2017), therefore any change in humidity could 
nullify any effect a change in carbon dioxide could have. 

Several publications have reported sensitivity of graphene based sensors to carbon dioxide (Yoon et 
al., 2011; Nemade and Waghuley, 2013; Muhammad Hafiz et al., 2014; Smith et al., 2017; Fan et al., 
2018), no instances of graphene functionalised fabrics detecting carbon dioxide were identified. An 
interaction between the fabric, graphene, and possibly encapsulants could explain the lack of 
response. The overlying encapsulants and underlying fabric may provide a buffer to mitigate effects 
on conductivity.  

The negligible response is undesirable if the intended application is a carbon dioxide sensor (e.g. 
monitor lung function, concentration in confined spaces, such as ocean vessels, breweries), but is 
desirable for a sensor produced for different purposes (e.g. temperature and humidity, wetting). This 
outcome provides validity for the response to moisture and heat presence as there is no possibility of 
fluctuating carbon dioxide levels influencing performance of the sensor. Negligible risk of cross-
sensitivity has also been reported in published research (Smith et al., 2017). 

4.4.9 Success of sensor development 
This project was successful in producing conductive wool and cotton knits which respond to an agent 
yielding a fabric sensor. No response was found for carbon dioxide while the detectable change with 
temperature and humidity as well as droplet and immersion wetting demonstrate sensor 
performance. Humidity sensors can be used to monitor humidity of the garment microclimate and/or 
of breath, both useful to indicate the health status of individuals. Moisture sensors can aid the wearer, 
notably for health by detecting presence and/or volume of liquids excreted from the body (sweat, 
blood, urine) or that may contact the body externally (water from spills, rain, or liquid chemicals). 
Thus, health and safety applications can be facilitated. 
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Chapter 5  
Summary, conclusions, and recommendations 
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5.1 Summary 
Interest in conferring additional functionalities to apparel fabrics, especially those used in next-to-
skin applications, has become one of the most prominent areas in the apparel sector. Imparting 
electrical conductivity to yield fabric sensors is an eminent purpose. This can be achieved with several 
electrically conductive substances and textile combinations. Knits constructed of wool and cotton 
have desirable properties for apparel worn next to the skin. Graphene based products have attracted 
interest due to their high conductivity, light weight, and strength of the two-dimensional honey-comb 
structure. Natural source of the two fabrics and functionalising substance is also desirable for next-
to-skin apparel and biodegradability. 

Wool and cotton knits typically have high hydrophilicity which means deposits and fixation of 
treatments can be achieved. Some contaminants, such as oils and waxes, may remain on finished wool 
and cotton fabrics. Pre-treatment of these types of fabrics can increase deposits and fixation of 
functionalising treatments. Applying a protective layer to encapsulate the functionalised fabrics can 
increase retention of the treatments. Polydimethylsiloxane-based treatments are common for 
encapsulating functions and potentially compatible with both the graphene treatments and 
underlying knits. 

Pre-treating the two knits chemically increased wettability suggesting subsequent application of 
reduced graphene oxide and graphene ink would be successfully deposited. Optimum pre-treatment 
concentration and time was identified based on comparisons of fabric appearance, fabric structure, 
and wettability. Ideally fabric appearance and structure (mass, thickness, stitch density) would 
remain similar to the original state of the fabric while wettability (evidenced by water absorbency 
time, contact angle, and liquid absorptive capacity) will be increased. Potassium hydroxide in 
methanol was selected to pre-treat the wool knit, and sodium hydroxide in water for the cotton knit. 
Two treatment times were investigated with each of the concentrations (15min, 30min). 
Concentrations used to pre-treat wool (0.1mol/L, 0.5mol/L, 1.0mol/L) caused fibre degradation 
while that of cotton (0.025mol/L, 0.05mol/L, 0.1mol/L, 0.5mol/L, 1.0mol/L) were not sufficient to 
increase hydrophilicity. Because of the undesirable outcome a second trial of the pre-treatment was 
required for the wool and cotton knit. Lower concentrations were investigated for wool (0.025mol/L, 
0.05mol/L) and higher concentrations investigated of the cotton (2mol/L, 3mol/L, 5mol/L). For the 
wool single jersey, a pre-treatment of 0.05mol/L potassium hydroxide with methanol for 15min and 
2mol/L sodium hydroxide with water for 30min to pre-treat the cotton single jersey were identified 
as optimum.  

Preliminary trials with reduced graphene oxide stabilised with poly(sodium 4-styrenesulfonate) in 
water (10mg/mL) revealed optimum treatment process conditions for each of the wool and cotton 
knits. Treatment time and curing temperature were identified for further investigation, two iterations 
of each were selected for the wool knit (treated 8min or 24min and cured at 110°C or 120°C) and 
cotton knit (treated 20min or 40min and cured at 70°C or 120°C). Evidence from experiments with 
100mm x 100mm specimens showed functionalising wool and cotton knits with reduced graphene 
oxide to be considered unsatisfactory. Deposits were confirmed with visual evidence (photographs, 
microscope images, image analysis, L* a* b*) and surface chemistry (infrared and Raman 

spectroscopy). Less desirable was that conductivity was measured in MW and lost following 20 wash 
cycles and ~18,000 abrasive cycles as well as a significant decrease in conductivity after 28 days of 
storage. Notwithstanding minimal effects on the properties pertinent to next-to-skin applications (i.e. 
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mass, thickness, stitch density, water absorbency time, contact angle, regain, permeability to water 
vapour, and permeability to air), which was considered desirable. Consequently, a graphene ink was 
selected as an alternative treatment. Some conditions of the treatment process were pre-determined 
(i.e. concentration, curing time and curing temperature). Treatment time was investigated in 
preliminaries, to determine an optimal duration for each of the wool (2min, 4min, 8min, 16min, 
24min) and cotton knits (2min, 5min, 10min, 20min, 40min). The functionalised fabrics were examined 
for effects on appearance, conductivity, and durability to wash. One treatment time was selected for 
each knit, 16min for wool and 40min for cotton. 

An experiment was designed for 100mm x 100mm specimens functionalised with graphene ink. 
Deposition of graphene ink was shown with changes in visual appearance based on photographs, 
microscope images, image analysis, scanning electron microscopy, and L* a* b*, as well surface 
chemistry evidenced by infrared and Raman spectroscopy. Graphene ink conferred high conductivity 

(measure in W, KW) and acceptable durability to wash (100 cycles), abrasion (50,000 cycles), and 
storage (364 days), and visual properties of the fabric were maintained as evidenced by photographs. 
Although acceptable, a decline in conductivity was observed with each of the exposure periods for 
wool and cotton. Minimal effects were identified in terms of mass, thickness, stitch density, stiffness, 
water absorbency time, contact angle, regain, permeability to water vapour, permeability to air, and 
tactile acceptability, all considered desirable. Functionalisation with graphene ink was superior to 
reduced graphene oxide and considered for further investigation with encapsulation. 

Three polydimethylsiloxane-based encapsulants (SYLGARDÔ, Granger'sÒ, PDMS) were applied to 
optimise durability while also maintaining conductivity and conventional properties of next-to-skin 

apparel fabrics. Each resulted in increased durability, SYLGARDÔ consistently retained the most 
desirable appearance based on photographs, microscopic images, and L* a* b*; conductivity was 
maintained to a desirable level. SYLGARD™ also resulted in the greatest change in properties (i.e. 
conductivity, mass, thickness, water absorbency time, contact angle, regain, permeability to water 
vapor and to air) producing a fabric most dissimilar to the initial knit. The selected application for the 
functionalised knits determined which would be preferrable. That requiring optimal durability in an 

area on the body where conventional properties may be compromised (e.g. upper chest), SYLGARDÔ 
encapsulated specimens are acceptable. For those which require maintenance of next-to-skin apparel 

performance, Granger'sÒ and PDMS would be best suited while also conferring an extent of 
durability. 

Functionalised wool and cotton knits responded with change in conductivity with exposure to 
different air temperature and humidity levels (20°C, 65%RH to 30°C, 30%RH or 35°C, 23%RH), and 
to immersive and droplet wetting. These two knits were successfully functionalised to yield both 
moisture and temperature sensors. Detecting temperature/humidity of the garment microclimate or 
of human breath as well as wetting from sweat, blood, urine has the potential as non-intrusive health 
indicators. Exposure to extreme conditions of temperature/humidity or dangerous liquids (e.g. 
hazardous chemicals) can also be pre-empted with sensors to support individuals health. Therefore, 
integration of a patch of functionalised wool and cotton knits, with any of the three encapsulations, 
in otherwise non-treated apparel will yield a functional moisture sensor. However, SYLGARD™ 
encapsulated specimens were less affected by liquid water exposure. Applications requiring 
temperature and/or moisture vapour sensors where wetting could be an interfering factor could be 
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well suited to SYLGARD™ encapsulated. Observing opposite trends for exposure to air temperature 
and humidity compared to wetting could yield a dual functional sensor. No effect on electrical 
conductivity of changing carbon dioxide concentration in the air was found. Sensor performance with 
carbon dioxide was not possible. The functionalised knits could therefore not be used to yield a 
carbon dioxide sensor. No effect is desirable for other sensing applications (e.g. temperature, moisture, 
wetting) as any interference in minimal. Validity can be assumed irrespective of fluctuations in carbon 
dioxide concentration of the air. 

The selection of two single jersey fabrics of natural fibre composition limits applicability to fabrics 
constructed of other fibre types, namely synthetic, and fabric construction, both other knit structures, 
wovens, and nonwovens. The two fabrics were selected as both are common in next-to-skin 
applications.  

Scalability to industrial scale processing should be possible given the selection of materials and 
processes. Pre-prepared fabrics, commercially available treatments, and a simple dipping/drying 
process for both graphene and encapsulant deposition will yield a scalable process. Each of the 
materials are widely available to most and therefore easy to obtain and scale up. 

5.2 Conclusions 
Graphene based functionalising treatments were successfully deposited and fixed to 100% wool and 
100% cotton single jersey to confer conductivity. The chemical pre-treatment produced a wool and 
cotton knit with greater absorption properties than the initial knits, increasing possible deposition 
and fixation of subsequent graphene treatments. Graphene ink had superior performance compared 
to reduced graphene oxide. The conductivity and durability of the graphene ink were superior to 
reduced graphene oxide. Each yielded negligible change to conventional fabric performance 
properties, considered highly desirable to maintain performance of these wool and cotton apparel 
fabrics. Despite the greater durability of graphene ink, conductivity still decreased, and graphene ink 
was lost from the fabrics with exposure to wash, abrasion, and to some degree storage. Thus, 
enhancing durability by encapsulation treatments was considered an essential step. 

Encapsulation with polydimethylsiloxane-based treatments did improve performance, primarily 
durability (wash, abrasion, storage), but a consequence of encapsulation was reduced air and 
moisture transfer, increased stiffness, and less tactile acceptability. Producing apparel able to perform 
as a sensor with a functionalised fabric in an otherwise non-treated garment is possible: 
functionalising a total next-to-skin item is not necessary. Those with less acceptability may still be 
appropriate for a confined patch on next-to-skin apparel. The effect on the performance on the apparel 

can be negligible overall. Such a patch could also be made removable (e.g. VelcroÒ) but this decreases 
convenience of functionalised fabrics incorporated in apparel. Lessening the time required for wear 
is also a possible process to reduce undesirable effects from changes occurring because of 
functionalisation and/or encapsulation. 

5.3 Recommendations for further investigations 
Fabric properties 
Extend the range of properties pertinent to next-to-skin applications (e.g. thermal 
resistance/conductance, elasticity, drape, strength) which may reveal the fabrics acceptability or not 
for other applications or positions in apparel. 
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Fabric selection - fibre type and fabric structure 
The present work is limited in terms of the selected fabrics, both being of the same construction and 
both natural fibres. Understanding performance of fabrics constructed of synthetic fibres (polyester, 
polyamide, polyurethane) and/or wovens and other knit structure would be useful additions to 
obtain a wide understanding of fibre type and structural effects. Use of different fibre and fabric types 
may also allow for understanding possibilities for other applications, next-to-skin and other. 

Different sensing applications 
Increase the scope of temperature and humidity levels or wetting with liquids of different 
compositions to determine other applications. 

Other gases of interest which may elicit a response include carbon monoxide due to danger of 
exposure (i.e. headaches, dizziness, confusion, weakness, vomiting, death), used for heating and 
producing chemicals, and can be released from car exhaust; ammonia is also hazardous, can be caustic 
and is common in agriculture; ethanol is also common in agriculture, and can cause irritation of skin, 
eyes, nose, throat, headaches, nausea. 

Sensitivity to other agents is another option. Strain may be of interest for monitoring body movement, 
heart rate, and/or respiration rate. Heart rate and respiration rate is appropriate for the suggested 
position on the chest. A multifunctional sensor combining response could also be desirable.  

Apparel design 
A small wear trial would be useful. Patches functionalised with the graphene ink and encapsulation 
could be sewn to conventional t-shirts or singlets (upper body garment worn next to the skin). Wear 
for a day of 'normal' activities could demonstrate how the fabrics respond in conductivity to 
movement/changes in ambient environment experienced during wear as well as any effects on the 
wearer (e.g. tactile quality, thermal/moisture transfer). Determining sensor performance (moisture 
and other) in real life settings provides evidence for function in use. 

Patches fastened to conventional t-shirts/singlets could also be tested for wash. Patches integrated in 
larger items (i.e. clothing) can be tested for wash durability with a wascator/washing machine to 
better reflect performance with cleaning in real-life use. Additionally, other cleaning methods may 
be investigated, specifically dry cleaning. 

Application processes and treatment types 
Screen printing or stamping could be desirable as an alternative application process. Tests would 
include conductivity, performance as a sensor, durability (wash, abrasion), desirability for end users 
(i.e. air and moisture transfer, tactile quality). 

In addition to graphene, including other substances, such as titanium dioxide can be used to confer 
other functions such as self-cleaning, antimicrobial action. Ensuring superhydrophobicity may also 
be of use to prevent contaminants and reduce required frequency of cleaning. 
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Table A.1 
Properties of wool functionalised with electrical properties 

a Treatment, textile, and electrical properties 

treatment and textile electrical 
resistance impedance capacitance electromagnetic 

shielding authors 

polypyrrole, fabric ü    (Johnston et al., 2006) 

polypyrrole, fabric ü    (Garg, Hurren, and 
Kaynak, 2007) 

polypyrrole, fabric ü    (Wang et al., 2006) 

polypyrrole, fibre ü    (Varesano and Tonin, 
2008) 

polypyrrole, yarn     (Kaynak et al., 2006) 

polypyrrole, fibre ü    (Bhadani, Kumari, Sen 
Gupta, and Sahu, 1997) 

polyaniline, fibre ü    (Bhadani et al., 1996) 

polypyrrole, fibre ü    (Varesano, Dall'Acqua, 
and Tonin, 2005) 

polpyrrole, fibre ü    (Wang et al., 2005) 
reduced graphene 
oxide, fibre ü    (Samad et al., 2014) 

polypyrrole, yarn ü    (Najar, Kaynak, and 
Foitzik, 2007) 

polypyrrole, yarn ü    (Kaynak, Najar, and 
Foitzik, 2008) 

polypyrrole, yarn ü    (Adamiano et al., 2017) 

metal filaments, yarn ü    (Asghar, Ahmad, and 
Yahya, 2016) 

poly(3,4-ethylene-
dioxythiophene), fabric ü    (Zhang, Fairbanks, and 

Andrew, 2017) 

gold, fabric ü    (Chan, Fawcett, and 
Poinern, 2016) 

single walled carbon 
nanotubes, fabric ü    (Motaghi and Shahidi, 

2015) 
single walled carbon 
nanotubes, fabric ü  ü  (Pahuis et al., 2007) 

single walled, multi 
walled carbon 
nanotubes, fabric 

ü    (Montazer, Ghayem 
Asghari, and Pakdel, 2011) 

multi walled carbon 
nanotubes, fabric ü    (Nafeie et al., 2016) 

reduced graphene 
oxide, fabric ü  ü  (Shirgholami, Loghman, 

and Mirjalili, 2016) 
silica, titania, silver 
nanoparticles, fabric     (Mura et al., 2015) 

reduced graphene 
oxide, fabric     (Kim, Kim, Park, Jee, Lim, 

and Park, 2018a) 
polypyrrole, yarn ü    (Kaynak and Foitzik, 2011) 
reduced graphene 
oxide, fabric ü    (Javed et al., 2014) 

silver, fabric     (Kim, Kim, and Yoo, 2010) 
silver coated nylon 
filaments, fabric     (Metcalf et al., 2009) 

graphene nanoplatelets 
and carbon black, 
fabric 

ü    (Souri and Bhattacharya, 
2018c) 

graphene nanoplatelets 
and carbon black, yarn ü    (Souri and Bhattacharya, 

2018d) 
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Table A.1 contd 
b Additional properties 

antimicrobial activity UV protection photocatalytic cytotoxicity authors 
    (Johnston et al., 2006) 

    (Garg, Hurren, and Kaynak, 
2007) 

    (Wang et al., 2006) 
    (Varesano and Tonin, 2008) 
    (Kaynak et al., 2006) 
    (Bhadani et al., 1997) 
    (Bhadani et al., 1996) 

    (Varesano, Dall'Acqua, and 
Tonin, 2005) 

    (Wang et al., 2005) 
    (Samad et al., 2014) 

    (Najar, Kaynak, and Foitzik, 
2007) 

    (Kaynak, Najar, and Foitzik, 
2008) 

    (Adamiano et al., 2017) 

    (Asghar, Ahmad, and Yahya, 
2016) 

    (Zhang, Fairbanks, and Andrew, 
2017) 

    (Chan, Fawcett, and Poinern, 
2016) 

    (Motaghi and Shahidi, 2015) 
    (Pahuis et al., 2007) 

    (Montazer, Ghayem Asghari, 
and Pakdel, 2011) 

    (Nafeie et al., 2016) 

ü ü ü ü (Shirgholami, Loghman, and 
Mirjalili, 2016) 

    (Mura et al., 2015) 
    (Kim et al., 2018a) 
    (Kaynak and Foitzik, 2011) 
 ü   (Javed et al., 2014) 
    (Kim, Kim, and Yoo, 2010) 
    (Metcalf et al., 2009) 
    (Souri and Bhattacharya, 2018c) 
    (Souri and Bhattacharya, 2018d) 
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Table A.1 contd 
c Visual evidence of deposition 

SEM TEM light microscopy photographic images colour coordinates authors 
ü     (Johnston et al., 2006) 
ü  ü   (Garg, Hurren, and Kaynak, 2007) 
     (Wang et al., 2006) 
ü  ü   (Varesano and Tonin, 2008) 
     (Kaynak et al., 2006) 
     (Bhadani et al., 1997) 
     (Bhadani et al., 1996) 

ü  ü   (Varesano, Dall'Acqua, and Tonin, 
2005) 

ü     (Wang et al., 2005) 
ü   ü  (Samad et al., 2014) 
ü  ü   (Najar, Kaynak, and Foitzik, 2007) 
ü  ü   (Kaynak, Najar, and Foitzik, 2008) 
ü ü    (Adamiano et al., 2017) 
   ü  (Asghar, Ahmad, and Yahya, 2016) 

ü     (Zhang, Fairbanks, and Andrew, 
2017) 

ü     (Chan, Fawcett, and Poinern, 2016) 
ü     (Motaghi and Shahidi, 2015) 
ü   ü  (Pahuis et al., 2007) 

ü   ü ü (h* C* L* a* b*) (Montazer, Ghayem Asghari, and 
Pakdel, 2011) 

ü     (Nafeie et al., 2016) 

ü     (Shirgholami, Loghman, and 
Mirjalili, 2016) 

ü     (Mura et al., 2015) 
ü     (Kim et al., 2018a) 
ü     (Kaynak and Foitzik, 2011) 

ü  ü ü ü(K/S, L* a* b* C* 
h˚) (Javed et al., 2014) 

ü     (Kim, Kim, and Yoo, 2010) 
     (Metcalf et al., 2009) 
ü   ü  (Souri and Bhattacharya, 2018c) 

ü     (Souri and Bhattacharya, 2018d) 
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Table A.1 contd 
d Spectroscopic evidence of deposition 

chemical X-ray other 
authors 

FTIR Raman diffraction energy 
dispersive 

photo-
electron UV-vis atomic force 

       (Johnston et al., 2006) 
     ü  (Garg, Hurren, and Kaynak, 2007) 
       (Wang et al., 2006) 
       (Varesano and Tonin, 2008) 
       (Kaynak et al., 2006) 
       (Bhadani et al., 1997) 
ü       (Bhadani et al., 1996) 

ü   ü    (Varesano, Dall'Acqua, and Tonin, 
2005) 

       (Wang et al., 2005) 
       (Samad et al., 2014) 
       (Najar, Kaynak, and Foitzik, 2007) 
       (Kaynak, Najar, and Foitzik, 2008) 
ü ü ü   ü  (Adamiano et al., 2017) 
       (Asghar, Ahmad, and Yahya, 2016) 

       (Zhang, Fairbanks, and Andrew, 
2017) 

       (Chan, Fawcett, and Poinern, 2016) 
 ü      (Motaghi and Shahidi, 2015) 
 ü    ü  (Pahuis et al., 2007) 

       (Montazer, Ghayem Asghari, and 
Pakdel, 2011) 

       (Nafeie et al., 2016) 

  ü ü ü ü  (Shirgholami, Loghman, and 
Mirjalili, 2016) 

       (Mura et al., 2015) 
       (Kim et al., 2018a) 
       (Kaynak and Foitzik, 2011) 
ü ü      (Javed et al., 2014) 
       (Kim, Kim, and Yoo, 2010) 
       (Metcalf et al., 2009) 
       (Souri and Bhattacharya, 2018c) 

       (Souri and Bhattacharya, 2018d) 
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Table A.1 contd 
e Durability 

wash/immersion 
in water abrasion light extension bending authors 

     (Johnston et al., 2006) 

 ü    (Garg, Hurren, and Kaynak, 
2007) 

     (Wang et al., 2006) 
ü ü ü   (Varesano and Tonin, 2008) 
     (Kaynak et al., 2006) 
     (Bhadani et al., 1997) 
     (Bhadani et al., 1996) 

ü ü ü   (Varesano, Dall'Acqua, and 
Tonin, 2005) 

     (Wang et al., 2005) 
     (Samad et al., 2014) 

     (Najar, Kaynak, and Foitzik, 
2007) 

     (Kaynak, Najar, and Foitzik, 
2008) 

   ü (10 cycles)  (Adamiano et al., 2017) 

     (Asghar, Ahmad, and Yahya, 
2016) 

     (Zhang, Fairbanks, and 
Andrew, 2017) 

     (Chan, Fawcett, and Poinern, 
2016) 

     (Motaghi and Shahidi, 2015) 
     (Pahuis et al., 2007) 

ü     (Montazer, Ghayem Asghari, 
and Pakdel, 2011) 

     (Nafeie et al., 2016) 

ü     (Shirgholami, Loghman, and 
Mirjalili, 2016) 

     (Mura et al., 2015) 
     (Kim et al., 2018a) 
 ü    (Kaynak and Foitzik, 2011) 
     (Javed et al., 2014) 
     (Kim, Kim, and Yoo, 2010) 
     (Metcalf et al., 2009) 
   ü (1000 cycles)  (Souri and Bhattacharya, 2018c) 
   ü(>1100 cycles)  (Souri and Bhattacharya, 2018d) 
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Table A.1 contd 
f Fabric properties 

mass thickness tensile 
strength 

crease 
recovery 

flexural 
rigidity 

interstitial 
space authors 

      (Johnston et al., 2006) 

      (Garg, Hurren, and Kaynak, 
2007) 

      (Wang et al., 2006) 
      (Varesano and Tonin, 2008) 
      (Kaynak et al., 2006) 
ü      (Bhadani et al., 1997) 
ü      (Bhadani et al., 1996) 

      (Varesano, Dall'Acqua, and 
Tonin, 2005) 

  ü    (Wang et al., 2005) 
      (Samad et al., 2014) 

  ü    (Najar, Kaynak, and Foitzik, 
2007) 

  ü (10)    (Kaynak, Najar, and Foitzik, 
2008) 

      (Adamiano et al., 2017) 

  ü    (Asghar, Ahmad, and Yahya, 
2016) 

      (Zhang, Fairbanks, and 
Andrew, 2017) 

      (Chan, Fawcett, and Poinern, 
2016) 

      (Motaghi and Shahidi, 2015) 
      (Pahuis et al., 2007) 

      (Montazer, Ghayem Asghari, 
and Pakdel, 2011) 

  ü    (Nafeie et al., 2016) 

      (Shirgholami, Loghman, and 
Mirjalili, 2016) 

      (Mura et al., 2015) 
      (Kim et al., 2018a) 
      (Javed et al., 2014) 
      (Kim, Kim, and Yoo, 2010) 
      (Metcalf et al., 2009) 
      (Souri and Bhattacharya, 2018c) 
      (Souri and Bhattacharya, 2018d) 
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Table A.1 f contd 

permeability 
to air 

permeability 
to water 
vapour 

moisture 
manage-

ment 
thermal 

resistance 
thermal 

gravimetric 
analysis 

contact 
angle authors 

      (Johnston et al., 2006) 

     ü (Garg, Hurren, and Kaynak, 
2007) 

   ü   (Wang et al., 2006) 
      (Varesano and Tonin, 2008) 
      (Kaynak et al., 2006) 
      (Bhadani et al., 1997) 
      (Bhadani et al., 1996) 

      (Varesano, Dall'Acqua, and 
Tonin, 2005) 

      (Wang et al., 2005) 
      (Samad et al., 2014) 

      (Najar, Kaynak, and Foitzik, 
2007) 

      (Kaynak, Najar, and Foitzik, 
2008) 

    ü  (Adamiano et al., 2017) 

      (Asghar, Ahmad, and Yahya, 
2016) 

      (Zhang, Fairbanks, and 
Andrew, 2017) 

      (Chan, Fawcett, and Poinern, 
2016) 

      (Motaghi and Shahidi, 2015) 
      (Pahuis et al., 2007) 

      (Montazer, Ghayem Asghari, 
and Pakdel, 2011) 

    ü  (Nafeie et al., 2016) 

      (Shirgholami, Loghman, and 
Mirjalili, 2016) 

      (Mura et al., 2015) 
      (Kim et al., 2018a) 
      (Kaynak and Foitzik, 2011) 
      (Javed et al., 2014) 
      (Kim, Kim, and Yoo, 2010) 
      (Metcalf et al., 2009) 
      (Souri and Bhattacharya, 2018c) 
      (Souri and Bhattacharya, 2018d) 
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Table A.2 
Properties of cotton functionalised with electrical properties 

a Treatment, textile, and electrical properties 

treatment and textile electrical 
resistance  impedance capacitance electromagnetic 

shielding authors 

graphene ink fabric ü ü   (Xu et al., 2020) 
multilayer graphene 
dispersion fabric ü    (Zheng et al., 2020) 
reduced graphene oxide 
fabric ü    (Liu et al., 2019) 
reduced graphene oxide 
fabric     (Song et al., 2019) 
graphene oxide, 
graphene/polyurethane 
fabric 

    
(Tian et al., 2019) 

graphene ink fabric ü ü   (Xu et al., 2019) 
silver fabric ü   ü (Ali et al., 2017) 
single walled carbon 
nanotubes fabric ü  ü  (Hu et al., 2010) 
single walled carbon 
nanotubes fabric ü  ü  (Pasta et al., 2010) 
reduced graphene oxide 
fabric ü  ü  (Liu et al., 2012) 
polypyrrole fabric ü ü ü  (Babu et al., 2009) 

polypyrrole, polyaniline 
fabric ü    

(Onar, Aksit, 
Ebeoglugil, Birlik, 
Celik, and Ozdemir, 
2009) 

reduced graphene oxide 
fabric ü    (Chatterjee, Kumar, 

and Maity, 2017) 
graphene nanoplatelet 
fabric     (Qu et al., 2014) 
reduced graphene oxide 
fabric ü    

(Shateri-Khalilabad 
and Yazdanshenas, 
2013a) 

reduced graphene oxide 
fabric ü    

(Shateri-Khalilabad 
and Yazdanshenas, 
2013b)  

polypyrrole fabric ü    
(Varesano, Aluigi, 
Florio, and Fabris, 
2009) 

polypyrrole silver fabric ü    
(Babu, Dhandapani, 
Maruthamuthu, and 
Kulandainathan, 2012) 

graphene/polyurethane 
fabric ü    (Hu et al., 2015) 
graphene oxide fabric ü    (Tang et al., 2015) 
reduced graphene oxide 
fabric ü    (Sahito et al., 2015b) 
reduced graphene oxide 
fabric ü    (Cai et al., 2017) 
reduced graphene oxide 
cotton ü    (Ren et al., 2017) 
reduced graphene oxide 
fabric   ü  (Karimi et al., 2015) 
reduced graphene oxide 
fabric ü  ü  (Zhou et al., 2015) 
nickel fabric ü    (Zhang et al., 2018) 
reduced graphene oxide ü  ü  (Xu et al., 2015b) 
polyurethane/cotton/carb
on nanotubes core-spun 
yarn 

ü    
(Wang, Huang, Sun, 
Huang, Hu, Jiang, Gai, 
Li, and Zhi, 2016)  

poly(3,4-
ethylenedioxythiophene):
poly(styrenesulfonate), 
graphene nanosheets 
fabric 

    

(Tian et al., 2016) 
graphene nanoplatelets, 
carbon black fabric ü    (Souri and 

Bhattacharya, 2018c) 
graphene nanoplatelets, 
carbon black fabric ü    (Souri and 

Bhattacharya, 2018b) 
polyaniline fabric ü    (Patil and 

Deogaonkar, 2012) 
graphene/polyvinylphosp
honic acid nanocomposite 
fabric 

ü    (Nooralian, Gashti, 
and Ebrahimi, 2016) 
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Table A.2 a contd 

treatment and textile electrical 
resistance impedance capacitance electromagnetic 

shielding authors 
multiwalled carbon 
nanotubes fabric ü    (Makowski et al., 

2014) 
carbon nanotubes 
fabric     (Liu et al., 2008) 
graphene oxide fabric     (Krishnamoorthy et 

al., 2012) 
polypyrrole yarn ü    (Kaynak, Najar, and 

Foitzik, 2008)  
reduced graphene 
oxide fabric ü    (Karimi et al., 2016) 
reduced graphene 
oxide fabric ü    (Karimi et al., 2014) 
carbon nanotubes yarn ü    (Han et al., 2013) 
 ü    (Gu and Zhao, 2011) 
nickel multi-layered 
graphene fabric   ü  (Gao et al., 2015) 
graphene nanoribbon 
from multiwalled 
carbon nanotubes 
fabric 

ü    
(Gan et al., 2015) 

graphene oxide fibres     (Tian et al., 2014) 
carbon core/stainless 
steel/polyester fabric 
encapsulated with 
polyurethane 

ü    (Varnaite-
Zuravliova et al., 
2016) 

poly(3,4-eth- 
ylenedioxythiophene) 
fabric 

ü    
(Zhang, Fairbanks, 
and Andrew, 
2017)128 

polypyrrole fabric ü ü   (Zhou et al., 2014) 

copper wire yarn ü   ü (Ramachandran and 
Vigneswaran, 2009) 

reduced graphene 
oxide silver fabric ü    (He et al., 2018) 
reduced graphene 
oxide titanium dioxide 
fabric 

    
(Stan et al., 2019) 

reduced graphene 
oxide yarn ü    (Yun et al., 2015)  
nickel, reduced 
graphene oxide yarn ü ü ü  (Liu, Yu, Yan, Li, 

and Zheng, 2015a) 
reduced graphene 
oxide fabric ü    (Javed et al., 2014) 
polypyrrole reduced 
graphene oxide fabric ü  ü  (Xu et al., 2015a) 

polypyrrole 
(Karim et al., 2017)  
reduced graphene 
oxide fabric 

ü ü   
(Karim et al., 2017) 

poly(3,4-ethyle- 
nedioxythiophene):pol
y(4-styrenesulfonate) 
fabric 

ü    

(Tessarolo, 
Possanzini, 
Campari, Bonfiglioli, 
Violante, Bonfiglio, 
and Fraboni, 2018) 

graphene resin, 
multiwalled carbon 
nanotube resin fabric 

    
(Abbas et al., 2013) 

poly(3,4-
ethylenedioxythiophe
ne):poly(styrenesulfon
ate) 

ü    (Ankhili, Tao, 
Cochrane, Coulon, 
and Koncar, 2018) 

carbon yarns 

ü ü ü  

(Jost, Durkin, 
Haverhals, Brown, 
Langenstein, De 
Long, Trulove, 
Gogotsi, and Dion, 
2015) 

  

 

128 Tested other properties for fabrics of different fibre types. 
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Table A.2 a contd 

treatment and textile electrical 
resistance impedance capacitance electromagnetic 

shielding authors 
graphene and reduced 
graphene oxide fabric ü    (Kowalczyk et al., 

2017) 
reduced graphene 
oxide fabric ü    (Samad et al., 2014) 
polypyrrole yarn ü    (Esfandiari, 2008)  
poly(3,4-
ethylenedioxythiophe
ne) doped with 
poly(styrene sulfonate 
yarns 

ü    
(Tarabella, Villani, 
Calestani, Mosca, 
Iannotta, Zappettini, 
and Coppede, 2012) 

poly(3,4-
ethylenedioxythiophe
ne) doped with 
poly(styrene sulfonate 
yarns 

ü    
(Mattana, Cosseddu, 
Fraboni, Malliaras, 
Hinestroza, and 
Bonfiglio, 2011) 

polypyrrole fibres ü    (Hosseini and 
Pairovi, 2005) 
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Table A.2 contd 
b Additional properties 

antimicrobial activity UV protection photocatalytic cytotoxicity authors 
    (Xu et al., 2020) 
    (Zheng et al., 2020) 
    (Liu et al., 2019) 
    (Song et al., 2019) 
    (Tian et al., 2019) 
    (Xu et al., 2019) 
ü    (Ali et al., 2017) 
    (Hu et al., 2010) 
    (Pasta et al., 2010) 
    (Liu et al., 2012) 
    (Babu et al., 2009) 
    (Onar et al., 2009) 
    (Chatterjee, Kumar, and Maity, 2017) 
 ü   (Qu et al., 2014) 
    (Shateri-Khalilabad and 

Yazdanshenas, 2013a) 
    (Shateri-Khalilabad and 

Yazdanshenas, 2013b) 
ü    (Varesano et al., 2009) 
ü    (Babu et al., 2012) 
 ü   (Hu et al., 2015) 
 ü   (Tang et al., 2015) 
  ü  (Sahito et al., 2015b) 
 ü   (Cai et al., 2017) 
    (Ren et al., 2017) 
ü  ü ü (Karimi et al., 2015) 
    (Zhou et al., 2015) 
    (Zhang et al., 2018) 
    (Xu et al., 2015b) 
    (Wang et al., 2016) 
    (Tian et al., 2016) 
    (Souri and Bhattacharya, 2018c) 
    (Souri and Bhattacharya, 2018b) 
    (Patil and Deogaonkar, 2012) 
    (Nooralian, Gashti, and Ebrahimi, 

2016) 
    (Makowski et al., 2014) 
 ü   (Liu et al., 2008) 
ü  ü  (Krishnamoorthy et al., 2012) 
    (Kaynak, Najar, and Foitzik, 2008)  
ü ü ü  (Karimi et al., 2016) 
ü  ü ü (Karimi et al., 2014) 
    (Han et al., 2013) 
    (Gu and Zhao, 2011) 
    (Gao et al., 2015) 
    (Gan et al., 2015) 
    (Tian et al., 2014) 
    (Varnaite-Zuravliova et al., 2016) 

    
(Zhang, Fairbanks, and Andrew, 
2017)129 

    (Zhou et al., 2014) 
    (Ramachandran and Vigneswaran, 

2009) 
    (He et al., 2018) 
ü  ü ü (Stan et al., 2019) 
    (Yun et al., 2015) 
    (Liu et al., 2015a)  
 ü   (Javed et al., 2014) 
    (Xu et al., 2015a) 
    (Karim et al., 2017) 
    (Tessarolo et al., 2018) 
    (Abbas et al., 2013) 
    (Ankhili et al., 2018) 
    (Jost et al., 2015) 
    (Kowalczyk et al., 2017) 
    (Samad et al., 2014) 
    (Esfandiari, 2008)  
    (Tarabella et al., 2012) 
    (Mattana et al., 2011) 
    (Hosseini and Pairovi, 2005) 

 
 

129 Tested other properties for fabrics of different fibre types. 
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Table A.2 contd 
c Visual evidence of deposition 

SEM TEM light 
microscopy 

photographic 
images 

colour 
coordinates authors 

ü   ü  (Xu et al., 2020) 
ü ü    (Zheng et al., 2020) 
ü   ü ü (K/S) (Liu et al., 2019) 
ü  ü ü ü (L* a* b*) (Song et al., 2019) 
ü     (Tian et al., 2019) 
ü     (Xu et al., 2019) 
ü     (Ali et al., 2017) 
ü ü  ü  (Hu et al., 2010) 
ü ü  ü  (Pasta et al., 2010) 
ü   ü  (Liu et al., 2012) 
ü     (Babu et al., 2009) 
     (Onar et al., 2009) 
ü     (Chatterjee, Kumar, and Maity, 2017) 
ü     (Qu et al., 2014) 
ü ü   ü (L* a* b* ∆E) (Shateri-Khalilabad and Yazdanshenas, 

2013a) 
ü ü    (Shateri-Khalilabad and Yazdanshenas, 

2013b) 
ü ü    (Varesano et al., 2009) 
ü     (Babu et al., 2012) 
ü ü    (Hu et al., 2015) 
ü   ü  (Tang et al., 2015) 
ü   ü  (Sahito et al., 2015b) 
ü   ü  (Cai et al., 2017) 
ü   ü  (Ren et al., 2017) 
ü ü    (Karimi et al., 2015) 
ü   ü  (Zhou et al., 2015) 
ü     (Zhang et al., 2018) 
ü   ü  (Xu et al., 2015b) 
ü     (Wang et al., 2016) 
ü ü    (Tian et al., 2016) 
ü   ü  (Souri and Bhattacharya, 2018c) 
ü     (Souri and Bhattacharya, 2018b) 
ü     (Patil and Deogaonkar, 2012) 
ü     (Nooralian, Gashti, and Ebrahimi, 2016) 
ü ü    (Makowski et al., 2014) 
ü     (Liu et al., 2008) 
ü   ü  (Krishnamoorthy et al., 2012) 
ü  ü   (Kaynak, Najar, and Foitzik, 2008)  
ü ü    (Karimi et al., 2016) 
ü ü    (Karimi et al., 2014) 
     (Han et al., 2013) 
ü ü  ü  (Gu and Zhao, 2011) 
ü ü    (Gao et al., 2015) 
ü ü  ü  (Gan et al., 2015) 
     (Tian et al., 2014) 
ü     (Varnaite-Zuravliova et al., 2016) 
ü     (Zhang, Fairbanks, and Andrew, 2017)130 
     (Zhou et al., 2014) 
ü     (Ramachandran and Vigneswaran, 2009) 
ü     (He et al., 2018) 
ü     (Stan et al., 2019) 
ü     (Yun et al., 2015) 
ü  ü ü  (Liu et al., 2015a)  
ü     (Javed et al., 2014) 
ü   ü  (Xu et al., 2015a) 
ü     (Karim et al., 2017) 

ü    ü (colour 
difference ∆E) (Tessarolo et al., 2018) 

   ü  (Abbas et al., 2013) 
ü     (Ankhili et al., 2018) 
ü    ü (L* a* b* ∆E) (Jost et al., 2015)  
ü     (Kowalczyk et al., 2017) 
ü     (Samad et al., 2014) 
ü     (Esfandiari, 2008)  
 ü    (Tarabella et al., 2012) 
ü     (Mattana et al., 2011) 
     (Hosseini and Pairovi, 2005) 

  
 

130 Tested other properties for fabrics of different fibre types. 
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Table A.2 contd 
d Spectroscopic evidence of deposition 

chemical X-ray other authors 
FTIR Raman diffraction energy 

dispersive 
photo-

electron UV-vis atomic 
force 

       (Xu et al., 2020) 
ü ü    ü ü (Zheng et al., 2020) 
ü       (Liu et al., 2019) 
ü    ü  ü (Song et al., 2019) 
       (Tian et al., 2019) 
    ü   (Xu et al., 2019) 
   ü    (Ali et al., 2017) 
       (Hu et al., 2010) 
       (Pasta et al., 2010) 
 ü ü    ü (Liu et al., 2012) 
ü ü ü     (Babu et al., 2009) 
ü  ü     (Onar et al., 2009) 
ü       (Chatterjee, Kumar, and Maity, 2017) 
ü    ü ü ü (Qu et al., 2014) 
     ü  (Shateri-Khalilabad and Yazdanshenas, 

2013a) 
ü     ü  (Shateri-Khalilabad and Yazdanshenas, 

2013b)  
ü   ü    (Varesano et al., 2009) 
ü  ü  ü   (Babu et al., 2012) 
ü    ü   (Hu et al., 2015) 
ü       (Tang et al., 2015) 
ü ü ü ü ü ü  (Sahito et al., 2015b) 
ü ü   ü   (Cai et al., 2017) 
 ü   ü   (Ren et al., 2017) 
 ü ü     (Karimi et al., 2015) 
 ü ü  ü  ü (Zhou et al., 2015) 
ü   ü    (Zhang et al., 2018) 
ü       (Xu et al., 2015b) 
       (Wang et al., 2016)  
ü    ü  ü (Tian et al., 2016) 
       (Souri and Bhattacharya, 2018c) 
ü ü      (Souri and Bhattacharya, 2018b) 
ü       (Patil and Deogaonkar, 2012) 
ü  ü     (Nooralian, Gashti, and Ebrahimi, 2016) 
   ü    (Makowski et al., 2014) 
       (Liu et al., 2008) 
ü     ü  (Krishnamoorthy et al., 2012) 
       (Kaynak, Najar, and Foitzik, 2008) 
  ü ü ü   (Karimi et al., 2016) 
ü ü ü  ü ü  (Karimi et al., 2014) 
       (Han et al., 2013) 
       (Gu and Zhao, 2011) 
 ü ü     (Gao et al., 2015) 
ü ü ü     (Gan et al., 2015) 
ü  ü   ü  (Tian et al., 2014) 
       (Varnaite-Zuravliova et al., 2016) 

       
(Zhang, Fairbanks, and Andrew, 
2017)131 

       (Zhou et al., 2014) 
       (Ramachandran and Vigneswaran, 2009) 
       (He et al., 2018) 
ü       (Stan et al., 2019) 
       (Yun et al., 2015) 
 ü ü     (Liu et al., 2015a) 
ü ü      (Javed et al., 2014) 
ü       (Xu et al., 2015a)  
 ü   ü  ü (Karim et al., 2017) 
   ü   ü (Tessarolo et al., 2018) 
       (Abbas et al., 2013) 
       (Ankhili et al., 2018) 
       (Jost et al., 2015) 
ü ü      (Kowalczyk et al., 2017) 
       (Samad et al., 2014) 
       (Esfandiari, 2008) 
       (Tarabella et al., 2012) 
       (Mattana et al., 2011) 
       (Hosseini and Pairovi, 2005) 

 

131 Tested other properties for fabrics of different fibre types. 
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Table A.2 contd 
e Durability 

wash/immersion in 
water abrasion light extension bending authors 

ü    ü (Xu et al., 2020) 
     (Zheng et al., 2020) 
ü     (Liu et al., 2019) 

ü (colour fastness)     (Song et al., 2019) 
     (Tian et al., 2019) 
    ü (Xu et al., 2019) 
ü     (Ali et al., 2017) 
ü     (Hu et al., 2010) 
     (Pasta et al., 2010) 
     (Liu et al., 2012) 
     (Babu et al., 2009) 
ü  ü   (Onar et al., 2009) 
ü ü    (Chatterjee, Kumar, and Maity, 2017) 
ü     (Qu et al., 2014) 
 ü    (Shateri-Khalilabad and Yazdanshenas, 

2013a) 
     (Shateri-Khalilabad and Yazdanshenas, 

2013b) hydrophobic 
     (Varesano et al., 2009) 
     (Babu et al., 2012) 
ü     (Hu et al., 2015) 
ü     (Tang et al., 2015) 
     (Sahito et al., 2015b) 
ü     (Cai et al., 2017) 
ü     (Ren et al., 2017) 
     (Karimi et al., 2015) 
     (Zhou et al., 2015) 
ü ü  ü  (Zhang et al., 2018) 
     (Xu et al., 2015b) 
     (Wang et al., 2016) 
     (Tian et al., 2016) 
   ü  (Souri and Bhattacharya, 2018c) 
   ü  (Souri and Bhattacharya, 2018b) 
     (Patil and Deogaonkar, 2012) 
     (Nooralian, Gashti, and Ebrahimi, 2016) 
     (Makowski et al., 2014) 
ü     (Liu et al., 2008) 
     (Krishnamoorthy et al., 2012) 
     (Kaynak, Najar, and Foitzik, 2008) 
     (Karimi et al., 2016) 
     (Karimi et al., 2014) 
    ü (Han et al., 2013) 
     (Gu and Zhao, 2011) 
    ü (Gao et al., 2015) 
ü   ü  (Gan et al., 2015) 
     (Tian et al., 2014)  
ü     (Varnaite-Zuravliova et al., 2016) 

     
(Zhang, Fairbanks, and Andrew, 
2017)132 

     (Zhou et al., 2014) 

     (Ramachandran and Vigneswaran, 2009) 
ü     (He et al., 2018) 
     (Stan et al., 2019) 
    ü (Yun et al., 2015) 
     (Liu et al., 2015a)  
     (Javed et al., 2014) 
     (Xu et al., 2015a)  
ü    ü (Karim et al., 2017) 
    ü (Tessarolo et al., 2018) 
     (Abbas et al., 2013) 
ü     (Ankhili et al., 2018) 
     (Jost et al., 2015) 
     (Kowalczyk et al., 2017) 
ü     (Samad et al., 2014) 
     (Esfandiari, 2008) 
     (Tarabella et al., 2012) 
     (Mattana et al., 2011) 
     (Hosseini and Pairovi, 2005) 

  
 

132 Tested other properties for fabrics of different fibre types. 



 

429 

Table A.2 contd 
f Fabric properties 

mass thickness tensile 
strength 

crease 
recovery stiffness interstitial 

space authors 

    ü  (Xu et al., 2020) 
 ü     (Zheng et al., 2020) 
      (Liu et al., 2019) 
      (Song et al., 2019) 
      (Tian et al., 2019) 
      (Xu et al., 2019) 
  ü ü   (Ali et al., 2017) 
      (Hu et al., 2010) 
      (Pasta et al., 2010) 
      (Liu et al., 2012) 
 ü     (Babu et al., 2009) 
  ü    (Onar et al., 2009) 
ü     ü (Chatterjee, Kumar, and Maity, 2017) 
  ü    (Qu et al., 2014) 

ü  ü    (Shateri-Khalilabad and 
Yazdanshenas, 2013a) 

      (Shateri-Khalilabad and 
Yazdanshenas, 2013b) 

  ü    (Varesano et al., 2009) 
      (Babu et al., 2012) 
      (Hu et al., 2015) 
      (Tang et al., 2015) 
ü  ü  ü  (Sahito et al., 2015b) 
      (Cai et al., 2017) 
      (Ren et al., 2017) 
  ü ü ü  (Karimi et al., 2015) 
      (Zhou et al., 2015) 
      (Zhang et al., 2018) 
  ü    (Xu et al., 2015b) 
      (Wang et al., 2016) 
      (Tian et al., 2016) 
      (Souri and Bhattacharya, 2018c) 
      (Souri and Bhattacharya, 2018b) 
ü  ü    (Patil and Deogaonkar, 2012) 
      (Nooralian, Gashti, and Ebrahimi, 

2016) 
      (Makowski et al., 2014) 
  ü    (Liu et al., 2008) 
      (Krishnamoorthy et al., 2012) 
  ü    (Kaynak, Najar, and Foitzik, 2008) 
      (Karimi et al., 2016) 
      (Karimi et al., 2014) 
      (Han et al., 2013)  
      (Gu and Zhao, 2011) 
     ü (Gao et al., 2015) 
  ü    (Gan et al., 2015) 
  ü    (Tian et al., 2014) 
ü ü   ü  (Varnaite-Zuravliova et al., 2016) 
      (Zhang, Fairbanks, and Andrew, 

2017) 
ü      (Zhou et al., 2014) 

ü ü ü   ü (Ramachandran and Vigneswaran, 
2009) 

  ü    (He et al., 2018) 
ü ü ü    (Stan et al., 2019) 
      (Yun et al., 2015) 
      (Liu et al., 2015a)  
      (Javed et al., 2014) 
    ü  (Xu et al., 2015a) 
  ü    (Karim et al., 2017) 
      (Tessarolo et al., 2018) 
    ü  (Abbas et al., 2013) 
      (Ankhili et al., 2018) 
      (Jost et al., 2015)  
      (Kowalczyk et al., 2017) 
      (Samad et al., 2014) 
  ü    (Esfandiari, 2008)  
      (Tarabella et al., 2012) 
  ü    (Mattana et al., 2011) 
  ü    (Hosseini and Pairovi, 2005) 
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Table A.2 f contd 

permeability 
to air 

perme- 
ability to 

water 
vapour 

moisture 
mange-

ment 
thermal 

resistance 
thermal 

gravimetric 
analysis 

contact 
angle authors 

      (Xu et al., 2020) 
      (Zheng et al., 2020) 
    ü  (Liu et al., 2019) 
    ü  (Song et al., 2019) 
      (Tian et al., 2019) 
      (Xu et al., 2019) 
ü ü     (Ali et al., 2017) 
      (Hu et al., 2010) 
      (Pasta et al., 2010) 
      (Liu et al., 2012) 
    ü  (Babu et al., 2009) 
      (Onar et al., 2009) 

ü ü     
(Chatterjee, Kumar, and Maity, 
2017) 

      (Qu et al., 2014) 

      
(Shateri-Khalilabad and 
Yazdanshenas, 2013a) 

     ü 
(Shateri-Khalilabad and 
Yazdanshenas, 2013b) 

  ü  ü  (Varesano et al., 2009) 
      (Babu et al., 2012) 
   ü   (Hu et al., 2015) 
      (Tang et al., 2015) 
    ü ü (Sahito et al., 2015b) 
     ü (Cai et al., 2017) 
      (Ren et al., 2017) 
      (Karimi et al., 2015) 
      (Zhou et al., 2015) 
      (Zhang et al., 2018) 
      (Xu et al., 2015b) 
      (Wang et al., 2016) 
ü      (Tian et al., 2016) 
    ü  (Souri and Bhattacharya, 2018c) 
      (Souri and Bhattacharya, 2018b) 
      (Patil and Deogaonkar, 2012) 

    ü ü 
(Nooralian, Gashti, and 
Ebrahimi, 2016) 

     ü (Makowski et al., 2014) 
     ü (Liu et al., 2008) 
      (Krishnamoorthy et al., 2012) 

      
(Kaynak, Najar, and Foitzik, 
2008) 

      (Karimi et al., 2016) 
      (Karimi et al., 2014) 
      (Han et al., 2013) 
      (Gu and Zhao, 2011) 
      (Gao et al., 2015) 
    ü  (Gan et al., 2015) 
   ü ü  (Tian et al., 2014) 
ü ü ü    (Varnaite-Zuravliova et al., 2016) 

      
(Zhang, Fairbanks, and Andrew, 
2017) 

      (Zhou et al., 2014) 

ü      
(Ramachandran and 
Vigneswaran, 2009)  

    ü  (He et al., 2018) 
ü ü    ü (Stan et al., 2019) 
      (Yun et al., 2015)  
      (Liu et al., 2015a) 
      (Javed et al., 2014) 
      (Xu et al., 2015a) 
      (Karim et al., 2017) 
      (Tessarolo et al., 2018) 
ü   ü  ü (Abbas et al., 2013) 
      (Ankhili et al., 2018) 
      (Jost et al., 2015) 
      (Kowalczyk et al., 2017) 
      (Samad et al., 2014) 
    ü  (Esfandiari, 2008)  
      (Tarabella et al., 2012)  
      (Mattana et al., 2011) 
    ü  (Hosseini and Pairovi, 2005) 
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Enlarged FTIR spectra 
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0.1mol/L for 15min 

 
0.1mol/L for 30min 

 
Figure B.1 

Enlarged FTIR figures for functionalised wool 
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Figure B.1 contd 
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Figure B.1 contd 
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Figure B.1 contd 
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Figure B.1 contd 
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Figure B.1 contd 
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Figure B.2 
Enlarged FTIR figures for functionalised cotton 
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Figure B.2 contd 
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Figure B.2 contd 
 

  

 C:\Users\chemir01\Desktop\sophie clothing FTIR\.11          0.1mol/L 30min          fabric 18/02/2019

33
34

.3
1

32
86

.3
3

32
79

.4
9

28
97

.5
3

28
49

.9
6

16
31

.7
5

14
26

.4
1

13
68

.7
2

13
34

.4
4

13
14

.0
1

12
79

.7
0

12
04

.0
0

11
60

.0
2

11
05

.8
1

10
52

.9
7

10
28

.9
6

99
9.

76
98

3.
15

66
1.

35
60

6.
14

5001000150020002500300035004000
Wavenumber cm-1

0
20

40
60

80
10

0
12

0
14

0

Tr
an

sm
itt

an
ce

 [%
]

 Page 1/1

 C:\Users\chemir01\Desktop\sophie clothing FTIR\.9          0.5mol/L 15min          fabric 18/02/2019

33
32

.0
9

32
87

.8
0

32
74

.9
0

28
98

.2
5

28
49

.7
8

16
32

.1
2

14
26

.3
3

13
60

.1
1

13
34

.4
9

13
13

.9
9

12
04

.0
4

11
60

.1
6

11
06

.3
6

10
52

.8
5

10
28

.7
6

99
9.

49
98

3.
21

89
7.

05

5001000150020002500300035004000
Wavenumber cm-1

0
20

40
60

80
10

0
12

0
14

0

Tr
an

sm
itt

an
ce

 [%
]

 Page 1/1

 C:\Users\chemir01\Desktop\sophie clothing FTIR\.10          0.5mol/L 30min          fabric 18/02/2019

33
28

.2
1

32
92

.4
3

32
80

.3
6

28
98

.5
8

28
50

.4
5

16
33

.9
3

14
26

.2
1

13
68

.2
4

13
34

.5
3

13
13

.9
7

12
03

.8
1

11
59

.6
8

11
05

.5
6

10
52

.5
1

10
28

.3
8

99
9.

55
98

3.
30

89
6.

67

5001000150020002500300035004000
Wavenumber cm-1

0
20

40
60

80
10

0
12

0
14

0

Tr
an

sm
itt

an
ce

 [%
]

 Page 1/1



 

443 

 

 

 

 

1.0mol/L for 15min 

 
1.0mol/L for 30min 

 
2.0mol/L for 15min 

 

Figure B.2 contd 
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Figure B.2 contd 
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Appendix C 
Colour coordinates - L* a* b* 
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C.1 Determining L* a* b* 
Spectrophotometers are used to quantify colour measurements. Standard illuminants (e.g. D65, D50), 
observer (2°, 10°) and radiant intensities for different wavelengths yield digital measurements from 
which L* a* b* are calculated (Homann, 2008). The L* a* b* colour space spreads a right-angled system 
of co-ordinates across hue and saturation (Homann, 2008). L* represents lightness/darkness 
(achromatic) in the range 0 to 100, where 0 is black/total absorption and 100 is white (total reflection). 
Axes a* and b* are chromatic thereby describing colour: a* indicates green (-)/red (+) value, and b* 
blue (-)/yellow (+) ranging -128 to +127 (Martin, 2015). Delta E (∆E) refers to the difference between 
two colours designated as two points (squared difference of L*, a*, and b* between two specimens 
and taking the square root of the value) (Martin, 2015). A value greater than one suggests the 
difference is perceptible to the human eye, greater than four is typically visible to the average person 
and unacceptable if attempting to attain consistency/colour matches (Martin, 2015). 

C.2 Method 

A colour sensor133 was used to quantify colour coordinates of knits. The reference tile and QR code 
confirmed function within advertised specifications. Fabrics were positioned on a light grey coloured 
table under artificial lighting with minimal effect of sunlight. The colour sensor was placed flat on 
the knit to block ambient light. Illuminant D65 and observer 10° were used. Colour measurements 
were acquired with the Nix™ QC App. CIE94 was used to obtain L*, a*, b*, delta ∆L*, and ∆E. Only 
∆L* was selected because lightness of specimens was considered most important; a* and b* were 
noted but the difference was not critical to the research.  

The reference fabric was the non-treated fabric for each of the reduced graphene oxide functionalised 
wool and cotton knit. To obtain colour measurements, each knit functionalised with graphene ink 
and encapsulants was compared to a reference fabric, specified in the results. The number of 
measurements also differed for some tests. Briefly, demonstrating changes in colour with graphene, 
encapsulation, and wash was determined with five measurements on the technical face and technical 
rear of each fabric specimen, one in each corner and one in the centre providing five measurements 
per specimen. One measurement from the centre of abrasion specimens and abradants was obtained 
from each specimen. 

C.3 Results - reduced graphene oxide functionalised wool and cotton knits  
With respect to the wool knit, colour coordinates differed (F2,288=71247.99, p≤0.001) as expected. 
Applying reduced graphene oxide treatment had an effect on L* (F2,147=23396.65, p≤0.001), a* 
(F2,147=24.71, p≤0.001), b* (F2,147=8339.84, p≤0.001) resulting in a decrease, most predominantly of L* 
(Table B.1). The wool fabric in the original state had high L*, negative a* (green spectrum), and 
positive b* (yellow spectrum). High L* and position in the yellow spectrum indicate the cream colour 
of wool. The grey colour of reduced graphene oxide results in a decrease in L*. Thus, deposition was 
confirmed by L* a* b*.  

 

133 Nix™ Quality Control (QC) Color Sensor, Nix Sensor Ltd, 175 Longwood Road, South Suite 408A, Hamilton, Ontario, 
Canada, L8P 0A1. 
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Table C.1 
Appearance of wool knit functionalised with reduced graphene oxide - L* a* b* 

 L* a* b* ∆E ∆L* 
nil      
mean 82.22 -1.06 8.05   
s.d. 0.47 0.23 0.32   
CV% 0.57 21.32 3.93   
      
pre-treated^      
mean 81.75 -1.30 8.76 0.73 -0.51 
s.d. 0.31 1.97 0.34 0.30 0.53 
CV% 0.38 151.72 3.84 40.64 102.48 
      
reduced graphene oxide treated†     
8min 110°C      
mean 35.26 0.002 1.90 23.53 -46.52 
s.d. 0.93 0.29 0.19 0.45 0.91 
CV% 2.63 17891.53 10.23 1.93 1.96 
      
8min 120°C      
mean 33.67 0.17 1.654 24.54 -48.46 
s.d. 1.42 0.46 0.25 0.70 1.41 
CV% 4.20 272.93 15.12 2.87 2.91 
      
24min 110°C      
mean 36.32 -0.13 1.78 23.22 -45.83 
s.d. 0.87 0.27 0.18 0.43 0.86 
CV% 2.39 206.93 10.00 1.86 1.89 
      
24min 120°C      
mean 34.15 0.13 1.52 24.31 -47.89 
s.d. 1.49 0.33 0.20 0.74 1.49 
CV% 4.37 256.99 13.29 3.06 3.11 

^ difference from nil, † difference from pre-treated 
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Both treatment time and curing temperature influenced L* (F1,96=10.19, p≤0.001; F1,96=60.42, p≤0.001, 
respectively), and b* (F1,96=9.18, p≤0.001; F1,96=36.47, p≤0.001, respectively). Curing temperature also 
had an effect on a* but treatment time did not a* (F1,96=9.58, p≤0.001; F1,96=1.57, NS, respectively). 
Specimens treated for 24min had slightly higher L* than those treated for 8min and specimens cured 
at 120°C were higher than those cured at 110°C. There was no interaction between treatment time and 
curing temperature for L*, a*, or b* (F1,96=1.47, NS; F1,96=0.46, NS; F1,96=0.01, NS, respectively). 

∆L* and ∆E also differed due to applying reduced graphene oxide (F1,96=278837.29, p≤0.001). 
Treatment time and curing temperature affected ∆L* (F1,96=5.12, p≤0.05; F1,192=77.16, p≤0.001, 
respectively) and ∆E (F1,96=5.12, p≤0.05; F1,96=77.16, p≤0.001, respectively). No interaction between 
treatment time and curing temperature was found for either ∆L* and ∆E (F1,96=0.07, NS; F1,96=0.09, NS, 
respectively). Specimens treated for 24min had higher ∆L* and ∆E than those treated for 8min and 
that cured at 120°C were greater than those cured at 110°C. 

In terms of cotton, a difference was found among colour coordinates (F2,288=54544.26, p≤0.001). 
Reduced graphene oxide had an effect on L* (F2,147=17849.86, p≤0.001), a* (F2,147=22.97, p≤0.001), and 
b* (F2,147=2689.07, p≤0.001) (Table B.2). L* was less following the reduced graphene oxide treatment 
(~37 to ~39) compared to nil and pre-treated specimens (~86), expected given the grey colouration of 
the reduced graphene oxide suspension. The not treated cotton knit had negative a* indicating 
positioning in the green spectrum, while those functionalised with reduced graphene oxide were 
positive and in the red spectrum. Specimens treated with reduced graphene oxide was ~2 less 
whereas not treated specimens were ~7, albeit in the yellow spectrum. 

Treatment time influenced L* (F1,96=29.41, p≤0.001), a* (F1,96=7.63, p≤0.01), and b* (F1,96=117.14, 
p≤0.001) while curing temperature effected L* (F1,96=7.10, p≤0.01), and b (F1,96=6.81, p≤0.01) but not a* 
(F1,96=0.92, NS). Specimens treated for 40min had lower L* than 20min and that cured at 120°C were 
less than those cured at 70°C. No interaction between treatment time and curing temperature was 
found for L*, a*, or b* (F1,96=0.50, NS; F1,96=0.68, NS; F1,96=0.97, NS, respectively). 

There was no difference between ∆L* and ∆E (F1,192=0.02, NS). An effect of treatment time was found 
for both (F1,96=45.27, p≤0.001; F1,96=52.11, p≤0.001, respectively) while curing temperature did not 
affect either (F1,96=0.38, NS; F1,96=0.14, NS, respectively). No interaction between treatment time and 
curing temperature was found for ∆L* nor ∆E (F1,96=0.66, NS; F1,96=0.24, NS, respectively). ∆L* and ∆E 
were greater for specimens treated for 40min compared to 20min and specimens cured at 120°C had 
slightly smaller ∆E and ∆L* than those cured for 70°C, however the values were similar. 

C.4 Effectiveness for demonstrating reduced graphene oxide deposition with L* a* b* 
Colour coordinates provided a quantifiable measure of deposition of reduced graphene oxide on the 
fabric surface. The change in L* was most pronounced and most important/desirable due to the 
combination of cream/white base of the fabric and grey of the reduced graphene oxide. Because 
colour coordinates provide information pertaining to reduced graphene oxide deposition, measuring 
the values may also provide useful information following exposure to potentially degrading factors 
(e.g. wash and abrasion). Unfortunately, with the limitations in sourcing the reduced graphene oxide 
determining such effects was not possible. This was determined for graphene ink and encapsulant 
functionalised fabrics. 
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Table C.2 
Appearance of cotton knit functionalised with reduced graphene oxide - L* a* b* 

 L* a* b* ∆E ∆L* 
nil      
mean 86.42 -0.28 6.75   
s.d. 0.54 0.20 0.31   
CV% 0.63 -73.67 4.61   
      
pre-treated^      
mean 86.43 -0.23 6.84 0.53 0.084 
s.d. 0.54 0.34 0.27 0.22 0.52 
CV% 0.63 144.23 4.00 42.37 627.42 
     
reduced graphene oxide treated†     
20min 70°C      
mean 39.28 0.05 2.51 23.99 -47.20 
s.d. 1.48 0.45 0.27 0.7 1.48 
CV% 3.77 834.49 10.85 3.11 3.14 
      
20min 120°C      
mean 38.69 0.07 2.69 23.59 -46.81 
s.d. 1.60 0.45 0.27 0.80 1.60 
CV% 4.13 692.34 10.07 3.39 3.42 
      
40min 70°C      
mean 37.87 0.22 2.00 24.90 -49.09 
s.d. 1.21 0.40 0.22 0.60 1.21 
CV% 3.20 178.99 10.80 2.41 2.47 
      
40min 120°C      
mean 36.85 0.38 2.08 24.85 -48.96 
s.d. 1.67 0.44 0.27 0.84 1.67 
CV% 4.53 115.82 13.19 3.37 3.41 

^ difference from nil, † difference from pre-treated 
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C.5 Results - Graphene ink and encapsulant functionalised wool and cotton knits 
The wool fabric had high L* (white), negative a* (green spectrum), and positive b* (yellow spectrum) 
(Table B.3). Small ∆L* (-0.5) and ∆E (0.7) suggest minimal effects of the pre-treatment, not perceptible 
to the eye (<1). Graphene ink deposition was shown by a decrease in L* of ~60 (i.e. ∆L* was 
approximately -59) from that of pre-treated specimens. a* was negative (as with pre-treated wool), in 
the green spectrum, but close to zero. A decrease in b* was observed (i.e. eight less), but still positive 
and in the yellow spectrum. Graphene ink treated fabrics were closer to blue than those with no 
functionalisation (i.e. nil, and pre-treated). Most change could be attributed to L* rather than a* and 
b*, expected with change from cream to black colouration following functionalisation with the black 
graphene ink. ∆E was ~30 and therefore change was detectable by the human eye.  

L*, a*, and b* differed based on treatments to varying extents (F5,144=10899.48, p≤0.001; F5,144=7.66, 
p≤0.001; F5,144=5540.73, p≤0.001, respectively). The effect on b* was less than L* evidenced by a smaller 
F value of which a* was less again. Five groups were identified for the effect on L* (SYLGARD™; 
graphene ink; PDMS; Granger's®; pre-treated, nil), three groups for the effect on a* (pre-treated, nil; 
nil, Granger's®; Granger's®, SYLGARD™, graphene ink, PDMS), and four for that of b* 
(SYLGARD™; Granger's®, PDMS, graphene ink; nil; pre-treated). All encapsulated specimens had 
L* ~ 20, like those with graphene ink only. Granger’s® encapsulated specimens had the highest L* 
followed by PDMS and SYLGARD™ encapsulated specimens which were most similar to graphene 
ink treated specimens. All fabrics were in the green spectrum based on a* which was negative, small, 
and had high variation. b* was negative for SYLGARD™ encapsulated specimens and therefore in 
the blue spectrum while Granger’s® and PDMS encapsulated remained positive and in the yellow 
spectrum, although of small values with high variation. 

∆L* and ∆E were measured for encapsulated specimens compared to those with graphene ink only. 
An effect on ∆L* and ∆E was found for encapsulation compared to graphene ink only (F2,72=65.87, 
p≤0.001; F2,82=7.95, p≤0.001, respectively). A small change in ∆E and ∆L* was observed (i.e. three or 
less). ∆E was greater than one however, so potentially perceptible to humans. The effect of each 
encapsulation on ∆E differed from the other bar SYLGARD™ compared to Granger's®; that of ∆L* 
each differed. Three groups were identified for the effect on ∆L* (SYLGARD™; PDMS; Granger's®) 
and two groups for that of ∆E (PDMS; SYLGARD™, Granger's®). 

Wash had an effect on L* a* b* (F7.12,2392.78=235.90, p≤0.001; Table B.4 a-b134) for which the response 
differed based on functionalisation (F21.36,2392.78=11.02, p≤0.001) and colour coordinate 
(F14.24,2392.78=252.01, p≤0.001). The effects of each wash cycle changed colour coordinates, but washes 
20, 30, 40, 50 were comparatively similar. There was no difference in performance between the 
technical face and rear (i.e. fabric surface) (F7.12,2392.78=1.76, NS). Each iteration of the functionalisation 
and colour coordinates was different with wash. SYLGARD™ encapsulation resulted in most 
consistent values with wash and L* was affected to the greatest extent. There was an interaction 
among wash, fabric surface, and colour (F14.24,2392.78=1.77, p≤0.05), and among wash, functionalisation, 
and colour (F42.73,2392.78=10.56, p≤0.001), with small F values. No interaction was found for wash, fabric  

  

 

134 For L* a* b*, and ∆L* and ∆E the assumption of sphericity of Mauchly's Test of Sphericity was violated (χ2(44) =398.85, 
p=0.00; χ2(35) =240.71, p=0.00, respectively), the Greenhouse-Geisser correction was used (p=0.79; 0.79, respectively). 
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Table C.3 
Appearance of wool knit functionalised with graphene ink and encapsulated - L* a* b* 

 L* a* b* ∆L* ∆E 
nil (n=25)      
mean 82.22 -1.06 8.05   
s.d. 0.47 0.23 0.32   
CV% 0.57 21.32 3.93   
      
pre-treated^ (n=25)     
mean 81.75 -1.30 8.76 -0.51 0.73 
s.d. 0.31 1.97 0.34 0.53 0.30 
CV% 0.38 151.72 3.84 102.48 40.64 
     
non-encap† (n=25)    
mean 22.44 -0.18 0.29 -59.10 30.24 
s.d. 1.16 0.48 0.26 1.81 0.63 
CV% 5.18 270.83 88.20 3.06 2.07 
      
SYLGARDä‡ (n=25)     
mean 20.33 -0.31 -0.26 -3.05 1.75 
s.d. 0.98 0.40 0.22 0.98 0.46 
CV% 4.82 128.78 84.48 32.18 26.09 
      
Granger’s®‡ (n=25)     
mean 26.55 -0.47 0.14 3.17 1.79 
s.d. 2.50 0.49 0.26 2.50 1.12 
CV% 9.43 105.46 192.52 78.85 62.59 
      
PDMS‡ (n=25)      
mean 23.74 -0.12 0.27 0.36 1.02 
s.d. 1.95 0.38 0.32 1.95 0.57 
CV% 8.23 327.04 120.95 536.45 56.41 

^ difference from nil, † difference from pre-treated, ‡ difference from graphene ink only 
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Table C.4 
Appearance of wool knit functionalised with graphene ink and encapsulated 

with wash - L* a* b* 
a Technical face 

 non-encap SYLGARD™ 

 L* a* b* ∆E ∆L* L* a* b* ∆E ∆L* 
before           
mean 21.96 -0.17 0.01   21.65 -0.16 -0.47   
s.d. 1.27 0.48 0.20   1.60 0.50 0.20   
CV% 5.77 288.38 1967.59   7.38 307.46 -42.72   
           
1 wash           
mean 23.59 -0.36 0.13 1.12 0.90 21.80 -0.26 -0.35 1.07 1.59 
s.d. 2.43 0.54 0.32 0.98 2.52 1.58 0.42 0.28 0.66 1.58 
CV% 10.31 148.39 244.50 88.04 280.75 7.26 161.77 78.77 62.38 99.62 
           
6 wash           
mean 24.25 -0.41 0.06 1.47 2.31 22.71 -0.25 -0.45 1.40 2.47 
s.d. 2.17 0.61 0.20 1.02 2.18 1.96 0.53 0.23 0.92 1.96 
CV% 8.97 146.46 327.39 69.28 94.24 8.63 217.45 50.56 65.75 79.41 
           
10 wash           
mean 26.32 -0.10 -0.07 2.62 5.13 24.00 -0.16 -0.36 1.58 2.60 
s.d. 2.15 0.48 0.26 1.09 2.15 1.59 0.49 0.32 0.71 1.59 
CV% 8.16 466.64 390.23 41.77 41.84 6.64 313.52 88.92 44.60 61.29 
           
20 wash           
mean 27.89 -0.45 0.00 4.18 8.15 24.19 -0.18 -0.31 2.19 3.97 
s.d. 2.23 0.79 0.35 1.12 2.23 1.57 0.66 0.34 0.69 1.57 
CV% 7.99 176.37 25889.15 26.86 27.33 6.48 356.65 107.77 31.65 39.49 
           
30 wash           
mean 28.76 -0.23 -0.04 3.62 7.05 24.62 -0.23 -0.45 2.73 5.32 
s.d. 2.41 0.53 0.37 1.21 2.41 1.70 0.68 0.32 0.93 1.70 
CV% 8.37 227.73 929.38 33.39 34.15 6.91 290.71 71.50 33.96 32.05 
           
40 wash           
mean 30.83 -0.58 0.14 4.10 8.08 24.85 -0.44 -0.26 2.04 3.69 
s.d. 2.50 0.71 0.22 1.26 2.50 1.49 0.31 0.27 0.70 1.49 
CV% 8.11 121.51 153.32 30.83 30.96 6.01 70.41 105.67 34.52 40.45 
           
50 wash           
mean 31.06 -0.44 0.18 4.54 8.89 25.21 -0.21 -0.37 2.66 5.27 
s.d. 1.58 0.51 0.28 0.77 1.58 1.46 0.32 0.26 0.74 1.46 
CV% 5.09 116.97 156.02 17.06 17.75 5.80 152.31 69.85 27.74 27.74 
           
75 wash           
mean 32.44 -1.01 0.11 5.36 10.58 25.46 -0.34 -0.37 2.40 4.69 
s.d. 2.29 0.56 0.36 1.14 2.29 1.45 0.44 0.20 0.71 1.45 
CV% 7.06 55.99 345.37 21.34 21.68 5.71 129.50 54.81 29.39 30.99 
           
100 wash          
mean 36.66 -0.51 0.20 7.17 14.24 26.22 -0.40 -0.20 3.59 7.08 
s.d. 3.83 0.66 0.26 1.88 3.83 1.70 0.48 0.23 0.84 1.71 
CV% 10.44 129.25 130.33 26.29 26.87 6.50 119.93 113.59 23.45 24.10 



 

458 

Table C.4 a contd 

 Granger's® PDMS 
 L* a* b* ∆E ∆L* L* a* b* ∆E ∆L* 
before           
mean 24.16 -0.09 -0.41   23.15 -0.17 -0.13   
s.d. 2.10 0.68 0.38   1.59 0.48 0.25   
CV% 8.70 773.94 93.58   6.89 286.24 187.77   
           
1 wash           
mean 25.90 -0.52 -0.17 1.69 3.03 25.06 -0.23 0.12 2.02 3.82 
s.d. 1.86 0.53 0.24 0.87 1.86 2.00 0.42 0.31 0.96 2.00 
CV% 7.20 103.18 146.65 51.53 61.60 7.97 184.46 255.20 47.34 52.33 
           
6 wash           
mean 28.87 -0.09 -0.26 2.53 4.76 24.74 -0.67 0.08 1.61 2.29 
s.d. 2.90 0.63 0.46 1.40 2.90 1.66 0.47 0.24 0.86 1.66 
CV% 10.04 695.86 177.67 55.34 60.89 6.73 69.82 313.48 53.17 72.62 
           
10 wash           
mean 31.41 -0.69 0.30 3.20 6.05 26.25 -0.29 0.12 1.61 2.89 
s.d. 3.73 0.80 0.43 1.90 3.73 2.11 0.28 0.22 0.84 2.11 
CV% 11.88 115.01 140.70 59.24 61.64 8.05 96.58 182.18 52.19 73.15 
           
20 wash           
mean 33.62 -0.96 0.32 4.55 8.77 29.27 -0.83 0.23 3.33 6.47 
s.d. 4.12 1.05 0.58 2.14 4.12 2.73 0.75 0.41 1.38 2.73 
CV% 12.26 109.51 184.12 47.12 47.00 9.33 90.02 183.77 41.58 42.22 
           
30 wash           
mean 33.06 -0.77 0.37 4.53 8.83 30.28 -0.63 -0.07 4.74 9.36 
s.d. 3.87 0.52 0.53 1.95 3.87 2.05 0.49 0.40 1.01 2.05 
CV% 11.72 68.23 141.19 43.04 43.88 6.76 78.23 586.43 21.32 21.87 
           
40 wash           
mean 35.64 -0.75 0.35 5.82 11.33 32.17 -0.73 0.15 5.43 10.70 
s.d. 4.93 0.75 0.53 2.45 4.93 2.45 0.52 0.21 1.19 2.45 
CV% 13.82 100.49 151.08 42.13 43.46 7.60 71.72 142.38 21.86 22.86 
           
50 wash           
mean 35.11 -0.99 0.43 5.96 11.56 32.42 -0.72 0.27 5.14 10.13 
s.d. 3.62 0.54 0.36 1.82 3.62 2.64 0.33 0.39 1.33 2.64 
CV% 10.30 54.33 82.29 30.58 31.31 8.15 44.97 143.49 25.91 26.07 
           
75 wash           
mean 37.49 -0.98 0.43 6.26 12.38 35.55 -0.53 0.14 7.39 14.69 
s.d. 4.04 0.73 0.39 2.04 4.04 3.56 0.75 0.40 1.79 3.57 
CV% 10.78 74.46 91.19 32.57 32.64 10.03 142.63 289.14 24.29 24.28 
           
100 wash          
mean 37.35 -0.87 0.18 6.34 12.43 36.03 -0.83 0.34 6.37 12.68 
s.d. 4.11 0.70 0.65 2.10 4.11 2.83 0.42 0.31 1.41 2.83 
CV% 11.00 80.18 351.98 33.12 33.07 7.84 50.01 93.40 22.13 22.28 
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Table C.4 contd 
b Technical rear 

 non-encap SYLGARD™ 

 L* a* b* ∆E ∆L* L* a* b* ∆E ∆L* 
before           
mean 22.39 -0.03 -0.04   20.42 -0.23 -0.50   
s.d. 1.50 0.39 0.22   0.92 0.46 0.28   
CV% 6.69 1163.87 537.56   4.49 203.60 55.81   
           
1 wash           
mean 22.18 -0.05 0.03 1.40 -2.63 21.86 0.03 -0.41 1.27 2.27 
s.d. 1.30 0.36 0.18 0.60 1.30 1.40 0.32 0.18 0.63 1.40 
CV% 5.85 658.82 599.19 43.12 49.22 6.38 933.57 44.53 49.60 61.59 
           
6 wash           
mean 23.48 -0.09 -0.09 1.25 0.93 22.87 -0.18 -0.36 2.74 1.50 
s.d. 2.00 0.48 0.27 0.74 2.00 1.44 0.46 0.28 1.44 0.75 
CV% 8.50 538.79 302.13 58.79 214.58 6.30 249.96 79.42 52.49 50.29 
           
10 wash           
mean 25.54 -0.40 0.20 1.97 3.70 23.55 -0.23 -0.26 1.69 3.09 
s.d. 1.25 0.54 0.27 0.55 1.25 1.63 0.47 0.21 0.81 1.63 
CV% 4.89 135.25 137.61 27.69 33.79 6.91 206.32 77.90 47.89 52.67 
           
20 wash           
mean 27.06 -0.44 0.12 2.21 4.06 23.85 -0.06 -0.46 2.12 4.05 
s.d. 1.48 0.71 0.36 0.67 1.48 1.73 0.51 0.32 0.84 1.72 
CV% 5.48 162.12 291.41 30.38 36.53 7.23 864.00 68.51 39.64 42.59 
           
30 wash           
mean 26.74 -0.30 0.13 3.52 6.51 24.21 -0.48 -0.39 2.15 4.17 
s.d. 2.13 0.57 0.37 0.97 2.13 1.56 0.36 0.17 0.76 1.55 
CV% 7.98 188.18 277.35 27.70 32.78 6.43 75.99 43.84 35.26 37.27 
           
40 wash           
mean 28.11 -0.61 0.18 3.91 7.25 24.83 -0.41 -0.26 2.40 4.62 
s.d. 2.29 0.66 0.42 1.18 2.29 1.65 0.51 0.42 0.79 1.65 
CV% 8.16 107.45 230.62 30.14 31.61 6.63 126.16 157.23 33.03 35.61 
           
50 wash           
mean 29.68 -0.59 0.17 3.62 6.94 25.11 -0.36 -0.21 2.68 5.12 
s.d. 2.36 0.68 0.33 1.15 2.36 1.78 0.76 0.29 0.90 1.78 
CV% 7.95 115.35 196.66 31.87 33.98 7.08 212.48 136.65 33.61 34.70 
           
75 wash           
mean 31.51 -0.63 0.07 6.25 12.38 25.56 -0.52 -0.29 3.04 5.79 
s.d. 1.50 0.73 0.38 0.75 1.50 1.55 0.38 0.23 0.81 1.55 
CV% 4.76 115.10 562.52 12.06 12.10 6.05 74.27 79.98 26.65 26.75 
           
100 wash          
mean 34.05 -0.69 0.35 5.80 11.50 26.27 -0.79 -0.18 3.09 5.92 
s.d. 2.92 0.45 0.40 1.46 2.92 1.58 0.80 0.38 0.78 1.58 
CV% 8.58 65.50 113.39 25.22 25.40 6.01 102.17 209.61 25.13 26.69 
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Table C.4 b contd 

 Granger's® PDMS 
 L* a* b* ∆E ∆L* L* a* b* ∆E ∆L* 
before           
mean 24.43 -0.25 -0.27   23.14 -0.11 -0.17   
s.d. 2.51 0.38 0.29   1.13 0.31 0.21   
CV% 10.26 149.36 104.29   4.87 289.46 118.99   
           
1 wash           
mean 23.50 -0.32 -0.18 0.97 -0.24 22.98 -0.35 0.13 1.53 2.61 
s.d. 1.39 0.53 0.30 0.47 1.39 1.87 0.54 0.22 0.77 1.87 
CV% 5.91 165.39 168.33 48.14 567.73 8.15 153.29 169.74 50.66 71.67 
           
6 wash           
mean 24.99 -0.32 -0.14 1.20 0.74 24.50 -0.29 0.01 1.34 2.11 
s.d. 2.17 0.36 0.29 0.49 2.17 2.23 0.52 0.23 0.98 2.23 
CV% 8.69 113.24 205.12 40.77 291.68 9.10 177.14 2171.76 73.10 105.65 
           
10 wash           
mean 28.02 -0.29 0.02 2.17 3.71 24.31 -0.23 -0.03 1.82 3.35 
s.d. 2.99 0.82 0.40 1.40 2.99 1.92 0.46 0.16 0.89 1.92 
CV% 10.67 280.95 1856.65 64.61 80.55 7.91 199.47 589.05 48.90 57.43 
           
20 wash           
mean 29.35 -0.72 0.24 3.56 6.69 27.40 -0.36 0.09 2.95 5.62 
s.d. 3.48 0.95 0.65 1.86 3.48 1.98 0.68 0.29 0.95 1.98 
CV% 11.87 132.37 274.44 52.22 52.04 7.22 190.68 325.25 32.33 35.15 
           
30 wash           
mean 29.91 -0.78 0.23 3.21 5.38 29.06 -0.31 0.03 4.54 8.98 
s.d. 4.05 0.69 0.62 1.90 4.04 1.64 0.54 0.29 0.82 1.64 
CV% 13.53 87.78 273.91 59.07 75.23 5.65 173.09 1009.98 18.15 18.30 
           
40 wash           
mean 31.49 -0.54 0.18 4.23 8.31 30.10 -0.57 0.25 4.53 8.73 
s.d. 4.00 0.67 0.36 1.98 4.00 2.13 0.82 0.27 1.02 2.13 
CV% 12.70 124.08 200.42 46.71 48.13 7.07 145.04 109.98 22.57 24.37 
           
50 wash           
mean 30.44 -0.91 0.37 3.21 6.21 31.11 -0.36 0.23 4.38 8.67 
s.d. 3.58 0.63 0.42 1.82 3.57 2.25 0.55 0.26 1.12 2.25 
CV% 11.75 69.62 114.85 56.73 57.59 7.24 154.10 112.37 25.68 25.99 
           
75 wash           
mean 34.77 -0.80 0.51 5.43 10.61 33.57 -0.68 0.43 5.27 10.46 
s.d. 3.57 0.68 0.40 1.77 3.57 3.21 0.58 0.34 1.60 3.21 
CV% 10.26 85.00 78.65 32.49 33.62 9.56 85.39 78.54 30.34 30.67 
           
100 wash           
mean 33.70 -1.12 0.40 5.40 10.44 33.89 -0.63 0.08 6.50 12.81 
s.d. 3.49 1.09 0.55 1.84 3.49 2.29 0.63 0.48 1.15 2.30 
CV% 10.35 -97.12 137.35 34.07 33.44 6.77 100.32 576.90 17.70 17.92 
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surface, and functionalisation (F21.36,2392.78=1.03, NS) nor among wash, functionalisation, fabric surface, 
and colour coordinate (F42.73,2392.78=2.61, NS).  

Wash had a significant effect on ∆L*, ∆E (F6.33,1417.70=369.69, p≤0.001) which was affected by 
functionalisation (F18.99,1417.70=18.64, p≤0.001) and colour coordinate (F6.33,1417.70=52.98, p≤0.001) but not 
by fabric surface (F6.33,1417.70=1.95, NS). Wash cycles had different effects but wash 40 and 50 were more 
similar. ∆E was greater than 1 following each wash increment for each functionalisation, typically 
increasing with increased washes, particularly for specimens with graphene ink only. Therefore, 
changes could be perceptible. Each functionalisation caused different responses, but Granger's® and 
PDMS specimens were most similar. SYLGARD™ had the smallest and most consistent ∆E. The 
technical face and technical rear showed similar changes with increased washes. An interaction was 
identified among wash, functionalisation, and fabric surface (F18.99,1417.70=4.30, p≤0.001) and wash, 
functionalisation, and colour coordinate (F18.99,1417.70=3.40, p≤0.001) but not among wash, fabric surface, 
and colour (F6.33,1417.70=0.61, NS) nor wash, treatment, fabric surface, and colour coordinate 
(F18.99,1417.70=0.79, NS). 

Abrasion had an effect on L* a* b* of wool specimens (F3.50,104.94=15.26, p≤0.001; Table B.5135). Pre-
treated specimens were most different from functionalised specimens while all those functionalised 
were similar. The pattern of response differed among colour coordinates (F7.00,104.94=8.18, p≤0.001) and 
functionalising treatments (F13.99,104.94=2.95, p≤0.001) and considering effects of both factors together 
(F27.98,10.94=2.28, p≤0.001). The latter two had small F values (i.e. ~2) and therefore of low importance. 
L*, a*, and b* were stable for pre-treated specimens compared to encapsulated specimens, of note L* 
remained high at ~82 with small standard deviation and co-efficient of variation. L* was lower of 
functionalised specimens (20 to 30) and showed change, increasing with increased abrasion cycles. 
However, encapsulated specimens retained more consistent L*, a*, and b* than those with only 
graphene ink.  

SYLGARD™ encapsulated specimens had the lowest change in L*. Negative a* indicated positioning 
in the green spectrum and positive values suggest presence in the red spectrum; all values were 
relatively close to zero. No trends or patterns of change with increasing number of cycles or changing 
functionalisation were evident. Not treated specimens had higher b* than functionalised fabrics and 
remained relatively consistent with exposure to abrasion. The former was ~10 (in the yellow 
spectrum) and consistent when exposed to increased abrasion cycles, functionalised specimens were 
close to zero with both positive and negative values (thus both yellow and blue spectrum). 

 

  

 

135 The assumption of sphericity of Mauchly's Test of Sphericity was violated for L* a* b*, and ∆L*, ∆E (χ2(119)=391.22, p≤0.01; 
χ2(104)=268.73, p≤0.01, respectively) and abradants (χ2(119)=561.78, p≤0.01; χ2(104)=471.85, p≤0.01, respectively), thus, the 
Greenhouse-Geisser correction was used for each (p=0.23, NS; p=0.29, NS; p=0.25, NS; p=0.22, NS, respectively). 
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Table C.5 
Appearance of wool knit functionalised with graphene ink and encapsulated 

with abrasion - L* a* b* 
a Specimens 

 pre-treated non-encap 
cycles L* a* b* ∆E ∆L* L* a* b* ∆E ∆L* 
before           
mean 82.44 -0.54 10.27   19.77 -0.21 -0.75   
s.d. 0.31 0.19 0.40   0.61 0.37 0.44   
CV% 0.37 34.60 3.85   3.08 173.61 58.25   
125           
mean 82.49 -0.08 10.70 2.27 0.76 20.12 -0.28 -0.22 1.42 -0.70 
s.d. 1.00 0.06 0.29 0.19 1.00 0.66 0.40 0.03 0.80 3.08 
CV% 1.22 78.06 2.68 8.17 131.91 3.30 145.54 15.75 56.09 442.56 
500           
mean 82.26 -0.60 10.73 2.56 0.47 21.37 -0.14 -0.03 1.02 0.19 
s.d. 0.50 0.25 0.82 0.64 0.50 0.41 0.16 0.15 0.12 1.75 
CV% 0.60 41.91 7.66 24.84 105.46 1.92 108.38 564.16 11.53 935.65 
1000           
mean 83.05 0.07 10.63 2.96 1.81 21.06 -0.18 0.00 1.15 0.20 
s.d. 0.44 0.16 0.40 0.24 0.44 0.87 0.20 0.26 0.11 1.89 
CV% 0.53 233.51 3.80 8.03 24.20 4.13 106.65 7662.25 9.27 959.26 
2000           
mean 82.73 -0.18 10.49 2.46 1.13 22.58 -0.38 0.19 1.42 1.66 
s.d. 0.22 0.04 0.51 0.35 0.22 0.25 0.66 0.38 0.19 0.76 
CV% 0.26 22.04 4.87 14.25 19.21 1.10 175.31 203.03 13.00 45.47 
5000           
mean 82.46 -0.20 10.50 2.14 0.03 23.73 0.14 0.14 1.92 2.75 
s.d. 0.51 0.03 0.48 0.33 0.52 0.67 0.28 0.10 1.18 3.37 
CV% 0.62 15.02 4.57 15.19 1940.00 2.80 199.11 72.49 61.68 122.46 
7000           
mean 82.87 -0.11 10.66 2.25 1.08 24.89 -0.18 0.50 2.53 4.09 
s.d. 0.34 0.28 0.82 0.57 0.34 0.16 0.77 0.34 0.67 0.94 
CV% 0.41 243.94 7.70 25.47 31.46 0.65 425.68 68.61 26.55 23.09 
10000           
mean 82.60 0.07 10.72 1.63 0.59 24.32 0.11 0.44 1.83 2.93 
s.d. 0.56 0.23 0.40 1.17 0.56 0.48 0.18 0.09 0.95 1.98 
CV% 0.68 346.41 3.74 71.48 95.46 1.99 170.13 19.18 52.04 67.66 
15000           
mean 82.87 0.22 10.75 2.99 1.38 24.70 0.32 0.46 2.32 3.35 
s.d. 0.36 0.23 0.64 0.47 0.36 0.83 0.39 0.33 1.15 2.58 
CV% 0.43 104.84 5.94 15.79 25.89 3.38 121.87 71.59 49.36 77.04 
20000           
mean 82.89 0.32 11.01 2.64 0.67 24.58 0.28 0.34 2.38 4.29 
s.d. 0.31 0.36 0.29 0.25 0.31 0.30 0.48 0.21 1.15 2.35 
CV% 0.37 111.10 2.63 9.61 46.29 1.20 174.15 63.52 48.16 54.83 
25000           
mean 82.88 -0.10 10.86 2.53 1.01 25.14 0.11 0.35 1.96 3.60 
s.d. 0.73 0.12 0.42 0.24 0.73 1.01 0.18 0.20 1.12 2.38 
CV% 0.89 119.44 3.82 9.51 72.45 4.01 155.44 55.77 57.32 66.01 
30000           
mean 82.78 -0.15 10.30 1.95 0.50 25.03 0.38 0.32 2.70 4.72 
s.d. 0.36 0.58 0.48 0.35 0.36 1.22 0.40 0.28 0.61 1.18 
CV% 0.43 380.30 4.62 18.12 71.54 4.87 104.03 87.42 22.64 24.94 
35000           
mean 82.90 0.25 11.05 2.82 0.67 24.77 0.39 0.24 2.70 4.96 
s.d. 0.33 0.21 0.38 0.26 0.33 0.58 0.22 0.14 0.65 1.22 
CV% 0.40 84.29 3.47 9.07 49.96 2.34 57.21 56.37 24.15 24.65 
40000           
mean 82.92 -0.10 10.59 3.07 1.89 25.60 0.25 0.48 2.62 4.73 
s.d. 0.38 0.05 0.64 0.42 0.38 0.45 0.54 0.23 1.28 2.38 
CV% 0.46 43.64 6.08 13.50 20.27 1.76 217.00 48.46 48.69 50.28 
45000           
mean 83.14 -0.05 10.22 2.52 0.74 25.20 0.18 0.36 2.29 3.90 
s.d. 0.98 0.27 0.36 0.90 1.41 0.22 0.64 0.38 0.82 1.14 
CV% 1.18 499.37 3.52 35.78 189.98 0.87 348.47 104.19 35.70 29.10 
50000           
mean 82.50 -0.08 10.67 2.48 0.56 25.84 0.16 0.62 2.67 4.67 
s.d. 0.60 0.10 0.60 0.41 0.60 0.30 0.29 0.38 1.85 3.21 
CV% 0.73 119.24 5.61 16.44 106.80 1.15 180.17 61.91 69.35 68.74 
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Table C.5 a contd 

 SYLGARD™ Granger's® 
cycles L* a* b* ∆E ∆L* L* a* b* ∆E ∆L* 
before           
mean 17.95 -0.50 -0.45   26.69 -0.14 -0.25   
s.d. 0.67 0.40 0.33   2.59 0.42 0.25   
CV% 3.73 80.35 71.90   9.68 302.61 96.48   
125           
mean 18.63 -0.11 -0.69 1.55 -1.11 21.69 0.57 -0.86 2.96 -3.69 
s.d. 0.63 0.87 0.14 0.91 3.16 2.54 0.89 0.32 0.67 5.16 
CV% 3.39 788.29 20.55 59.12 285.56 11.73 156.55 36.85 22.71 140.01 
500           
mean 18.82 -0.43 -0.59 0.97 0.29 21.55 -0.16 -0.58 3.07 -6.09 
s.d. 0.89 0.31 0.18 0.20 2.20 0.60 0.19 0.13 0.29 0.60 
CV% 4.74 70.96 30.16 21.13 767.21 2.80 115.73 21.60 9.49 9.90 
1000           
mean 19.24 -0.08 -0.52 1.83 0.06 22.44 0.02 -0.70 1.34 -1.70 
s.d. 0.21 0.31 0.31 0.28 3.71 1.30 0.65 0.15 0.25 1.30 
CV% 1.10 390.31 59.22 15.23 6177.67 5.80 3879.79 -20.72 18.30 76.66 
2000           
mean 19.20 -0.09 -0.42 1.57 -0.13 23.34 -0.05 -0.34 1.61 -2.41 
s.d. 0.48 1.01 0.63 0.16 2.84 2.19 0.69 0.13 0.64 2.19 
CV% 2.51 1167.63 150.98 10.24 2128.53 9.38 1476.14 38.31 39.57 90.94 
5000           
mean 19.92 -0.25 -0.49 1.06 0.68 23.28 -0.26 -0.21 1.49 -2.64 
s.d. 0.09 0.38 0.23 0.26 1.87 2.37 0.57 0.09 1.16 2.37 
CV% 0.46 152.36 46.67 24.34 276.03 10.20 215.53 41.51 77.62 89.85 
7000           
mean 19.47 -0.16 -0.26 1.38 -0.03 24.56 -0.45 -0.13 1.66 -2.79 
s.d. 0.56 0.67 0.20 0.49 2.90 2.32 0.79 0.41 0.98 2.32 
CV% 2.87 413.18 78.73 35.51 8703.22 9.47 175.80 308.26 58.87 83.22 
10000           
mean 18.85 0.43 -0.70 1.13 -0.28 25.87 -0.13 -0.17 1.28 -0.40 
s.d. 1.10 0.21 0.17 0.15 1.57 1.73 0.36 0.12 0.19 1.73 
CV% 5.85 48.39 24.12 12.86 553.84 6.67 275.32 71.32 15.08 432.82 
15000           
mean 19.99 0.08 -0.58 1.00 -0.27 26.40 0.00 -0.12 1.03 1.53 
s.d. 0.89 0.81 0.19 0.60 1.23 1.86 0.10 0.25 0.62 1.86 
CV% 4.43 1052.60 32.81 60.10 455.01 7.05 2851.32 210.32 60.45 121.59 
20000           
mean 20.22 -0.17 -0.35 1.39 0.73 26.05 -0.47 0.12 2.02 2.24 
s.d. 0.26 0.31 0.39 0.16 2.96 2.09 0.81 0.25 0.64 2.10 
CV% 1.29 -182.92 -112.70 11.66 404.31 8.03 -171.37 202.92 31.71 93.74 
25000           
mean 19.21 -0.53 -0.18 0.88 0.84 25.91 0.17 -0.01 2.46 -4.56 
s.d. 0.25 0.03 0.22 0.26 1.48 0.64 0.64 0.26 0.11 0.64 
CV% 1.32 6.03 125.21 29.77 176.93 2.47 369.70 2645.75 4.58 13.94 
30000           
mean 18.86 0.07 -0.38 1.25 0.22 24.73 0.16 -0.09 2.96 -5.77 
s.d. 1.39 0.26 0.32 0.25 1.94 2.10 0.78 0.19 1.07 2.10 
CV% 7.36 395.82 83.21 20.19 894.91 8.51 475.68 211.11 36.16 36.48 
35000           
mean 19.21 0.26 -0.39 0.43 0.27 26.55 0.06 0.02 1.76 -3.32 
s.d. 0.88 0.34 0.19 0.07 0.57 1.93 0.21 0.38 0.96 1.93 
CV% 4.57 128.89 49.16 17.28 208.77 7.27 341.97 1907.88 54.34 58.03 
40000           
mean 19.38 -0.06 -0.26 0.95 1.31 26.34 -0.32 0.30 1.97 -3.73 
s.d. 1.18 0.19 0.26 0.16 0.38 2.44 0.65 0.11 1.19 2.45 
CV% 6.08 326.51 100.06 16.41 29.25 9.28 205.05 37.12 60.17 65.56 
45000           
mean 18.80 0.06 -0.24 0.94 -0.05 26.32 0.05 0.23 2.00 3.52 
s.d. 0.94 0.39 0.28 0.21 1.49 2.40 0.92 0.29 1.26 2.40 
CV% 4.98 656.59 118.41 22.50 3198.27 9.11 1975.31 128.57 63.13 68.04 
50000           
mean 19.10 -0.42 -0.22 0.71 -0.20 26.82 0.05 0.15 1.53 2.76 
s.d. 1.22 0.51 0.33 0.45 0.71 2.49 0.06 0.33 1.19 2.49 
CV% 6.39 120.87 148.53 63.57 351.57 9.30 111.36 216.74 77.45 90.36 
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Table C.5 a contd 

 

  

 PDMS 
cycles L* a* b* ∆E ∆L* 
before      
mean 21.86 -0.28 -0.15   
s.d. 3.37 0.52 0.31   
CV% 15.41 181.91 202.33   
125      
mean 21.20 -0.16 -0.44 1.54 -2.55 
s.d. 0.91 0.24 0.10 0.47 1.14 
CV% 4.30 151.36 22.73 30.81 44.56 
500      
mean 21.83 -0.02 -0.39 2.07 -3.21 
s.d. 2.27 0.24 0.10 0.85 1.64 
CV% 10.38 1182.16 25.97 40.96 51.02 
1000      
mean 25.17 0.24 -0.22 1.45 -2.16 
s.d. 2.96 0.45 0.11 0.55 1.57 
CV% 11.74 184.95 50.92 38.27 72.51 
2000      
mean 23.22 0.24 -0.26 1.32 -1.83 
s.d. 1.72 0.23 0.24 0.46 1.77 
CV% 7.41 99.12 92.31 35.09 96.89 
5000      
mean 24.10 0.25 -0.25 1.10 0.35 
s.d. 1.71 0.16 0.39 0.51 2.41 
CV% 7.09 64.37 153.51 46.52 688.14 
7000      
mean 24.11 -0.29 -0.07 1.16 1.62 
s.d. 1.73 0.61 0.19 0.67 1.77 
CV% 7.19 208.55 287.10 57.33 109.00 
10000      
mean 24.85 0.00 -0.22 1.40 2.25 
s.d. 2.03 0.19 0.16 0.87 1.70 
CV% 8.19 5663.04 70.56 62.00 75.62 
15000      
mean 24.03 0.06 0.00 1.43 2.60 
s.d. 1.96 0.18 0.06 0.82 1.52 
CV% 8.15 300.00 1652.27 57.38 58.54 
20000      
mean 23.90 0.07 -0.03 1.60 1.39 
s.d. 2.42 0.65 0.27 0.89 1.99 
CV% 10.10 979.30 883.80 55.42 143.00 
25000      
mean 24.34 0.55 -0.27 2.71 4.64 
s.d. 1.88 0.19 0.13 0.94 2.34 
CV% 7.74 33.44 46.33 34.51 50.32 
30000      
mean 25.17 0.26 -0.01 2.22 5.67 
s.d. 2.48 0.24 0.02 1.73 2.26 
CV% 9.84 93.98 229.13 77.92 39.82 
35000      
mean 24.54 0.23 -0.22 2.82 5.47 
s.d. 2.16 0.57 0.34 1.60 3.21 
CV% 8.78 245.91 150.01 56.60 58.71 
40000      
mean 26.00 0.06 0.24 2.93 5.62 
s.d. 1.49 0.46 0.22 0.52 1.18 
CV% 5.73 730.82 94.51 17.63 20.90 
45000      
mean 25.53 0.21 0.22 0.98 1.49 
s.d. 2.49 0.36 0.45 0.86 2.12 
CV% 9.74 169.81 203.84 88.02 141.78 
50000      
mean 24.90 0.10 0.20 1.48 0.07 
s.d. 1.88 0.50 0.25 1.05 3.77 
CV% 7.57 502.39 124.90 71.00 5381.45 
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Table C.5 contd 
b Abradants 

 pre-treated non-encap 
cycles L* a* b* ∆E ∆L* L* a* b* ∆E ∆L* 
before           
mean 83.87 -0.35 10.27   81.51 -0.80 6.30   
s.d. 0.45 0.14 0.58   0.26 0.84 0.50   
CV% 0.53 40.93 5.62   0.32 105.50 7.92   
125           
mean 83.75 -0.01 10.91 3.43 1.62 65.36 0.47 6.68 8.27 -16.22 
s.d. 0.65 0.23 0.43 0.33 0.66 2.57 0.66 0.88 1.13 2.24 
CV% 0.78 2330.24 3.95 9.63 40.49 3.94 140.15 13.23 13.60 13.80 
500           
mean 83.53 0.06 10.62 3.78 2.62 62.28 -0.11 6.35 9.60 -19.07 
s.d. 0.36 0.07 0.53 0.43 0.36 4.47 1.09 0.87 2.10 4.21 
CV% 0.43 127.66 5.00 11.29 13.81 7.18 994.74 13.69 21.83 22.10 
1000           
mean 83.67 -0.10 10.24 3.52 1.69 60.53 0.15 5.61 10.96 -21.64 
s.d. 0.43 0.33 0.47 0.29 0.43 4.07 0.67 0.17 2.06 4.02 
CV% 0.51 343.15 4.60 8.14 25.25 6.73 444.87 3.09 18.80 18.57 
2000           
mean 83.96 -0.12 10.62 3.22 1.81 58.70 0.16 5.44 11.94 -23.74 
s.d. 0.27 0.27 0.38 0.35 0.26 3.04 0.48 0.31 1.70 3.41 
CV% 0.32 232.27 3.62 10.88 14.44 5.17 292.17 5.66 14.22 14.36 
5000           
mean 84.00 0.27 10.16 3.20 1.86 55.73 0.62 4.05 13.01 -25.38 
s.d. 0.19 0.10 0.40 0.26 0.19 3.12 1.63 0.64 1.50 3.51 
CV% 0.22 35.72 3.93 8.21 10.27 5.59 263.63 15.75 11.50 13.84 
7000           
mean 83.59 0.21 10.12 3.37 1.57 60.85 0.92 5.06 11.14 -21.73 
s.d. 0.83 0.28 0.59 0.29 0.83 8.35 0.93 1.13 4.00 8.35 
CV% 0.99 135.60 5.79 8.76 52.97 13.73 101.65 22.42 35.91 38.43 
10000           
mean 83.87 0.25 10.71 3.37 1.70 55.68 0.58 4.15 13.57 -26.65 
s.d. 0.46 0.09 0.40 0.32 0.46 1.39 0.46 0.19 0.72 1.49 
CV% 0.54 34.18 3.72 9.43 26.96 2.50 78.26 4.46 5.28 5.60 
15000           
mean 83.79 0.03 10.59 3.23 1.49 55.03 0.46 4.09 14.06 -27.71 
s.d. 0.22 0.23 0.45 0.37 0.23 2.54 0.41 0.45 1.46 2.78 
CV% 0.26 675.06 4.25 11.33 15.17 4.61 89.15 10.95 10.36 10.02 
20000           
mean 83.78 0.14 10.60 3.19 1.11 54.49 0.30 4.01 14.01 -27.68 
s.d. 0.15 0.03 0.24 0.17 0.15 2.01 0.84 0.26 0.93 1.81 
CV% 0.18 18.90 2.27 5.45 13.59 3.69 282.93 6.57 6.61 6.54 
25000           
mean 83.48 0.03 10.66 3.06 0.67 53.05 0.05 3.91 14.92 -29.46 
s.d. 0.08 0.01 0.63 0.47 0.08 1.40 0.39 0.18 0.71 1.49 
CV% 0.10 34.64 5.87 15.25 11.46 2.65 830.02 4.70 4.77 5.07 
30000           
mean 83.80 0.10 10.49 3.09 1.50 52.89 0.52 3.72 15.05 -29.64 
s.d. 0.35 0.16 0.16 0.12 0.35 2.27 0.09 0.43 1.21 2.43 
CV% 0.42 160.93 1.49 3.78 23.36 4.29 16.65 11.58 8.07 8.20 
35000           
mean 84.10 0.18 10.94 3.79 2.92 52.82 0.57 3.66 15.01 -29.51 
s.d. 0.32 0.08 0.24 0.13 0.32 1.14 0.32 0.36 0.52 0.98 
CV% 0.38 43.75 2.16 3.34 11.02 2.17 56.93 9.86 3.46 -3.31 
40000           
mean 83.86 -0.09 7.38 3.65 1.82 52.56 0.66 3.67 11.69 -29.60 
s.d. 0.27 0.20 5.67 0.40 0.27 1.31 0.48 0.11 5.33 2.20 
CV% 0.32 216.88 76.89 10.83 14.78 2.50 71.94 2.99 45.59 7.44 
45000           
mean 84.20 0.17 10.40 3.53 2.29 51.84 0.17 3.76 15.29 -30.14 
s.d. 0.14 0.08 0.02 0.03 0.14 1.90 0.35 0.22 0.59 1.25 
CV% 0.17 45.94 0.15 0.75 6.20 3.67 199.55 5.95 3.88 4.15 
50000           
mean 83.55 0.18 10.78 3.91 2.91 53.08 0.63 3.77 14.56 -28.72 
s.d. 0.21 0.05 0.66 0.49 0.21 0.34 0.16 0.19 0.30 0.40 
CV% 0.25 26.75 6.08 12.46 7.04 0.64 25.60 5.02 2.07 1.41 
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Table C.5 b contd 

 SYLGARD™ Granger's® 
cycles L* a* b* ∆E ∆L* L* a* b* ∆E ∆L* 
before           
mean 82.37 -0.64 6.49   82.22 -0.87 6.62   
s.d. 0.13 0.01 0.35   0.27 0.41 0.15   
CV% 0.15 1.79 5.43   0.32 47.17 2.27   
125           
mean 75.20 -0.13 8.33 4.12 -6.89 74.81 0.06 6.31 3.61 -7.00 
s.d. 4.81 0.41 1.53 1.60 4.88 0.54 0.29 0.51 0.21 0.54 
CV% 6.40 325.16 18.40 38.91 70.85 0.72 506.67 8.14 5.91 7.71 
500           
mean 70.66 1.25 7.11 6.49 -10.39 71.29 -0.17 6.43 5.21 -10.03 
s.d. 7.05 1.96 1.12 1.89 7.07 2.12 0.24 0.59 0.99 2.13 
CV% 9.97 156.87 15.75 29.15 68.10 2.98 138.50 9.13 18.99 21.21 
1000           
mean 67.17 0.25 6.81 7.63 -14.92 68.20 -0.08 5.62 6.59 -13.18 
s.d. 7.86 0.05 1.41 3.82 7.91 1.78 0.14 0.28 0.88 1.78 
CV% 11.70 20.00 20.68 50.03 53.01 2.61 188.72 4.91 13.42 13.50 
2000           
mean 64.46 0.58 6.95 9.12 -17.99 64.06 0.36 5.56 9.29 -18.39 
s.d. 7.70 0.45 1.63 3.75 7.70 2.54 0.19 0.87 1.32 2.55 
CV% 11.94 77.32 23.53 41.09 42.81 3.97 52.18 15.72 14.16 13.85 
5000           
mean 58.51 0.28 6.14 12.06 -23.94 60.11 0.44 4.64 11.09 -21.80 
s.d. 8.93 0.24 1.63 4.52 9.03 2.68 0.46 0.57 1.29 2.67 
CV% 15.27 86.68 26.60 37.46 37.70 4.45 105.21 12.30 11.61 12.25 
7000           
mean 56.94 0.87 5.62 12.80 -25.21 57.80 0.57 3.30 12.32 -24.42 
s.d. 8.61 0.29 1.64 4.34 8.60 2.38 0.27 2.59 1.18 2.38 
CV% 15.11 33.86 29.21 33.90 34.11 4.11 47.36 78.58 9.59 9.73 
10000           
mean 54.20 0.46 5.47 14.05 -27.85 56.56 0.77 2.96 12.73 -25.12 
s.d. 9.48 0.45 1.57 4.76 9.57 2.17 0.65 1.76 1.09 2.18 
CV% 17.48 96.81 28.70 33.87 34.36 3.84 84.37 59.43 8.60 8.66 
15000           
mean 52.80 1.19 4.93 14.73 -28.90 54.85 1.13 3.78 13.51 -26.51 
s.d. 10.01 0.44 2.00 5.12 10.10 2.18 0.38 0.38 1.12 2.18 
CV% 18.96 36.58 40.69 34.76 34.96 3.97 33.85 10.16 8.26 8.22 
20000           
mean 51.15 0.66 4.63 15.78 -31.20 53.71 0.65 3.88 13.93 -27.37 
s.d. 10.77 0.57 1.53 5.57 11.11 1.67 0.38 0.19 0.77 1.67 
CV% 21.06 86.18 33.00 35.33 35.63 3.11 58.81 4.98 5.53 6.10 
25000           
mean 49.91 0.83 4.73 16.51 -32.59 54.02 0.96 3.54 14.78 -28.91 
s.d. 9.84 0.58 1.27 4.84 9.74 1.95 0.18 0.09 0.98 1.95 
CV% 19.72 69.41 26.78 29.31 29.90 3.62 18.59 2.62 6.66 6.76 
30000           
mean 50.23 0.96 4.45 16.26 -32.10 52.19 1.13 3.38 15.14 -29.65 
s.d. 9.04 0.08 1.19 4.61 9.20 1.33 0.34 0.08 0.69 1.33 
CV% 18.00 7.85 26.68 28.33 28.65 2.55 30.24 2.23 4.54 4.49 
35000           
mean 50.33 1.07 4.59 16.35 -32.17 52.26 0.96 3.28 15.39 -30.21 
s.d. 9.59 0.38 1.58 4.83 9.59 1.59 0.30 0.23 0.76 1.59 
CV% 19.05 35.39 34.39 29.55 29.82 3.04 30.87 6.89 4.93 5.25 
40000           
mean 50.32 0.53 4.96 17.12 -33.94 52.11 0.76 3.70 15.31 -30.15 
s.d. 11.25 0.28 1.45 5.10 10.00 2.04 0.52 0.34 1.05 2.05 
CV% 22.36 53.50 29.30 29.78 29.48 3.92 68.29 9.06 6.85 6.78 
45000           
mean 48.48 1.28 4.34 17.42 -34.36 51.78 0.75 3.82 15.64 -30.72 
s.d. 11.46 0.06 1.55 5.81 11.55 2.24 0.16 0.16 1.12 2.23 
CV% 23.63 4.50 35.73 33.37 33.60 4.32 20.62 4.16 7.18 7.26 
50000           
mean 48.36 1.46 4.31 17.58 -34.55 51.03 1.09 3.42 15.80 -30.91 
s.d. 10.38 0.50 1.12 5.35 10.74 1.82 0.26 0.42 0.92 1.82 
CV% 21.47 34.41 25.98 30.40 31.10 3.57 24.06 12.37 5.82 5.89 
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Table C.5 b contd 

 
  

 PDMS 
cycles L* a* b* ∆E ∆L* 
before      
mean 81.95 -1.11 6.52   
s.d. 0.93 0.33 0.24   
CV% 1.13 29.89 3.74   
125      
mean 75.11 -0.72 6.95 3.55 -6.76 
s.d. 1.73 0.29 1.54 0.59 1.62 
CV% 2.30 40.06 22.09 16.63 23.95 
500      
mean 71.73 -0.51 6.15 5.01 -9.72 
s.d. 2.64 0.62 1.33 1.25 2.44 
CV% 3.68 122.95 21.59 24.94 25.05 
1000      
mean 70.04 -0.25 5.84 5.91 -11.63 
s.d. 2.55 0.56 0.71 1.05 2.25 
CV% 3.64 225.59 12.13 17.82 19.35 
2000      
mean 67.11 -0.54 5.14 7.71 -15.19 
s.d. 1.94 0.29 0.96 1.08 2.10 
CV% 2.90 54.34 18.71 14.02 13.85 
5000      
mean 64.53 0.36 4.54 8.70 -16.96 
s.d. 2.74 0.22 0.97 1.80 3.39 
CV% 4.25 62.71 21.35 20.74 19.99 
7000      
mean 63.31 0.32 4.41 9.60 -18.93 
s.d. 1.93 0.40 0.48 0.97 1.93 
CV% 3.05 125.15 10.89 10.07 10.18 
10000      
mean 62.09 0.28 4.20 10.02 -19.69 
s.d. 0.56 0.44 0.83 0.22 0.42 
CV% 0.91 156.12 19.79 2.17 2.13 
15000      
mean 60.47 0.68 3.89 10.88 -21.25 
s.d. 1.36 0.20 0.89 0.58 1.04 
CV% 2.25 28.76 22.81 5.32 4.89 
20000      
mean 60.50 0.24 4.02 10.73 -21.02 
s.d. 1.51 0.22 0.48 0.75 1.47 
CV% 2.49 90.43 11.83 7.01 6.98 
25000      
mean 58.91 0.77 3.59 12.27 -23.84 
s.d. 1.14 0.70 0.66 0.74 1.46 
CV% 1.93 90.53 18.38 6.02 6.13 
30000      
mean 58.04 0.45 3.73 12.25 -23.96 
s.d. 0.64 0.29 0.60 0.34 0.79 
CV% 1.10 65.13 15.97 2.81 3.31 
35000      
mean 57.87 -0.02 3.70 12.61 -24.74 
s.d. 1.15 0.11 0.63 0.50 0.96 
CV% 1.99 669.03 16.99 3.93 3.89 
40000      
mean 57.99 0.04 3.95 12.15 -23.89 
s.d. 1.19 0.58 0.65 1.01 1.82 
CV% 2.05 1334.14 16.46 8.32 7.63 
45000      
mean 57.52 0.19 4.00 12.84 -25.13 
s.d. 1.56 0.43 0.79 0.77 1.36 
CV% 2.70 231.19 19.71 5.96 5.41 
50000      
mean 57.13 -0.02 3.96 12.69 -24.91 
s.d. 0.77 0.04 0.53 0.36 0.74 
CV% 1.35 178.43 13.28 2.85 2.96 
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Abrasion had an effect on ∆L* and ∆E of wool specimens (F4.00,79.92=11.31, p≤0.001) and the pattern of 
response differed when considering colour coordinate (i.e. ∆L* differed from ∆E) (F4.00,79.92=9.68, 
p≤0.001), functionalisation (F15.98,79.92=6.38, p≤0.001), and both factors considered together 
(F15.98,112.43=5.26, p≤0.001). ∆E was generally low although often greater than one and possibly 
perceptible with a slight trend of increase with increased number of abrasion cycles. SYLGARD™ 
encapsulated specimens were mostly less than two with some below one, particularly following 35000 
cycles, and therefore the change may be less perceptible. ∆L* was typically positive (i.e. the fabrics 
became lighter), perhaps due to treatment removal and/or redistribution over the specimen and to 
the abradant. There was evidence of some negative change too, which could reflect redistribution of 
graphene ink (i.e. not actually removed from specimens). Change of SYLGARD™ encapsulated 
specimens was less than other functionalised specimens with the greatest difference following the 
first 125 cycles. Change began negative becoming positive following 500 and 5000 cycles for graphene 
ink and PDMS, respectively while Granger's® changed between negative and positive throughout 
exposure. 

Abrasion influenced L* a* b* of wool abradants (F3.75,112.43=164.58, p≤0.001). The pattern of response of 
abrasion differed when considering each colour coordinate (F7.50,112.43=134.22, p≤0.001), 
functionalisation treatment (F14.99,112.43=12.96, p≤0.001), and considering all three factors 
(F29.98,112.43=10.93, p≤0.001). L*, a*, and b* of abradants for pre-treated specimens were consistent with 
exposure to abrasion at ~83, +/- 0, and ~10, respectively. Therefore, being close to 0, a* was between 
the red and green spectrum while b* was in the yellow spectrum. Abradants of functionalised 
specimens showed a decrease in L* and b* and increase in a*. The reduction in L* indicates lower 
lightness, likely attributable to transfer of graphene ink and/or encapsulants to the abradants. The 
decrease in b* indicated moving toward the blue spectrum while remaining in the yellow spectrum 
and increased a*, indicated change from the green spectrum to red spectrum, though still relatively 
close to zero. Abradants of SYLGARD™ encapsulated specimens were most variable followed by 
abradants for Granger's®, graphene ink, and PDMS functionalised specimens. 

Abrasion had an effect on ∆L* and ∆E of the abradant (F3.11,62.21=26.89, p≤0.001). The pattern of 
response differed among colour coordinates (i.e. the effect on ∆L* and ∆E was different) 
(F3.11,62.21=229.07, p≤0.001) and that of functionalisation treatments differed (F12.44,62.21=2.58, p≤0.001), 
although with a small F value as well as when considering both factors together (F12.44,62.21=20.82, 
p≤0.001). ∆E was consistent for abradants of pre-treated specimens. Abradants of graphene ink 
treated specimens had increasing ∆E with increased exposure. Abradants of SYLGARD™ 
encapsulated specimens had the greatest ∆E after 7000 rubs of which graphene ink previously was 
highest. Graphene ink only and Granger's® encapsulated specimens were similar hereafter and 
PDMS encapsulated specimens consistently had lowest ∆E. With respect to ∆L*, abradants of 
specimens pre-treated only was consistent with increased exposure. ∆L* increased with exposure for 
abradants of graphene ink treated specimens. Those PDMS encapsulated consistently had the lowest 
∆L* followed by the remaining three treatments which were all similar with SYLGARD™ typically 
the greatest ∆L*. 

The cotton knit with no functionalisation had high L*, negative a*, and positive b*. a* was close to 
zero, and b* ~6 (Table B.6). Positive b* reflects positioning in the yellow spectrum, expected due to 
fabric whiteness while negative a* placed the fabric in the green spectrum. There were minimal 
changes to all coordinates following pre-treatment, expected with the translucency of the treatment. 
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L* decreased ~60 following functionalisation with graphene ink (i.e. ∆L* ~59) compared to pre-treated 
cotton. a* remained negative (i.e. in the green spectrum) but b* reduced by ~6 and became close to 
zero shifting towards the blue spectrum. a* and b* showed comparatively minimal change suggesting 
effects were predominantly linked to lightness and not hue. With ∆E of ~30, the change was 
perceptible to the human eye. 

L* and b* were affected by treatment (F5,144=9671.48, p≤0.001; F5,144=3720.08, p≤0.001, respectively) 
with no effect on a* which were all negative and in the green spectrum (F5,144=1.82, NS). The effect on 
b* was less than L* evidenced by a smaller F value. For both L* and b*, not treated and pre-treated 
fabrics were similar (high) and both differed from each of the four functionalisation treatments. All 
functionalised specimens were similar; although for L*, Granger's® encapsulated specimens were 
highest followed by PDMS, graphene ink, and SYLGARD™. Change was predominantly related to 
lightness with a slight change to b* encroaching on the blue spectrum. Five groups were identified 
for the effect on L* (SYLGARD™; graphene ink; PDMS; Granger's®; nil, pre-treated) and two for that 
of b* (graphene ink, PDMS, SYLGARD™, Granger's®; nil, pre-treated). 

∆E and ∆L* were affected by encapsulation (F2,72=99.75, p≤0.001; F2,72=27.82, p≤0.001, respectively). 
Each encapsulation had different effects bar ∆E of Granger's® compared to PDMS. Each ∆E was 
greater than one and therefore potentially visually perceptible. ∆L* was negative following 
encapsulation with SYLGARD™ and positive with PDMS (each was small however) and Granger’s® 
(i.e. darker and lighter than the specimens with graphene ink only, respectively). Two groups were 
identified for the effect on ∆E (PDMS, Granger's®; SYLGARD™) while three groups were found for 
that of ∆L* (SYLGARD™; PDMS; Granger's®). 

L*, a*, and b* were affected by wash (F8.07,2710.08=209.83, p≤0.001) whereby each was effected to a 
different extent. The pattern of response differed with functionalisation (F24.20,2710.08=11.69, p≤0.001) 
and among colour coordinates (F16.13,2710.08=210.32, p≤0.001) but not when considering fabric surface 
(F8.06, 2710.08=0.68, NS; there was no difference between the technical face and technical rear) (Table 

B.7136). SYLGARD™ encapsulated specimens had the most consistent L* a* b* with exposure to wash 
followed by Granger's® and PDMS and lastly graphene ink. Trends were similar for the technical 
face and technical rear. An interaction among wash, functionalisation, and colour coordinate was 
identified (F48.39,2710.08=11.01, p≤0.001) and no interactions were found among wash, functionalisation, 
and fabric surface (F24.20,2710.08=1.19, NS) wash, fabric surface, and colour coordinate (F16.13,2710.08=0.81, 
NS), or among all four factors (F48.39,2710.08=1.19, NS).  

Wash had an effect on ∆L* and ∆E (F7.29,1624.91=294.67, p≤0.001) of which was affected by colour 
coordinates (F7.29,1624.91=56.80, p≤0.001), functionalisation treatments (F21.86,1624.91=21.38, p≤0.001), and 
fabric surface (F7.29,1624.91=9.41, p≤0.001; therefore, the technical face and technical rear differed). One 
and six washes were most similar as were the cycles of 40 and 50; all other cycles had different effects 
to the other cycles. Graphene ink treated specimens had the greatest ∆E which was greater with 
increased washes. ∆E of Granger's® and PDMS encapsulated specimens after 100 washes was less 
than graphene ink after one wash, although all greater than one and therefore perceptible. After the   

 

136 For L* a* b*, and ∆L* and ∆E the assumption of sphericity of Mauchly's Test of Sphericity was violated (χ2(44) =189.19, 
p=0.00; χ2(35) =97.42, p=0.00, respectively), the Greenhouse-Geisser correction was used (p=0.90; 0.91, respectively). 
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Table C.6 
Appearance of cotton knit functionalised with graphene ink and encapsulated - L* a* b* 

 L* a* b* ∆E ∆L* 
nil (n=25)      
mean 86.42 -0.28 6.75   
s.d. 0.54 0.20 0.31   
CV% 0.63 -73.67 4.61   
      
pre-treated^ (n=25)     
mean 86.43 -0.23 6.84 0.53 0.084 
s.d. 0.54 0.34 0.27 0.22 0.52 
CV% 0.63 144.23 4.00 42.37 627.42 
     
non-encap† (n=25)     
mean 26.00 -0.17 0.06 30.45 -59.99 
s.d. 1.88 0.49 0.31 1.03 2.05 
CV% 7.22 280.66 544.89 3.37 -3.42 
      
SYLGARDä‡ (n=25)     
mean 23.31 -0.24 0.09 2.44 -4.82 
s.d. 0.97 0.38 0.18 0.48 0.97 
CV% 4.15 159.47 205.99 19.53 20.14 
      
Granger’s®‡ (n=25)     
mean 30.51 -0.48 0.12 1.41 2.38 
s.d. 1.83 0.47 0.32 0.78 1.83 
CV% 5.99 102.26 267.21 55.27 76.73 
      
PDMS‡ (n=25)     
mean 28.69 -0.35 0.07 1.23 0.57 
s.d. 2.50 0.39 0.29 0.57 2.50 
CV% 8.71 112.37 426.46 46.05 438.45 

^ difference from nil, † difference from pre-treated, ‡ difference from graphene ink only 
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Table C.7 
Appearance of cotton knit functionalised with graphene ink and encapsulated  

with wash - L* a* b* 
a Technical face 

 non-encap SYLGARD™ 

 L* a* b* ∆E ∆L* L* a* b* ∆E ∆L* 
before           
mean 26.53 -0.12 -0.14   23.53 -0.06 -0.19   
s.d. 1.86 0.48 0.22   1.10 0.33 0.21   
CV% 7.01 408.61 160.88   4.66 570.95 106.31   
           
1 wash           
mean 29.27 -0.11 0.07 2.95 5.70 23.88 -0.10 -0.11 0.81 0.17 
s.d. 3.48 0.70 0.38 1.79 3.48 1.28 0.50 0.16 0.46 1.27 
CV% 11.90 635.26 528.67 60.73 61.04 5.34 495.16 146.45 57.74 746.73 
           
6 wash           
mean 29.97 0.05 -0.08 3.09 6.06 24.91 -0.28 -0.16 1.12 1.85 
s.d. 2.28 0.64 0.38 1.20 2.28 1.80 0.42 0.21 0.81 1.80 
CV% 7.60 1270.75 461.42 38.88 37.61 7.23 147.56 134.05 72.92 97.34 
           
10 wash           
mean 30.76 -0.07 0.00 3.57 6.93 25.84 -0.16 -0.18 1.32 2.45 
s.d. 3.68 0.60 0.30 1.79 3.68 2.47 0.34 0.24 1.23 2.47 
CV% 11.96 805.11 6442.26 50.17 53.10 9.55 211.55 131.67 93.06 100.89 
           
20 wash           
mean 32.89 -0.23 0.09 4.60 9.05 26.79 -0.22 -0.21 1.38 1.66 
s.d. 2.63 0.78 0.36 1.32 2.63 2.51 0.44 0.16 1.04 2.51 
CV% 7.99 339.75 391.21 28.75 29.05 9.37 202.24 75.04 74.98 151.26 
           
30 wash           
mean 34.98 -0.12 -0.13 5.45 10.83 27.36 -0.40 -0.28 2.03 3.45 
s.d. 2.36 0.57 0.27 1.18 2.36 2.20 0.41 0.34 0.92 2.20 
CV% 6.74 457.22 199.91 21.58 21.75 8.04 104.72 119.80 45.61 63.81 
           
40 wash           
mean 36.23 -0.31 0.12 5.75 11.41 27.20 -0.44 -0.14 1.25 1.75 
s.d. 2.57 0.45 0.21 1.25 2.57 2.23 0.45 0.35 0.98 2.23 
CV% 7.10 144.12 180.14 21.69 22.54 8.20 102.08 250.97 77.85 127.66 
           
50 wash           
mean 36.87 -0.25 0.27 6.34 12.62 27.28 -0.13 -0.26 1.68 2.83 
s.d. 2.60 0.53 0.27 1.30 2.60 2.01 0.43 0.25 0.87 2.01 
CV% 7.04 213.53 99.26 20.55 20.57 7.37 333.01 94.62 51.89 71.01 
           
75 wash           
mean 39.37 0.01 -0.09 7.74 15.35 27.77 -0.09 -0.38 2.36 4.50 
s.d. 1.84 0.86 0.45 0.93 1.84 2.06 0.54 0.28 1.03 2.06 
CV% 4.67 8626.12 512.08 12.08 11.98 7.42 602.63 -5.63 43.60 45.86 
           
100 wash           
mean 41.37 -0.17 -0.07 8.75 17.35 28.29 -0.49 -0.29 2.47 4.77 
s.d. 1.68 0.99 0.50 0.83 1.68 1.77 0.45 0.24 0.85 1.77 
CV% 4.07 571.09 741.99 9.44 9.71 6.26 92.41 85.29 34.59 37.04 
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Table C.7 a contd 

 Granger's® PDMS 
 L* a* b* ∆E ∆L* L* a* b* ∆E ∆L* 
before           
mean 28.27 -0.11 -0.24   27.08 -0.18 -0.28   
s.d. 1.59 0.51 0.33   2.46 0.34 0.22   
CV% 5.61 475.55 135.50   9.09 186.89 78.17   
           
1 wash           
mean 29.22 -0.19 -0.04 1.67 2.38 28.16 0.11 0.03 2.13 -3.83 
s.d. 1.53 0.41 0.31 0.65 1.53 2.02 0.46 0.21 0.92 2.02 
CV% 5.24 216.81 789.22 38.68 64.30 7.16 415.21 619.44 43.13 -52.66 
           
6 wash           
mean 30.16 -0.38 -0.06 2.03 3.66 29.86 -0.19 0.05 1.59 1.65 
s.d. 1.71 0.46 0.27 0.85 1.71 3.19 0.84 0.38 1.28 3.19 
CV% 5.68 121.63 430.00 41.76 46.76 10.69 443.37 703.00 80.42 193.35 
           
10 wash           
mean 30.83 -0.28 0.02 1.41 2.56 31.00 -0.26 0.13 1.88 3.57 
s.d. 1.48 0.54 0.21 0.72 1.48 2.33 0.46 0.34 1.16 2.33 
CV% 4.80 190.94 1143.77 51.45 57.83 7.53 176.82 253.86 61.57 65.44 
           
20 wash           
mean 32.39 0.05 -0.07 3.38 6.44 31.98 -0.16 0.23 2.77 5.38 
s.d. 2.44 0.63 0.36 1.13 2.44 2.30 0.66 0.20 1.20 2.30 
CV% 7.52 1211.56 501.66 33.41 37.80 7.20 409.89 86.23 43.19 42.82 
           
30 wash           
mean 33.14 -0.42 0.03 3.56 6.92 34.27 -0.32 0.10 4.01 7.81 
s.d. 3.25 0.75 0.38 1.64 3.25 3.01 0.78 0.47 1.54 3.01 
CV% 9.82 180.54 1310.60 46.04 47.02 8.79 247.97 470.05 38.37 38.56 
           
40 wash           
mean 34.34 0.17 -0.06 4.42 8.49 34.99 -0.28 0.15 3.38 6.54 
s.d. 2.98 0.79 0.29 1.54 2.98 2.96 0.82 0.45 1.52 2.96 
CV% 8.68 473.11 487.50 34.83 35.13 8.45 291.57 301.01 44.89 45.18 
           
50 wash           
mean 34.76 -0.12 0.01 3.68 7.16 36.01 -0.15 0.23 4.46 8.78 
s.d. 2.25 0.69 0.37 1.10 2.25 2.73 0.74 0.42 1.40 2.73 
CV% 6.46 557.14 2671.36 29.95 31.37 7.57 492.60 180.23 31.43 31.02 
           
75 wash           
mean 35.32 0.05 -0.01 3.84 7.50 37.04 0.09 -0.03 4.73 9.30 
s.d. 2.28 0.63 0.49 1.13 2.28 3.05 0.74 0.33 1.50 3.05 
CV% 6.46 1304.54 4081.90 29.45 30.43 8.23 841.94 1139.24 31.81 32.77 
           
100 wash           
mean 37.24 -0.15 0.11 5.01 9.85 38.50 0.15 0.07 5.45 10.73 
s.d. 1.81 0.75 0.37 0.87 1.81 2.85 0.84 0.43 1.45 2.85 
CV% 4.85 500.88 344.75 17.34 18.33 7.40 564.86 648.26 26.62 26.57 
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Table C.7 contd 
b Technical rear 

 non-encap SYLGARD™ 

 L* a* b* ∆E ∆L* L* a* b* ∆E ∆L* 
before           
mean 26.37 0.01 -0.28   23.78 -0.07 -0.14   
s.d. 2.74 0.61 0.28   1.19 0.44 0.18   
CV% 10.40 6536.90 102.16   4.99 669.75 132.10   
           
1 wash           
mean 28.83 -0.39 0.21 3.46 6.58 24.30 -0.08 -0.05 0.76 -0.69 
s.d. 2.57 0.64 0.33 1.17 2.57 1.12 0.48 0.24 0.37 1.11 
CV% 8.90 166.26 156.70 33.79 39.02 4.59 574.53 451.37 48.27 162.30 
           
6 wash           
mean 30.11 -0.18 0.07 3.71 7.19 24.41 -0.22 -0.07 1.08 -0.04 
s.d. 3.31 0.30 0.21 1.64 3.31 2.10 0.55 0.29 0.58 2.10 
CV% 10.98 164.79 300.71 44.09 46.00 8.62 253.04 397.15 53.44 5531.28 
           
10 wash           
mean 32.26 -0.05 0.06 3.76 7.35 25.24 -0.12 -0.22 1.41 0.98 
s.d. 2.57 0.46 0.35 1.27 2.57 1.83 0.52 0.31 0.69 1.83 
CV% 7.97 1006.27 567.54 33.85 34.99 7.23 426.35 138.20 48.88 186.20 
           
20 wash           
mean 35.33 -0.45 0.23 5.53 10.89 25.40 -0.33 -0.09 1.09 0.48 
s.d. 4.07 0.78 0.39 2.10 4.07 1.98 0.71 0.20 0.71 1.98 
CV% 11.53 175.70 170.90 37.94 37.39 7.81 215.98 219.00 65.43 415.21 
           
30 wash           
mean 36.75 -0.15 -0.13 6.85 13.62 25.96 -0.11 -0.35 1.22 0.86 
s.d. 2.80 0.57 0.30 1.40 2.80 2.30 0.37 0.22 0.70 2.30 
CV% 7.63 387.16 241.44 20.51 20.58 8.87 339.58 63.13 57.08 268.58 
           
40 wash           
mean 37.70 0.02 -0.01 6.81 13.55 27.17 -0.28 -0.21 1.81 2.06 
s.d. 3.34 0.53 0.34 1.67 3.34 2.52 0.60 0.27 0.92 2.52 
CV% 8.85 3160.10 4261.33 24.56 24.62 9.28 213.36 129.11 50.99 122.20 
           
50 wash           
mean 37.79 -0.08 -0.04 7.08 14.09 27.33 -0.13 -0.20 1.65 2.06 
s.d. 2.62 0.49 0.24 1.30 2.62 2.20 0.48 0.20 0.83 2.20 
CV% 6.93 576.65 614.80 18.38 18.59 8.04 363.99 104.50 50.36 106.79 
           
75 wash           
mean 40.03 -0.30 0.13 8.00 15.85 27.55 -0.37 -0.13 1.60 2.14 
s.d. 1.86 0.56 0.38 0.95 1.86 2.05 0.39 0.31 0.72 2.05 
CV% 4.64 185.31 302.41 11.83 11.70 7.44 105.14 243.77 44.60 95.97 
           
100 wash           
mean 41.47 -0.45 0.10 9.18 18.30 28.33 -0.34 -0.27 1.61 1.88 
s.d. 1.82 0.77 0.33 0.93 1.82 2.09 0.51 0.28 0.58 2.09 
CV% 4.38 169.28 339.59 10.15 9.94 7.39 147.69 105.30 36.03 111.36 
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Table C.7 b contd 

 Granger's® PDMS 
 L* a* b* ∆E ∆L* L* a* b* ∆E ∆L* 
before           
mean 30.33 -0.21 -0.11   28.95 -0.06 -0.44   
s.d. 1.55 0.47 0.30   2.65 0.55 0.27   
CV% 5.11 224.46 279.36   9.15 938.71 62.36   
           
1 wash           
mean 29.80 -0.31 0.00 1.24 -1.60 27.91 -0.07 0.11 3.04 5.88 
s.d. 1.93 0.39 0.26 0.60 1.93 2.38 0.53 0.35 1.11 2.38 
CV% 6.47 125.72 13165.43 48.25 120.52 8.54 746.16 314.81 36.39 40.52 
           
6 wash           
mean 30.47 -0.36 -0.05 1.43 -2.04 28.84 -0.14 0.08 1.65 -2.26 
s.d. 2.40 0.42 0.18 0.83 2.40 2.08 0.27 0.19 0.74 2.08 
CV% 7.87 117.67 373.96 58.34 117.86 7.22 202.82 237.41 44.68 92.25 
           
10 wash           
mean 31.46 -0.44 0.10 1.41 1.07 29.65 -0.33 0.31 1.35 -1.82 
s.d. 2.05 0.33 0.18 0.57 2.05 1.95 0.62 0.26 0.78 1.95 
CV% 6.52 75.68 180.14 40.18 192.31 6.59 186.77 82.23 57.74 107.33 
           
20 wash           
mean 31.87 -0.38 0.12 1.03 -0.10 31.66 -0.23 0.26 1.89 2.67 
s.d. 2.22 0.40 0.22 0.56 2.22 2.64 0.66 0.37 1.07 2.64 
CV% 6.96 106.46 181.83 53.85 2118.70 8.34 282.79 145.59 56.56 98.91 
           
30 wash           
mean 33.30 -0.05 -0.08 2.28 4.15 34.08 -0.35 0.25 1.35 0.80 
s.d. 2.02 0.47 0.30 0.91 2.02 2.71 0.68 0.40 0.86 2.71 
CV% 6.07 965.75 373.68 40.03 48.71 7.96 192.52 158.70 64.06 339.88 
           
40 wash           
mean 33.96 -0.18 0.00 3.31 6.39 33.38 -0.06 0.07 1.94 3.45 
s.d. 1.81 0.61 0.36 0.86 1.81 2.14 0.67 0.37 0.96 2.14 
CV% 5.32 344.88 9055.78 26.01 28.29 6.41 1053.69 562.41 49.76 62.00 
           
50 wash           
mean 33.54 -0.19 0.09 2.30 4.27 35.61 -0.36 0.17 2.06 3.82 
s.d. 1.68 0.41 0.28 0.83 1.68 1.86 0.72 0.37 0.95 1.86 
CV% 5.00 211.89 297.68 36.21 39.33 5.22 199.82 220.45 46.12 48.60 
           
75 wash           
mean 34.90 -0.42 0.05 2.81 5.50 37.65 -0.24 0.07 5.01 9.78 
s.d. 2.28 0.42 0.20 1.13 2.28 2.65 0.91 0.47 1.31 2.65 
CV% 6.53 100.45 437.48 40.32 41.45 7.03 384.40 701.18 26.19 27.06 
           
100 wash           
mean 38.04 -0.28 0.04 4.87 9.55 37.56 -0.25 0.07 4.32 8.40 
s.d. 1.76 0.82 0.51 0.92 1.76 2.84 0.51 0.34 1.38 2.84 
CV% 4.64 294.92 1378.00 18.83 18.46 7.56 203.39 500.16 31.88 33.79 
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first wash of SYLGARD™ encapsulated specimens ∆E was less than one, and therefore not 
perceptible. For the remaining cycles ∆E was 1 to 2 and therefore the least change with all washes. 
For all specimens, trends were similar, but the technical rear showed less change than the technical 
face. Interactions were significant among wash, functionalisation, fabric surface (F21.86,1624.91=13.10, 
p≤0.001); wash, fabric surface, colour coordinates (F7.29,1624.91=5.45, p≤0.001); wash, functionalisation, 
colour coordinates (F21.86,1624.91=3.56, p≤0.001); and wash, functionalisation, fabric surface, colour 
coordinates (F21.86,1624.91=5.83, p≤0.001). 

Abrasion had an effect on L* a* b* of specimens (F4.92,147.47=42.92, p≤0.001) whereby consideration of 
the colour coordinates (F9.83,147.47=35.30, p≤0.001), functionalisation (F19.66,147.47=4.25, p≤0.001), and both 

factors together (F39.33,14.47=3.71, p≤0.001) resulted in a change in the response (Table B.8 a137). Some 
groups of sequential abrasion cycles had small differences from one another, especially near the end 
of the 50,000 cycles. Pre-treated specimens were most consistent in L*, a*, b*, with special attention to 
L* remaining high at ~86. Graphene ink, Granger's® encapsulated, and PDMS encapsulated 
specimens showed a similar decrease in L* while SYLGARD™ resulted in the most consistent L*. Pre-
treated specimens had consistently positive a* and b* indicating positioning in the red and yellow 
spectrum, respectively. Each functionalised specimen had negative a* and b* initially (green and blue 
spectrum, respectively) and became positive with increased abrasion cycles to the red and yellow 
spectrum, respectively, apart from b* of graphene ink treated specimens. 

Abrasion affected ∆L* and ∆E of specimens (F3.15,63.00=68.79, p≤0.001) for which was different when 
considering colour coordinates (F3.15,63.00=16.06, p≤0.001) and functionalisation (F12.60,63.00=29.53, 
p≤0.001), but not considering colour coordinates and treatment together (F12.60,63.00=1.64, NS). Some 
sequential abrasion cycles did not differ, particularly near the end of the abrasion cycles (i.e. after 
~20,000 cycles). For both ∆L* and ∆E, pre-treated fabrics were most different from specimens with 
graphene ink, Granger's®, and PDMS. SYLGARD™ and PDMS encapsulated specimens were 
relatively different from one another. ∆L* was less than three for pre-treated specimens. Change with 
functionalised specimens was negative and greater, increasing with a greater number of cycles 
although the increase plateaued after ~15,000 cycles. All specimens had ∆E greater than 1 with pre-
treated specimens remaining ~3 while functionalised specimens increased with increasing cycles, also 
often plateauing after ~15,000 cycles. 

Abrasion had a significant effect on L* a* b* of abradants (F4.64,139.19=130.95, p≤0.001) (Table B.8 b). The 
effect of abrasion differed when considering the colour coordinate (F9.28,139.19=95.69, p≤0.001), 
functionalisation (F18.56,139.19=9.40, p≤0.001), and considering both variables together (F37.12,139.19=7.94, 
p≤0.001). Pre-treated specimens were most different from functionalised specimens. SYLGARD™ 
encapsulated specimens were also relatively different compared to graphene ink treated and PDMS 
encapsulated. L*, a*, and b* of abradants for pre-treated specimens were consistent at approximately 
86, 0.6, and 7 indicating high lightness, red spectrum, and yellow spectrum, respectively. Abradants 
of functionalised specimens showed changes with increased abrasion cycles. L* decreased and  

  

 

137 The assumption of sphericity of Mauchly's Test of Sphericity was violated for L* a* b* and ∆L* and ∆E of specimens 
(χ2(119)=485.28, p≤0.01; χ2(104)=366.25, p≤0.01, respectively) and abradants (χ2(119)=377.58, p≤0.01; χ2(104)=366.25, p≤0.01, 
respectively), the Greenhouse-Geisser correction was used (p=0.33, NS; p=0.23, NS; p=0.31, NS; p=0.23, NS, respectively). 
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Table C.8 
Appearance of cotton knit functionalised with graphene ink and encapsulated  

with abrasion - L* a* b* 
a Specimens 

 pre-treated non-encap 
cycles L* a* b* ∆E ∆L* L* a* b* ∆E ∆L* 
before           
mean 86.88 0.60 7.85   23.56 -0.25 -0.27   
s.d. 0.14 0.36 0.19   0.58 0.17 0.14   
CV% 0.16 59.54 2.37   2.46 66.65 51.66   
125           
mean 86.22 0.41 7.83 1.35 -0.18 23.70 0.00 -0.09 0.82 -0.32 
s.d. 0.27 0.35 0.41 0.21 0.27 0.75 0.19 0.21 0.41 1.74 
CV% 0.32 86.60 5.19 15.61 149.81 3.16 5702.63 233.33 49.62 543.27 
500           
mean 85.90 0.42 7.86 1.36 -0.37 25.10 -0.15 0.08 1.19 1.42 
s.d. 0.30 0.39 0.12 0.04 0.30 2.49 0.86 0.26 0.88 1.23 
CV% 0.35 94.25 1.57 2.96 82.20 9.92 570.89 327.87 73.34 86.44 
1000           
mean 86.22 0.66 7.69 1.52 0.28 26.28 -0.19 0.06 1.19 2.10 
s.d. 0.12 0.37 0.28 0.18 0.12 2.43 0.17 0.20 0.76 1.62 
CV% 0.14 56.12 3.64 11.80 41.36 9.23 87.52 348.65 63.90 77.35 
2000           
mean 86.09 0.60 7.51 1.68 -0.58 27.73 0.41 -0.13 2.32 4.38 
s.d. 0.07 0.24 0.36 0.23 0.07 2.47 0.35 0.24 0.77 1.60 
CV% 0.09 39.37 4.74 13.61 12.64 8.89 85.34 192.95 33.14 36.47 
5000           
mean 85.94 0.71 7.37 1.42 -0.54 28.95 0.55 -0.23 2.85 5.46 
s.d. 0.04 0.06 0.26 0.18 0.04 2.64 0.38 0.32 0.98 1.82 
CV% 0.04 8.29 3.46 12.67 6.68 9.11 68.65 138.04 34.46 33.36 
7000           
mean 85.85 0.86 7.48 1.42 -0.80 29.51 0.53 -0.23 3.04 5.64 
s.d. 0.17 0.15 0.25 0.14 0.17 4.14 0.16 0.27 1.66 3.62 
CV% 0.20 17.08 3.35 9.87 20.54 14.02 29.50 118.19 54.82 64.20 
10000           
mean 85.81 0.61 8.09 1.46 -0.56 29.21 -0.17 0.14 2.99 5.87 
s.d. 0.38 0.15 0.24 0.20 0.38 3.05 0.46 0.24 1.02 2.13 
CV% 0.44 24.47 2.95 13.65 67.42 10.43 274.26 167.97 34.21 36.28 
15000           
mean 85.69 0.50 8.09 1.58 -0.58 29.65 0.17 -0.13 2.81 5.50 
s.d. 0.05 0.41 0.32 0.25 0.05 3.42 0.07 0.21 1.31 2.68 
CV% 0.06 83.27 3.97 15.97 9.12 11.53 42.42 161.54 46.52 48.66 
20000           
mean 85.84 0.62 7.98 1.32 -0.60 31.04 0.13 -0.09 3.77 7.34 
s.d. 0.15 0.27 0.49 0.27 0.16 2.99 0.24 0.33 1.57 3.23 
CV% 0.18 43.88 6.16 20.03 26.03 9.63 180.21 366.33 41.56 43.97 
25000           
mean 85.71 0.49 7.82 1.34 -0.30 32.53 0.63 -0.12 3.61 7.06 
s.d. 0.30 0.09 0.20 0.68 0.92 3.21 0.11 0.38 1.89 3.80 
CV% 0.35 18.70 2.52 50.57 307.70 9.88 17.06 311.64 52.19 53.85 
30000           
mean 85.72 0.33 8.00 1.66 0.07 31.73 0.09 -0.06 3.94 7.77 
s.d. 0.21 0.18 0.16 0.12 0.21 3.58 0.16 0.22 1.24 2.51 
CV% 0.25 53.02 1.95 7.17 320.43 11.27 186.53 347.85 31.36 32.30 
35000           
mean 85.57 0.95 7.65 1.72 -0.18 31.60 0.15 -0.24 4.02 7.97 
s.d. 0.07 0.39 0.37 0.11 0.07 3.10 0.24 0.19 1.31 2.59 
CV% 0.08 40.77 4.84 6.13 40.95 9.80 166.50 76.04 32.62 32.54 
40000           
mean 85.85 0.31 7.62 1.54 0.35 29.73 0.35 -0.03 3.42 6.56 
s.d. 0.38 0.37 0.36 0.29 0.38 5.17 0.64 0.63 2.41 4.92 
CV% 0.44 118.62 4.74 18.68 108.25 17.39 182.25 2374.18 70.62 75.07 
45000           
mean 85.20 0.32 7.74 1.60 -0.90 32.28 0.06 -0.27 3.94 7.79 
s.d. 0.36 0.16 0.22 0.14 0.36 3.78 0.42 0.11 1.15 2.32 
CV% 0.42 48.71 2.80 8.47 40.17 11.69 700.59 41.24 29.09 29.77 
50000           
mean 85.48 0.39 8.25 2.18 -0.78 32.73 0.21 -0.26 4.56 8.96 
s.d. 0.26 0.07 0.43 0.36 0.26 3.32 0.25 0.41 1.21 2.44 
CV% 0.30 18.74 5.21 16.53 33.34 10.15 120.52 154.55 26.46 27.24 
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Table C.8 a contd 

 SYLGARD™ Granger's® 
cycles L* a* b* ∆E ∆L* L* a* b* ∆E ∆L* 
before           
mean 21.48 -0.25 -0.25   28.39 0.004 -0.21   
s.d. 0.88 0.26 0.17   6.09 0.28 0.59   
CV% 4.08 103.34 68.87   21.44 6915.29 288.56   
125           
mean 20.39 -0.16 -0.46 1.36 -2.04 25.14 -0.23 -0.59 1.17 -1.66 
s.d. 1.21 0.23 0.22 1.29 3.19 0.99 0.33 0.24 0.82 2.11 
CV% 5.96 146.16 47.19 94.44 156.03 3.95 143.15 41.19 70.61 127.39 
500           
mean 20.56 -0.03 -0.24 1.24 -0.55 25.54 -0.51 -0.20 0.95 -1.57 
s.d. 0.47 0.29 0.18 0.65 2.92 0.67 0.53 0.45 1.04 1.87 
CV% 2.30 857.67 75.35 52.38 527.58 2.61 105.45 222.54 110.11 119.60 
1000           
mean 21.79 0.19 -0.01 1.48 0.22 26.23 0.32 -0.14 1.31 -1.81 
s.d. 0.71 0.45 0.37 0.17 2.10 1.13 0.59 0.50 1.06 2.65 
CV% 3.24 231.68 3716.18 11.16 954.29 4.32 182.30 365.95 81.25 146.26 
2000           
mean 23.23 0.12 0.13 1.51 1.39 27.42 0.09 -0.43 1.26 0.16 
s.d. 0.75 0.36 0.22 0.60 2.98 0.54 0.72 0.56 0.65 3.02 
CV% 3.23 304.90 163.00 39.64 214.55 1.98 800.31 131.59 51.36 1887.55 
5000           
mean 23.89 0.26 -0.15 1.82 2.61 29.31 0.24 -0.33 1.73 1.84 
s.d. 1.89 0.22 0.07 1.08 2.85 1.40 0.23 0.08 1.01 3.86 
CV% 7.90 84.14 46.67 59.50 109.21 4.76 95.29 23.38 58.35 209.34 
7000           
mean 24.95 -0.45 0.32 1.83 3.30 31.01 0.25 -0.05 2.15 3.42 
s.d. 1.82 0.13 0.21 1.20 2.72 0.93 0.34 0.31 1.41 3.58 
CV% 7.28 29.62 65.34 65.67 82.30 2.98 137.26 664.40 65.25 104.78 
10000           
mean 25.16 0.41 -0.02 2.00 3.38 31.35 0.10 0.37 2.19 4.03 
s.d. 1.34 0.22 0.19 1.14 2.89 1.74 0.46 0.50 1.51 2.93 
CV% 5.33 53.16 964.37 56.84 85.27 5.53 461.19 134.85 68.76 72.84 
15000           
mean 25.76 0.27 0.20 2.21 4.02 31.71 0.15 -0.02 2.93 3.51 
s.d. 1.85 0.22 0.26 1.21 2.59 2.82 0.59 0.49 1.86 5.86 
CV% 7.18 78.92 128.28 54.74 64.49 8.90 385.68 2457.64 63.43 166.97 
20000           
mean 25.82 0.12 0.42 2.36 4.14 30.57 -0.17 0.21 2.71 5.06 
s.d. 1.80 0.28 0.19 1.71 3.84 2.37 0.15 0.33 1.47 3.11 
CV% 6.98 233.33 44.61 72.57 92.74 7.74 86.65 159.04 54.09 61.47 
25000           
mean 27.07 0.04 0.27 2.73 5.19 34.29 -0.17 0.16 3.33 6.35 
s.d. 2.38 0.31 0.19 1.97 4.04 1.60 0.10 0.19 2.62 5.57 
CV% 8.79 845.60 72.84 72.29 77.83 4.66 58.82 122.17 78.47 87.79 
30000           
mean 26.99 0.18 0.21 2.61 4.74 34.09 0.39 0.04 3.47 6.69 
s.d. 2.93 0.13 0.31 2.29 5.04 1.04 0.65 0.30 2.02 4.23 
CV% 10.85 69.61 148.77 87.46 106.31 3.05 165.98 756.64 58.35 63.30 
35000           
mean 27.53 0.00 0.36 3.00 5.84 34.66 -0.09 -0.07 4.10 7.88 
s.d. 0.66 0.27 0.12 1.45 2.82 1.20 0.60 0.28 1.63 3.35 
CV% 2.40 0.00 32.14 48.30 48.29 3.47 640.11 378.48 39.72 42.51 
40000           
mean 27.75 0.26 0.46 3.28 6.31 34.37 -0.06 0.08 3.54 6.23 
s.d. 1.55 0.30 0.41 1.07 2.09 1.39 0.49 0.14 1.85 4.86 
CV% 5.60 112.03 87.47 32.55 33.06 4.04 775.03 175.00 52.35 78.05 
45000           
mean 27.94 0.36 0.04 3.48 6.59 35.82 0.03 0.10 3.87 7.50 
s.d. 1.99 0.06 0.25 1.56 3.46 1.16 0.64 0.18 2.60 5.50 
CV% 7.12 16.90 577.54 44.83 52.46 3.23 2137.76 176.42 67.19 73.35 
50000           
mean 30.35 -0.05 0.11 3.48 6.69 35.04 -0.27 0.13 4.13 8.22 
s.d. 6.06 0.22 0.22 1.76 3.61 1.61 0.54 0.47 2.50 5.01 
CV% 19.96 475.47 193.78 50.74 53.88 4.59 199.42 360.72 60.42 60.86 
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Table C.8 a contd 

 

  

 PDMS 
cycles L* a* b* ∆E ∆L* 
before      
mean 24.12 -0.04 -0.53   
s.d. 1.27 0.12 0.11   
CV% 5.28 307.96 20.12   
125      
mean 24.15 -0.24 -0.07 1.72 -0.62 
s.d. 0.82 0.19 0.16 1.23 4.66 
CV% 3.39 78.18 239.22 71.39 755.17 
500      
mean 25.40 -0.05 0.02 1.68 0.23 
s.d. 0.40 0.48 0.14 0.50 3.91 
CV% 1.59 960.00 857.67 30.00 1726.86 
1000      
mean 27.10 0.09 -0.08 1.94 2.14 
s.d. 0.88 0.74 0.22 0.38 3.28 
CV% 3.25 858.38 290.59 19.74 153.13 
2000      
mean 29.30 0.22 0.05 2.48 3.95 
s.d. 0.80 0.45 0.16 1.49 4.28 
CV% 2.74 205.35 321.87 59.91 108.34 
5000      
mean 30.86 0.12 0.02 2.96 5.80 
s.d. 2.01 0.31 0.23 1.45 2.89 
CV% 6.51 255.36 1376.52 48.89 49.75 
7000      
mean 31.22 -0.35 0.01 3.49 6.67 
s.d. 1.40 0.59 0.25 1.39 2.62 
CV% 4.49 167.55 2523.89 39.99 39.19 
10000      
mean 31.91 0.05 0.22 3.47 6.59 
s.d. 1.03 0.40 0.26 1.64 3.52 
CV% 3.24 742.07 121.44 47.23 53.49 
15000      
mean 32.72 0.17 0.45 4.10 7.92 
s.d. 1.47 0.38 0.20 1.47 2.94 
CV% 4.50 230.23 43.78 35.70 37.05 
20000      
mean 33.68 -0.11 0.55 4.58 8.82 
s.d. 1.28 0.38 0.18 1.52 3.07 
CV% 3.79 331.83 31.96 33.09 34.84 
25000      
mean 34.01 0.02 0.37 4.70 9.08 
s.d. 0.73 0.81 0.22 1.84 3.63 
CV% 2.14 4073.39 59.77 39.15 39.95 
30000      
mean 34.20 0.37 -0.04 4.90 9.73 
s.d. 0.67 0.55 0.18 1.53 3.01 
CV% 1.96 148.91 458.94 31.31 30.99 
35000      
mean 34.68 0.16 0.08 5.08 10.06 
s.d. 0.39 0.33 0.28 1.80 3.64 
CV% 1.13 198.99 346.64 35.34 36.16 
40000      
mean 34.80 0.26 0.12 5.31 10.11 
s.d. 1.42 1.08 0.22 1.09 2.80 
CV% 4.07 413.47 191.73 20.60 27.67 
45000      
mean 32.10 -0.73 0.25 5.52 10.72 
s.d. 3.36 0.49 0.43 0.71 1.53 
CV% 10.47 67.17 173.44 12.78 14.25 
50000      
mean 34.79 0.46 0.32 5.32 10.48 
s.d. 3.57 0.50 0.39 1.00 2.04 
CV% 10.26 110.24 120.59 18.87 19.48 
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Table C.8 contd 
b Abradants 

 pre-treated non-encap 
cycles L* a* b* ∆E ∆L* L* a* b* ∆E ∆L* 
before           
mean 87.11 0.42 5.66   86.18 0.14 6.86   
s.d. 0.45 0.18 4.48   0.80 0.15 1.44   
CV% 0.52 43.22 79.17   0.93 109.96 20.96   
125           
mean 86.33 0.63 8.84 2.27 0.26 78.20 0.66 7.28 3.17 -5.98 
s.d. 0.33 0.15 0.14 0.09 0.33 5.51 0.07 0.18 0.89 2.03 
CV% 0.38 23.81 1.63 3.95 124.24 7.05 10.91 2.42 28.09 33.89 
500           
mean 86.40 0.34 8.68 2.51 -0.55 76.69 0.95 6.65 5.23 -10.26 
s.d. 0.04 0.30 0.18 0.17 0.04 2.29 0.53 0.16 1.20 2.42 
CV% 0.04 89.26 2.06 6.85 6.84 2.98 55.43 2.44 22.87 23.63 
1000           
mean 86.79 0.53 8.38 2.33 0.72 78.00 0.31 6.72 4.29 -8.44 
s.d. 0.35 0.32 0.19 0.12 0.35 1.81 0.33 0.30 0.94 2.04 
CV% 0.41 60.36 2.28 5.29 48.73 2.32 106.23 4.44 22.00 24.15 
2000           
mean 85.97 0.78 8.33 2.12 -0.47 76.35 0.46 6.55 5.23 -10.37 
s.d. 0.65 0.42 0.18 0.27 0.65 2.74 0.23 0.43 1.22 2.56 
CV% 0.75 54.20 2.15 12.68 138.30 3.59 50.14 6.57 23.35 24.70 
5000           
mean 85.85 0.77 8.48 2.31 -1.01 74.23 0.26 5.84 3.71 -11.93 
s.d. 0.25 0.36 0.38 0.31 0.25 2.54 0.33 0.78 3.00 2.37 
CV% 0.29 47.02 4.48 13.57 24.26 3.43 126.10 13.33 81.02 19.83 
7000           
mean 85.71 0.92 8.19 1.78 -0.83 73.78 0.14 5.61 6.44 -12.80 
s.d. 0.15 0.16 0.06 1.12 0.15 1.45 0.60 0.51 0.72 1.45 
CV% 0.18 17.49 0.70 62.87 17.83 1.96 421.00 9.05 11.23 11.35 
10000           
mean 85.40 0.96 8.77 2.13 -1.00 72.16 0.15 5.18 7.15 -14.17 
s.d. 0.47 0.13 0.37 0.27 0.47 2.18 0.08 0.17 1.01 2.05 
CV% 0.55 13.71 4.25 12.59 46.89 3.03 52.92 3.29 14.07 14.48 
15000           
mean 85.37 0.60 8.73 2.28 -1.17 71.75 0.69 5.10 7.53 -14.85 
s.d. 0.28 0.47 0.35 0.26 0.28 2.83 0.64 0.36 1.39 2.99 
CV% 0.32 77.32 3.96 11.25 23.64 3.94 92.53 7.13 18.52 20.17 
20000           
mean 86.23 0.52 8.65 2.59 -0.75 72.45 0.41 4.95 6.78 -13.40 
s.d. 0.56 0.37 0.09 0.04 0.56 2.07 0.73 0.52 1.09 2.00 
CV% 0.65 71.21 1.05 1.56 74.03 2.86 179.51 10.60 16.08 14.94 
25000           
mean 85.38 0.62 8.56 1.90 0.15 70.71 0.05 4.77 7.83 -15.48 
s.d. 0.53 0.27 0.09 0.12 0.53 1.47 0.55 0.14 0.91 1.80 
CV% 0.62 43.09 1.07 6.11 354.09 2.08 1188.72 2.83 11.57 11.59 
30000           
mean 85.97 0.80 5.72 1.19 -0.01 70.33 0.41 4.56 8.25 -16.32 
s.d. 0.48 0.28 4.56 1.15 0.48 1.35 0.10 0.25 0.63 1.20 
CV% 0.56 35.60 79.69 97.06 7181.75 1.92 24.02 5.53 7.58 7.36 
35000           
mean 85.41 0.84 8.67 2.28 -0.79 69.88 1.04 4.12 8.44 -16.35 
s.d. 0.09 0.25 0.27 0.22 0.09 0.95 0.80 0.19 0.68 1.32 
CV% 0.10 29.38 3.06 9.80 11.25 1.36 77.00 4.61 8.08 8.04 
40000           
mean 85.49 0.69 8.64 2.66 0.14 69.07 0.82 4.17 8.55 -16.70 
s.d. 0.17 0.18 0.43 0.34 0.17 1.87 0.36 0.13 1.09 2.16 
CV% 0.19 25.65 4.98 12.87 121.85 2.71 43.20 3.19 12.75 12.92 
45000           
mean 85.32 0.62 8.08 2.49 -1.11 69.36 0.65 4.22 8.86 -17.34 
s.d. 0.24 0.23 0.32 0.25 0.24 0.61 0.89 0.57 0.20 0.19 
CV% 0.28 37.20 3.96 10.06 21.34 0.88 138.05 13.61 2.26 1.09 
50000           
mean 85.34 0.64 6.00 2.64 -0.92 68.53 1.03 3.66 8.87 -17.09 
s.d. 0.32 0.32 4.41 0.17 0.32 1.89 0.52 0.27 1.23 2.36 
CV% 0.37 49.87 73.51 6.57 34.61 2.75 50.23 7.38 13.91 13.82 
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Table C.8 b contd 

 SYLGARD™ Granger's® 
cycles L* a* b* ∆E ∆L* L* a* b* ∆E ∆L* 
before           
mean 86.95 0.08 5.99   86.45 0.26 5.97   
s.d. 0.31 0.24 0.27   0.34 0.14 0.20   
CV% 0.35 293.95 4.56   0.39 53.85 3.35   
125           
mean 80.35 0.35 6.99 3.10 -5.83 81.58 0.51 6.70 2.55 -4.60 
s.d. 1.31 0.36 0.84 0.34 0.92 0.40 0.36 1.04 0.48 0.90 
CV% 1.63 102.21 12.00 10.99 15.83 0.49 70.65 15.54 18.66 19.66 
500           
mean 76.49 0.76 6.56 5.35 -10.46 78.62 0.40 6.76 4.26 -8.33 
s.d. 2.38 0.36 0.97 1.16 2.66 0.85 0.39 1.00 0.46 1.07 
CV% 3.11 48.06 14.81 21.76 25.39 1.08 96.13 14.79 10.91 12.88 
1000           
mean 73.48 0.96 6.89 6.63 -3.68 76.63 0.62 6.73 4.96 -9.81 
s.d. 1.78 0.63 1.38 0.87 15.34 0.81 0.40 0.65 0.52 1.01 
CV% 2.42 65.40 20.00 13.06 417.32 1.05 63.72 9.71 10.45 10.27 
2000           
mean 71.48 0.46 7.48 7.74 -15.24 73.44 0.21 6.12 6.65 -13.29 
s.d. 2.61 0.28 1.09 1.06 2.33 0.77 0.36 0.43 0.43 0.84 
CV% 3.65 60.52 14.58 13.63 15.26 1.05 169.10 7.09 6.47 6.32 
5000           
mean 67.36 1.05 5.57 9.58 -18.80 70.74 0.48 5.66 7.76 -15.42 
s.d. 6.16 0.19 1.04 3.04 6.53 1.74 0.31 0.58 1.04 2.06 
CV% 9.14 17.78 18.66 31.72 34.74 2.46 63.77 10.16 13.39 13.34 
7000           
mean 64.54 1.05 6.48 11.09 -22.04 71.08 0.19 5.61 7.76 -15.50 
s.d. 4.42 0.34 0.84 2.13 4.39 0.51 0.08 0.35 0.25 0.49 
CV% 6.85 32.89 13.03 19.25 19.92 0.72 39.50 6.23 3.23 3.16 
10000           
mean 62.49 1.08 6.10 11.98 -23.84 68.64 0.86 4.58 8.66 -6.18 
s.d. 5.67 0.04 0.97 2.74 5.53 2.77 0.46 0.29 0.75 19.49 
CV% 9.07 3.24 15.95 22.90 23.19 4.03 53.63 6.38 8.62 315.14 
15000           
mean 62.56 1.11 6.35 12.10 -24.03 68.36 0.20 4.43 9.24 -18.24 
s.d. 4.88 0.70 0.88 2.32 4.81 1.98 0.58 0.36 0.96 1.99 
CV% 7.80 62.68 13.89 19.15 20.01 2.90 290.65 8.14 10.43 10.91 
20000           
mean 59.85 0.72 6.04 13.03 -25.99 67.42 0.98 3.72 9.44 -18.43 
s.d. 4.99 0.25 1.09 2.43 4.91 0.98 0.88 0.27 0.68 1.16 
CV% 8.34 34.10 18.11 18.68 18.90 1.45 89.56 7.25 7.20 6.29 
25000           
mean 60.52 0.86 5.75 13.21 -25.67 67.64 0.11 3.99 9.48 -18.55 
s.d. 5.52 0.38 0.99 3.30 5.60 0.95 1.31 0.44 0.55 1.21 
CV% 9.12 44.69 17.28 24.94 21.80 1.40 1,230.60 11.04 5.82 6.51 
30000           
mean 60.51 0.69 5.74 13.10 -26.15 67.77 0.87 3.85 9.65 -18.89 
s.d. 2.91 0.66 0.29 1.49 2.95 1.10 0.68 0.06 0.52 0.95 
CV% 4.81 95.77 4.97 11.35 11.28 1.62 77.54 1.50 5.42 5.00 
35000           
mean 60.76 1.31 5.78 12.84 -25.48 65.95 0.36 3.62 10.37 -13.63 
s.d. 4.98 0.10 1.02 2.48 4.97 1.29 0.30 0.37 0.92 10.81 
CV% 8.20 7.74 17.73 19.28 19.52 1.96 84.57 10.19 8.88 79.34 
40000           
mean 61.35 0.40 5.96 12.24 -24.43 65.74 -0.08 3.94 10.19 -20.03 
s.d. 3.58 0.45 0.89 1.88 3.79 1.14 0.26 0.16 0.74 1.47 
CV% 5.84 112.33 14.87 15.38 15.50 1.73 343.20 3.99 7.28 7.33 
45000           
mean 60.43 0.87 6.01 13.17 -26.26 66.16 -0.16 3.67 10.47 -20.53 
s.d. 6.54 0.48 0.89 3.36 6.77 0.88 0.28 0.36 0.31 0.48 
CV% 10.82 54.81 14.76 25.47 -25.79 1.33 175.33 9.86 2.98 2.35 
50000           
mean 61.12 0.34 6.23 12.28 -24.50 66.14 0.06 3.70 9.95 -19.48 
s.d. 4.02 0.97 0.34 2.16 4.26 0.39 0.23 0.12 0.27 0.54 
CV% 6.58 287.13 5.45 17.55 17.39 0.59 398.66 3.36 2.72 2.78 
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Table C.8 b contd 

 
  

 PDMS 
cycles L* a* b* ∆E ∆L* 
before      
mean 86.72 0.07 6.07   
s.d. 0.45 0.17 0.27   
CV% 0.52 249.08 4.49   
125      
mean 81.44 0.21 6.77 2.61 -4.74 
s.d. 1.92 0.24 0.41 1.07 2.46 
CV% 2.36 117.96 5.99 41.08 51.85 
500      
mean 78.81 0.42 5.99 4.06 -7.96 
s.d. 1.19 0.29 0.73 0.67 1.50 
CV% 1.51 69.17 12.21 16.60 18.77 
1000      
mean 77.52 0.24 5.86 4.49 -8.92 
s.d. 0.34 0.36 0.54 0.31 0.64 
CV% 0.44 151.78 9.25 6.84 7.12 
2000      
mean 75.50 0.29 5.33 5.67 -11.23 
s.d. 1.17 0.40 0.51 0.63 1.17 
CV% 1.55 137.41 9.53 11.08 10.39 
5000      
mean 73.17 0.94 5.70 6.65 -12.99 
s.d. 3.05 0.41 1.54 1.39 2.82 
CV% 4.16 43.89 27.01 20.95 21.71 
7000      
mean 74.21 0.05 5.13 6.25 -12.37 
s.d. 1.13 0.45 0.65 0.60 1.15 
CV% 1.52 840.27 12.69 9.65 9.33 
10000      
mean 72.73 0.63 3.99 7.05 -13.60 
s.d. 1.57 0.20 0.38 0.79 1.45 
CV% 2.15 31.36 9.52 11.26 10.64 
15000      
mean 71.20 0.91 3.63 8.01 -15.40 
s.d. 0.70 0.32 0.15 0.28 0.58 
CV% 0.98 34.91 4.13 3.52 3.78 
20000      
mean 71.35 0.71 3.73 7.50 -14.50 
s.d. 2.55 0.47 0.27 1.21 2.47 
CV% 3.58 65.50 7.31 16.07 17.02 
25000      
mean 70.69 0.01 3.88 8.00 -15.50 
s.d. 0.49 0.79 0.51 0.23 0.39 
CV% 0.70 11775.08 13.03 2.90 2.48 
30000      
mean 70.87 0.11 4.02 8.13 -15.78 
s.d. 1.50 1.37 0.47 0.62 1.28 
CV% 2.12 1286.30 11.67 7.57 8.09 
35000      
mean 69.46 0.41 3.27 8.75 -16.78 
s.d. 1.11 0.88 0.60 0.26 0.48 
CV% 1.60 214.80 18.36 2.98 2.87 
40000      
mean 69.50 0.72 3.21 8.50 -16.27 
s.d. 0.53 0.38 0.22 0.14 0.20 
CV% 0.77 53.32 6.91 1.65 1.21 
45000      
mean 70.33 -0.09 4.00 8.41 -16.36 
s.d. 1.93 0.87 0.42 0.76 1.50 
CV% 2.74 1006.32 10.61 8.98 9.17 
50000      
mean 69.62 0.15 3.67 8.27 -16.00 
s.d. 1.40 0.74 0.15 0.42 0.90 
CV% 2.02 480.72 3.97 5.06 5.61 
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therefore lightness decreased. SYLGARD™ showed the most marked decrease in L* followed by 
Granger's®, graphene ink, and PDMS. a* remained relatively consistent, slightly increasing with 
increased cycles, thus remaining in the red spectrum. In terms of b*, a decrease was observed, similar 
for graphene ink, Granger's®, and PDMS with SYLGARD™ remaining the most consistent. A shift 
did occur, but specimens remained in the yellow spectrum. 

Abrasion had an effect on ∆L* and ∆E of abradants (F3.15,63.00=68.79, p≤0.001) (Table B.8 b). Some 
sequential abrasion cycles did not differ, especially beyond 30000 cycles. The pattern of response 
differed when considering colour coordinates (F3.15,63.00=16.06, p≤0.001) and functionalisation 
(F12.60,63.00=5.36, p≤0.001), but not when considering the colour coordinates and functionalisation 
together (F12.60,63.00=1.64, NS). However, F value for the effect of functionalisation was small and 
therefore importance was low. Abradants of pre-treated specimens were most different to 
functionalised specimens and SYLGARD™ compared to PDMS were also different. SYLGARD™ 
encapsulated specimens had the greatest ∆L* and ∆E followed by Granger's®, graphene ink, and 
PDMS. Each ∆E of functionalised abradants was greater than 1 and therefore perceptible to the human 
eye. That of pre-treated abradants was greater than 1 but only up to ~3. 

C.6 Success for demonstrating graphene ink and encapsulant presence 
Determining colour coordinates was useful to provide a quantifiable value for the presence of 
graphene ink (i.e. cream to black) albeit less efficacious to demonstrate the presence of encapsulants. 
Colour change was desirable in terms of confirming treatment deposition but may be undesirable 
with respect to end use in apparel. Being of black colour, dyeing options are nil, and any post 
processes may degrade function of the treatment. Using a pre-dyed fabric may offer some options 
(Kaynak et al., 2006) although remains limited for colour production and interactions between the 
graphene functionalisation and dye may produce a product with different performance. Use of a 
small patch or applying an isolated design (e.g. stamping, screen printing), is another option not 
confined to producing only black apparel. 

Determining colour coordinates following exposure to processes which may result in decreased 
conductivity provides evidence of the mechanism of loss. Increase in colour coordinates was observed 
of washed specimens and abraded specimens (with a decrease in abraded abradants) which provides 
evidence of a link between decreased conductivity and removal and/or redistribution of graphene 
ink from knits. With less graphene ink there are less possible connections that can be made and/or 
less graphene ink at the points essential for signal transmission. The yarn intersections are a pertinent 
point in the knits to transfer signals due to the way they overlap, and because of the cross over, the 
extent of movement of each yarn against the other with wash and abrasion may result in greater 
disruption and graphene ink removal. 


