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Abstract 

Inkjet printing functional materials on textiles has attracted considerable attention 

from researchers and industries due to its promising prospects on wearable 

applications. Inkjet printing is cost saving and provides customisation ability of 

printing electronic patterns. Textile substrate is flexible, stretchable, comfort to wear 

and breathable. The advantages from both the printing technique and the substrate 

material can be displayed when the deposition of the ink in textiles is well studied. 

Thus, this thesis investigates fundamental interaction of conductive silver ink on 

textiles, and the effects of printing parameters and textile properties on the printing 

quality and electrical performance of the products. 

The complexity of textile substrates leads to three scales of ink textile interaction 

mechanisms, which are fibres, yarns, and fabrics. Those mechanisms were compared 

with existing liquid textile interaction theories, and it was found that ink/fibre and 

ink/yarn interactions correspond with existing theories. Capillarity confines the 

transport of the ink, low fibre surface energy leads to increased spreading length, small 

fibre spacing promotes ink columns formation on fibres but limits the ink spreading 

in yarns. It was also found that the inkjet printed ink transports predominantly within 

the warp or weft yarns of the fabric and there is little transport of ink between the yarns. 

Nevertheless, various yarns woven into fabric structures with different densities can 

result in distinct ink transporting behaviours. 

X-Ray tomographic reconstruction reveals that the distribution of Ag after inkjet 

printing and sintering a nanoparticle conducting ink on a woven polyester textile 

substrate is strongly controlled by the fibre surface properties and fabric architecture. 

Reduced drop spacing, increased printing layers and textile hydrophobicity through 

Scotchgard treatment increased the volume and connectivity of inkjet printed silver 

ink deposition. In the meantime, the sintering per layer technique further increased the 

volume and connectivity of inkjet printed silver ink on textiles through enhanced ink 

penetration mechanism perpendicular to the fibre tows. Electrical conductivity is 

strongly influenced by the fibre architecture in each yarn direction and, in this case, 

higher fibre density in warp yarns leads to higher electrical conductance values. 

Conductance within a yarn is shown to depend on Ag concentration via a percolation 

mechanism and this is confirmed by a simple model relating the volume of the largest 

interconnected Ag object present to the measured conductance. 

To improve the printing quality and electrical performance of electronic textiles 

through altering fabric structures without additional surface treatment, six types of 

polyester woven structures were compared. It was found that the increased overall 

capillarity in the fabric could enhance the conductive ink connectivity in textiles and 

thus improve the electrical performance of electronic textiles, however, on the other 

hand, creating unwanted ink bleeding on textiles and reducing printing quality of inkjet 

printed electronic textiles. 
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Chapter 1 Introduction 

1.1 Background 

Inkjet printing conductive materials on textiles has attracted considerable attentions 

from researchers and industries for a wide range of wearable applications, such as 

communicating, sensing and energy harvesting.1–3 Inkjet printing technique is low cost 

and versatile comparing to other techniques, and textile substrate is ideal for wearables 

due to its flexible, stretchable, and breathable properties.4–6 Inkjet printing on textiles 

has been widely used in the fashion industry with coloration pigments. 7 However, the 

commercialisation journey of inkjet printed electronic textiles is still challenging due 

to the difficulty of achieving continuous conductive patterns and high printing 

resolution on textile substrate, due to the uneven surface and porosity of textiles.8,9  

Unlike inkjet printing conductive paths on solid surface, there are two competing fluid 

processes after drop impact: the flow of fluid along the surface and the infiltration of 

the liquid into the pores via capillary interaction. 10 Due to the complex structure of 

textiles which is made from fibre, yarn to fabric scales, it is extremely difficult to 

predict and control the flow of the conductive ink to form continuous and 

homogeneous conductive paths. 11 To predict fluid flowing process in textiles, 

researchers have studied the interaction of liquids with textiles of relevance to 

engineering problems in textiles or polymer composite industries. 12 However, existing 

models can only provide some understanding of the factors that influence the 

structures formed after inkjet printing on textiles. 

The study of printing conductive inks on textiles is relatively recent and only started 

in the 21st century. In current studies of improving the inkjet printed conductive 

textiles, main approaches include developing inkjet printable conductive inks and 

altering textile surface properties.13–15 A wide range of printable functional inks have 

been developed, yet the interaction between the ink and the textile remains as the 

biggest challenge to reach optimal conductive performance without sacrificing 

intrinsic advantages of textiles. Moreover, the durability and washability of the 

conductive paths on textiles require efforts of researching to achieve the possibility of 

commercialising inkjet printed conductive textiles. 
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1.2 Motivation and Outline of the Thesis 

In the research field of inkjet printing electronic textiles, there is a clear need of finding 

a breakthrough point through understanding the fundamentals. The aim of this project 

is to study the fundamental mechanisms of inkjet printed conductive ink interaction 

with porous textile structures, through which to evaluate the fit of the existing liquid 

textile models and to explore the parameters that could be used to control the printing 

quality. 3d structures are visualised through X-ray tomography of silver conductive 

ink on fabrics to understand the contribution of printed structures to conductivity. In 

the meantime, the effect of textile surface treatment, inkjet printing settings and 

sintering techniques are investigated to improve the performance of electronic textiles. 

A summary of each chapter is as follows. 

Chapter 1 provides a concise background, motivation, and outline of the thesis. 

Chapter 2 gives a thorough literature review of topics related to this project. Starting 

from a brief introduction of wearable technology to the complex textile structures and 

surface properties and the existing studies on liquid textile interactions from fibre, yarn 

and fabric scales, followed by the principle and development of inkjet printing 

technology. Then the use of inkjet printing on conductive electronic textiles is studied, 

providing the current development and applications of electronic textiles, printable 

conductive inks and remaining challenges and frontier work. 

Chapter 3 lists the detailed information of the conductive ink and textile substrates, 

inkjet printing and sintering methods and characterisation techniques used in this 

project. 

Chapter 4 describes the fundamentals of silver ink deposition on as received and 

hydrophobic treated polyester textile substrates. Using contact angle values of silver 

ink on textile as a centre point expanding and evaluating the applicability of existing 

models for liquid interaction with fibres, yarns, and fabrics. The theories applied on 

individual textile scales are at variance, and the textile surface energy and the drop and 

textile geometries play the most important roles determining the ink deposition on 

textiles. It is found that low textile surface energy leads to increased ink spreading and 

penetration, and smaller pore size/fibre size creates ink columns between fibres and 

larger pore size/ fibre size leads to ink penetration. When pores are filled with inks, 
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greater average pore spacing leads to faster and longer ink spreading in yarns, however, 

opposite finding is observed in ink/fabric interaction. 

Chapter 5 applies X-ray tomography technique to visualise and quantify the silver ink 

objects distribution in textiles in a 3d view. The effect of changing textile surface 

hydrophobicity, inkjet printing drop spacing and layer, and sintering techniques on Ag 

distribution on textiles are clearly shown in 3d images. The connectivity and 

concentration of silver objects are found to be the key factors to improve the electrical 

conductance of electronic textiles. A simple model is developed to predict the 

conductance of specimens through X-ray tomography images and ohm’s law. 

Additionally, the anisotropic behaviour between warp and weft fabric directions 

demonstrates the inappropriate used of a ‘sheet resistance’ in measuring conductive 

textiles. 

Chapter 6 collects the findings of different behaviours on fabric warp and weft 

directions as observed from previous chapters and examined six types of polyester 

fabric structures, in order to evaluate the hypothesis of improving the printing quality 

and electrical performance of inkjet printed electronic textiles through altering fabric 

structures. It is a promising approach to improve the performance of e-textiles without 

compromising the intrinsic advantages of textiles. It is found that increased total 

capillarity in textiles through reduced effective pore size, and tighter and thicker 

packed fabrics improve the printing quality. However, the relative electrical 

conductance which depends on the silver objects connectivity reduces as the ink 

transportation is prohibited. 

Chapter 7 summarises this thesis and gives an outline for possible future work. 
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Chapter 2 Literature Review 

2.1 Wearable Technology 

Wearable technology has attracted considerable attention due to its numerous potential 

applications for health and environmental monitoring 16,17, energy storage and 

harvesting 18 and entertainment 19. The modern definition of wearable technology 

includes devices that can collect physiological and environmental information in a 

real-time manner in a portable and wearable approach 20. To achieve this, wearable 

monitoring systems must integrate sensors, signal conditioning circuitry, information 

storage or transmission devices, power supplies and interconnecting conductors all on 

an appropriate flexible or stretchable substrate 21.  

The development of wearable technology can be described through significant 

milestones in the past century, as shown in some examples in Figure 2.1. From the 

design of the ‘Walkie-Talkie’ in 1937, to the ‘Stereophonic Television Head Mounted 

Display’ and the first wearable computer hidden in the shoe 22 in the 1960s, and the 

invention of the ‘Calculator Watch’ and ‘Camera-to-tactile vest for blinds’ in the 

1970s 23. In the beginning of the 90s, the ‘Active Badge’ was invented as the first 

portable indoor location tracker, and the development personal digital assistant 

became popular until it morphed into smartphones 24. In the 21st century, some well-

known products came into the market, such as the Levi’s industrial clothing division 

(ICD) jacket, Fitbit, Google Glass, Apple Watch and so on 25,26. In recent years, there 

has been extensive development of wearable technology, with more focus on the 

design and manufacture of electronics directly on flexible fabric substrates, instead of 

assembling separate rigid components that are subsequently attached to the substrates. 

The topics include but are not limited to the specific design of flexible electronic 

components, the design and selection of substrates, and developing new 

manufacturing techniques. Some but not all of this prior work has been described as 

flexible electronics. 
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Figure 2.1 Wearable technology inventions including: a) the world’s first head-

mounted display 27, b) the first wearable computer in shoe 28, c) the active badge 

location system 29; commercial products such as: d) Levi’s industrial clothing division 

jacket, e) Fitbit f) Google Glass; prototypes of: printed flexible electronics on plastic 

films g) 30, skins h) 31, and textiles i) 32.  

Flexible electronics include functional components e.g. transistors, sensors, solar cells, 

light emitting diodes, batteries and supercapacitors, resistors, conductors and 

interconnects; their assembly into devices and systems such as: displays, self-powered 

devices, communication devices, and radio frequency identification devices. The 

particular design of the devices depends on the applications of the wearables but 

generally require multilayer structures, some examples are listed in Figure 2.2. The 

materials applied in the systems can be classified into conducting, semi-conducting 

and dielectric materials 5,33,34. Conducting materials exist in most of wearable devices 

as interconnectors between different components; semi-conducting materials play 

important roles in some electronic components such as field effect transistors, LEDs, 

solar cells and so on; dielectric materials are electrical insulating, which are used in 

electronics that require high capacitance such as transistors and capacitors 4. A 
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significant challenge for the use of these structures on textile substrates is the 

development of appropriate fabrication technologies. 

 

Figure 2.2 Schematics of inkjet printed a) MoS2 FET 35, b) micro-supercapacitor 36, c) 

temperature sensor structure 37, and d) LED interconnectors 38, all showing the use of 

conductive materials in the system. 

Flexible substrates are essential to provide wearability for those devices. There have 

been many studies of applying functional materials to polymer film flexible substrates 

4. Polydimenthylsiloxane (PDMS), Polyethylene naphthalate (PEN), polyimide (PI) 

and polyethylene terephthalate (PET), Poly(vinyl alcohol) (PVA) and Ecoflex are 

commonly used flexible substrates 39. However, all these substrates cannot easily 

accommodate more than a single curvature as they flex, reducing comfort if used in 

clothing. In contrast, textile substrates provide a platform that can provide both 

strength and flexibility, and is potentially more comfortable to wear, as well as being 

more stretchable, breathable, washable and environment-friendly than polymer films 

6. With the variability of textile structures and the great number of components in a 

wearable system, research into wearable technology includes, but is not limited to, 

developing functional filaments 40–43, printing and coating functional materials on 

fabrics 44–47, and fabricating fully integrated textile systems 48–51.  

Current technologies used for developing electronic textiles can be broadly grouped 

into two classes: embroidering functional threads into fabrics and coating functional 
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materials on the surface of textiles. Metal threads are simpler in concept but can break 

easily during manufacturing and use, which influences comfort. A number of different 

coating methods that have been used, these include: printing, electroless plating, 

evaporation deposition, sputtering functional materials on substrates 9. However, 

many of these methods have limitations, which may reduce their applicability with 

textile substrates. The high cost of the reducing agent may limit the application of 

electroless plating and the reducing environment will be incompatible with some 

textile fibres 52. Coatings deposited by evaporation often show low values of adhesion 

53.  Sputtering is limited by its poor patterning capability 9. Printing technologies, 

however, show promise due to their reasonable capital equipment costs and simple 

manufacturing methods that have been previously developed for decorative patterning 

of fabrics. Inkjet printing is a contactless printing technique that avoids using a plate 

or a screen mesh like lithographic or screen printing. Thus, it allows rapid design 

changes with a relatively low cost machine set-up and reduced material waste 5451,3,4,55–

57. 

Inkjet printed textile electronics has significant potential to advance the development 

of wearable technology with current research on the formulation of functional inks 

and the deposition of the desired patterns 8,39,58,59. However, challenges must be 

overcome to achieve continuity of printed patterns due to the roughness and porosity 

of textile substrates, in contrast to the smooth dense surfaces of conventional 

polymeric flexible substrates. In addition, most of the fabrics can withstand only a 

limited range of temperature, which limits the processing routes available, Finally, it 

is desired that the printed fabrics should retain characteristics similar to the unprinted 

fabrics, such as the flexibility, stretchability, breathability and washability of textiles.  

The aim of this project is to study these challenges in inkjet printing conductive 

materials on textiles and to better understand the mechanisms that control the 

behaviour of printed electrical conductors. Thus, the fundamentals of liquid textile 

interactions relevant to ink deposition and the inkjet printing technology used to 

achieve this will be reviewed in this chapter, and the recent developments in this 

research field will be explored and discussed. 
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2.2 Liquid Textile Interaction 

2.2.1 Textile Materials 

Textiles represent materials consisting of fibres, yarns, and fabrics. These terms are 

related. Yarns are formed by the assembly, through spinning, of many, approximately 

parallel, individual fibres. Different textile structures or fabrics are formed through 

different manufacturing processes using yarns or individual fibres. In general, there 

are four main textile structures classified as: woven, knitted, braided and non-woven 

fabrics 60. Non-woven fabrics are made from bonded staple or long fibres, and the 

other three types of fabrics are made from yarns (otherwise known as tows or 

threads)61. Woven fabrics are produced using a loom on which one set of fibres are 

arranged, under tension, as a series of parallel yarns, these are the warp fibres. During 

the weaving process, the weft yarns are passed above and below the warp yarns, in a 

repeated and controlled manner, to produce a sheet of fabric. The process leads to the 

warp yarns retaining an approximately in-plane orientation with the weft yarns, 

showing a pronounced undulation as they pass over and under the warp yarns. 12,62,63 

Knitted fabrics can be made either manually or mechanically. They can be categorised 

into two basic styles: warp knit, and weft knit. Warp knit contains the meandering 

yarns following paths on the warp direction (wales) and weft knit contains the yarns 

following paths on the weft direction (courses) 64. As for braided fabrics, they are made 

of interlacing three or more yarns or fabric stripes in diagonal formation, forming flat 

or tubular fabrics 65.  

 

Figure 2.3 Fabric structures: nonwoven, woven, knitted and braided structures, 

adapted from ref. 66 

Each type of fabric (Figure 2.3) has its own application range. Non-woven fabrics are 

recognised for their low-cost and soft surface, woven fabrics show good stability and 
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strength, knitted fabrics show superiority in their stretchability, and braided fabrics 

display high impact resistance. Non-woven textiles can be made at the highest 

production rate and this is leading to a growing market share for applications in the 

sectors of personal care, health care, clothing, household, automotive, geotextiles, 

constructure, and filtration 67. Weaving is one of the longest established and most 

commonly used technique for textile manufacture is dominant in application areas of 

garments and technical textiles 68. Knitting offers more comfort and better fitting, 

which is the most demanding technique in apparels 69. Braided fabrics are often found 

in the use of technical applications in the field of sporting goods, medicine, aerospace 

and transport. Additionally, each type of fabric can produce a variety of structures 

through different fibre and yarn composition and orientation methods, to meet the 

specific requirements of an application 70.  

There are a variety of yarns used to manufacture fabrics, which can be made from 

fibres spun together or an individual (mono) filament. Depending on the fibres used 

or the spinning process, different yarn structures are possible, with examples shown 

in Figure 2.4. The spinning process imparts a slight twist such that, when loaded in 

tension, frictional stresses between individual fibres transmit tension loads relatively 

uniformly across the bundle of fibres. This allows load bearing yarn lengths much 

greater than the individual lengths of the constituent fibres. This twist can be clockwise 

(Z-twist) or counter clockwise (S-twist) 71. 
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Figure 2.4 Different yarn structures (c-d) formed with staple (a) and filament (b) fibres, 

adapted from ref 72. 

Yarns are made of fibres, and in general, staple fibre spun yarns made with cotton or 

wool present easier pilling and lower strength compared with the filament yarns 73. 

Continuous filament yarns can create smoother and stronger fabrics. The scanning 

electron microscopic (SEM) images (Figure 2.5) of cotton and polyester fabrics and 

fibres illustrate the hairiness of staple cotton fibres made fabrics, and the irregular 

cotton fibre surface which could increase the difficulty of depositing smooth 

functional materials on textile substrates 74.  
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Figure 2.5 SEM images of cotton and polyester fabrics (top) under 30 × magnification 

and single strand structure (bottom) under 2000 × magnification, adapted from ref 74. 

In addition to structural differences, fibres can be classified into natural fibres and 

man-made fibres; examples of fibre types and their classification are shown in Figure 

2.6. Cotton fibres with a diameter range of 11-22 m are mostly used in the clothing 

industry. Cotton fabrics are breathable and provide easy transport of moisture away 

from the body, the air trapped within the fabric can provide thermal insulation, and the 

fibres are soft and hypoallergenic. However, natural fibres are expensive when 

compared to synthetic fibres and can wear more easily. Polyester is the most used 

synthetic fibre in the fashion industry, with a greater usage than cotton. Although the 

breathability of polyester is lower than cotton, it is less expensive and stronger, in 

addition its hydrophobicity allows faster drying of moisture. Commonly used 

polyester fibres have a circular and smooth shape, with a diameter range of 12-25 m  

75. 
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Figure 2.6 Different types of fibres and their diameters. 

The difference in hygroscopicity between cotton and polyester fibres is mainly due to 

their different chemical compositions. Cotton is a cellulose with a polysaccharide 

polymer structure, which is comprised of a long chain of glucose molecules with 

hydroxyl groups on the outer edges, as shown schematically in Figure 2.7 (a) 76. These 

hydroxyl groups interact strongly with dipolar water molecules so as to be hydrophilic. 

Polyester fibre is melt spun from polymers that contain the ester functional group in 

the main chain. There are a variety of polyesters with different main chain composition. 

Polyethylene terephthalate (PET) and poly-1, 4-cyclohexylene-dimethylene 

terephthalate (PCDT) are the two main types of polyesters used in the textile industries, 

in which PET is commonly used for clothing and PCDT is used for heavy consumer 

products such as furniture coverings. The chemical structure of PET is shown in Figure 

2.7 (b), and it is hydrophobic due to the polarity of the ester group not being sufficient 

to attract water molecules to form hydrogen bonds.  

 

Figure 2.7 a) Chemical structure of cellulose cotton fibre 76; b) Chemical structure of 

polyester (PET) fibres 77. 
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The choice of fibre, yarn and fabric in a particular application is based on the end-use 

requirement of the fabric 78,79. In the field of electronic textiles, the required connected 

conductive paths are easier to be achieved in woven or knitted structures. Examples 

of prior research publications related to electronic textiles are listed in Table 2.1 

showing their choices of textiles and applications. Knitted fabrics are more flexible 

and stretchable than woven fabrics, which could be useful for sensor application on 

measuring deformation or power generation. However, the flexibility of the yarn 

movement in the knitted structures could also induce instability in the electronic 

circuits, which is not ideal if stable interconnections are required in the design 80. 

Additionally, the yarn structures play an important role in electronic textiles since 

material transport is governed by the capillary forces in the yarn tows. Monofilament 

yarns could potentially provide smoother materials deposition, yet the detailed 

deposition of functional materials in different yarn structures has not yet been reported. 

In terms of the fibre choices, there are many research papers about the application of 

functional materials on cotton fabrics, due to easier functionalisation of cotton fabrics 

with their hydroxyl groups. However, the higher hygroscopicity in cotton yarns could 

potentially lead to further damage to functional materials that require a dry 

environment. 
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Table 2.1 Different fabric choices for the application of electronic textiles. 

Methods Materials Application 
Fabric 

structure 

Fabric 

material 
Ref 

Screen 

printing 
Silver ECG, EMG Woven 

Polyester/cott

on/lyca blend 

81 

Electroless 

deposition 
Nickel Solar battery Woven Polyester 82 

Immersion 
MnO2-Zn 

Silver 

Stretchable 

battery 
Knitted Nylon 83 

Inkjet 

printing 

Reactive 

silver ink 
Interconnector Knitted 

Polyethylene 

terephthalate 

2 

Inkjet 

printing 

Graphene/h-

BN 

Field effect 

transistor 
Woven Polyester 3 

Chemical 

deposition 
Multi-layers 

triboelectric 

nanogenerator 
Woven Spandex 84 

Electroless 

plating 

Silane, 

Silver 

Conductive 

tracks 
Woven Cotton 85 

Inkjet 

printing 
rGO ECG Woven Cotton 1 

*ECG: electrocardiogram; EMG: electromyography; h-BN: hexagonal boron nitride; 

rGO: reduced graphene oxide. 

2.2.2 Wetting and Wicking on Textile Substrates 

Liquid/textile interactions play an important role in many fields within the textile 

industries. These include: the wetting and wicking properties for high absorbency 

medical and sanitary products, ensuring comfort in clothing, colouration of fabrics 

through dyeing for aesthetic purposes, functional surface treatment for hydrophobic 

and oleophobic fabrics, and the infiltration of resin during the manufacture of textile 

composites.10,86–89 The interaction is also the main mechanism requiring studying for 

printed electronic textiles. Wetting and wicking are the two main and most important 

mechanisms during liquid and fibrous materials interaction. Wetting is generally 

defined as the spreading of a liquid on the outer surface of a textile fabric and wicking 

is capillary driven infiltration into the fabric after wetting and initial spreading of the 
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liquid across the surface. On solid surfaces, wetting is the only considered mechanism, 

while with porous substrates, such as textiles, the wetting and wicking processes are 

complicated and inseparable.  

Previous works have studied the differences between liquid spreading on porous and 

nonporous substrates; and investigated the effect of the porosity and the pore size. 

Denesuk et al. 90 studied the spreading kinetics of incomplete wetting on porous 

substrates, which highlights the competition between liquid spreading and infiltration, 

as shown in Figure 2.8. This assumed a rapid impact-driven spreading process defining 

an initial contact area, before a capillary-driven mechanism leads to infiltration by 

wicking. However, Holman et al. proposed that the time scales of infiltration and 

spreading are similar, and that the spreading of the liquid can be interrupted by 

infiltration. It was observed in experiments that the spreading phase ends rapidly and 

is followed by the sorption phase with capillary force domination, and slower 

infiltration leads to greater spreading. 91 

 

Figure 2.8 Drop spreading and absorption on a cylindrical porous substrate in a slow 

advancing spreading process 90. 

The morphological evolution of wetting and wicking on a porous surface, including 

the maximum spreading diameter, has been studied and computationally simulated 

92,93,94. For better understanding of the absorption behaviour in porous substrates, X-

ray imaging system 95, neutron radiography 96 or nuclear magnetic resonance 97,98 have 

proposed as suitable techniques for studying fluid flows during spreading and sorption. 

However, the spatial resolution of the imaging methods needs further improvement to 

resolve features at the micron scale. In this section, wetting and wicking mechanisms 
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will be introduced individually, and the models used to explain both phenomena in 

textile substrates will be discussed. 

2.2.2.1 Wetting 

For an ideal solid surface, the equilibrium contact angle (θC) is typically used to 

illustrate the drop wetting extent on the surface. It is defined as the tangent angle at 

the contact between the liquid/vapour interface and the solid surface where 

equilibrium occurs through a balance of forces 99, as shown in Figure 2.9 and defined 

by Young’s Equation (2.1) 100. A low contact angle represents a strong interaction 

between the solid and the liquid phase, and vice versa. A hydrophilic surface usually 

refers to a high wettable surface with contact angle considerably less than 90⁰, and a 

hydrophobic surface generally indicates a low wettable surface with contact angle 

greater than 90⁰, and perfect wetting is achieved when 𝜃𝐶 = 0⁰.  

 

Figure 2.9 Schematic of the equilibrium contact angle (θC) of a liquid drop on a solid 

surface, showing the force balance with the surface tensions of the liquid/vapour ( 𝛾𝐿𝐺), 

solid/vapour (𝛾𝑆𝐺) and liquid/solid (𝛾𝑆𝐿) interfaces. 

𝛾𝑆𝐺 − 𝛾𝑆𝐿 − 𝛾𝐿𝐺 cos 𝜃𝐶 = 0                                             (2.1) 

The wettability of a liquid on an ideal solid surface depends on the difference between 

work of adhesion (the energy per unit area required to separate the contacting liquid 

and the solid) and work of cohesion of the liquid (energy per unit area required to 

separate a liquid column into two liquid surfaces). A spreading coefficient S, defined 

in Young-Dupre Equation (2.2), is used to distinguish a complete or a partial liquid 

and surface wetting occasion. When S > 0, complete wetting occurs, and when S < 0, 

partial wetting occurs, as shown in Figure 2.10 12. 
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Figure 2.10 Liquid droplet on solid surface in the status of (a) hydrophobic partial 

wetting (b) hydrophilic partial wetting and (c) complete wetting, ref 12. 

𝑆 = 𝛾𝑆𝐺 − (𝛾𝑆𝐿 + 𝛾𝐿𝐺) = 𝛾𝐿𝐺(cos 𝜃𝐶 − 1)                             (2.2) 

For rough surfaces, such as textile surfaces in the absence of infiltration, the wetting 

is characterised by a contact angle hysteresis. Contact angle hysteresis is defined as 

the difference between the advancing contact angle and the receding contact angle. 

The advancing contact angle is the maximum steady angle, and the receding contact 

angle is the minimum steady angle of the liquid on the surface. These definitions are 

used to characterise the dynamic movement of liquids on surfaces. When the surface 

is rough, the drop of liquid deforms as the surface is tilted to different angles, and to 

maintain the same contact area between the drop and the surface, a higher contact 

angle is adopted at the ‘downhill’ side of the liquid drop while a lower contact angle 

is adopted at the ‘uphill’ side of the drop as shown in Figure 2.11. Thus, the extent of 

wetting will depend on whether the liquid is in the status of advancing or receding on 

the surface 101. 
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Figure 2.11 Schematic illustration of the advancing and receding contact angles on 

rough surface, adapted from ref 102. 

Wenzel and Cassie-Baxter models are often used to characterise the relationship 

between the surface roughness and wettability, as shown in Figure 2.12. The Wenzel 

model103 (Figure 2.12 a) considers the homogeneous wetted area of a rough surface to 

be larger than that of a plane flat surface by a factor r and this modifies the balance of 

Young’s equation such that the effective or apparent contact angle, *, is defined: 

cos(𝜃∗) = 𝑟 cos(𝜃𝐶)                                           (2.3) 

where the surface roughness at the contact line (r) is quantified as the ratio of the actual 

surface to the projected solid surface area, and 𝜃𝐶  represents the Young’s equilibrium 

contact angle of liquid on the ideal surface.  

If the equilibrium contact angle is large and there is significant surface roughness, the 

liquid may not penetrate fully into the lowest points of the surface and the Cassie-

Baxter model104 is used, which considers a heterogeneous surface with a fraction of 

air trapped underneath the droplet (Figure 2.12 b) 105. In this case the apparent contact 

angle is defined: 

cos(𝜃∗) = 𝜎1 cos(𝜃𝐶) − 𝜎2                                     (2.4a) 

cos(𝜃∗) = 𝜎1(cos(𝜃𝐶) + 1) − 1                                  (2.4b) 
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Here, the trapped air fractional area is 𝜎2, which equals to 1 − 𝜎1, where 𝜎1 represents 

the fractional surface area of the solid. When the apparent contact angle is 

considerably greater than 90°, there is little contact between the liquid drop and the 

tips of the surface roughness and the drop can easily move across the surface. This is 

known as the lotus leaf effect or a superhydrophobic surface. 106 Note that these models 

are only applicable for droplet sizes which are significantly larger than the scale of the 

roughness or surface pores in the structure. 

 

Figure 2.12 Wenzel model (a) and Cassie-Baxter model (b) 107. 

Surface and liquid/solid interfacial energies are the major parameters that control the 

wetting between a fluid and a substrate 108. The surface properties of textiles can be 

easily modified through a variety of surface coating and functionalising methods. 

Hydrophilic treatment contributes to the wetting ability of textiles, which is especially 

profitable for synthetic textiles that lack polarity in their chemical groups 108. On the 

other hand, hydrophobic treatment have been widely applied for manufacturing 

waterproof garments to generate a repellent fluid interaction with textile surfaces 109.  

Methods for hydrophilic treatment include polymer chain scission at the ester linkage, 

co-polymerisation to graft hydrophilic monomers and plasma treatment to introduce 

water compatible functional groups, such as -COOH, -OH and -NH2 on the fibre 

surface 108. The polymer chain scission of the polyester fabric produces hydrophilic 

chemical groups, which however reduces the mechanical strength of the fabric. 

Copolymerisation method of hydrophilic monomers is time consuming and expensive. 

Plasma treatment is one of the most environmentally friendly method that also 

maintain the properties of textiles 110.  
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For hydrophobic treatments, coating and laminating hydrophobic polymers such as 

synthetic rubbers, polyolefins, polyvinyl chloride, acrylic derivatives and 

polyurethanes 111 can achieve waterproof textiles with reduced breathability. 

Breathable-waterproof textiles can be achieved though applying a hydrophilic outer 

layer, eg. Polyvinyl alcohol (PVA), with water vapour diffusion ability or a 

microporous outer layer, eg. Polytetrafuoroethylene (PTFE) film or polyurethane.  

To manufacture water repellent textiles that water drops can be easily removed from 

the fabric surface, surfactants are used to reduce the surface energy to provide 

hydrophobicity 112.  Fluoro-surfactant finishing ( = 10-20 mN m-1) on textiles leads 

to both water ( = 73 mN m-1) and oil ( = 20-35 mN m-1) repellence through reduced 

surface energy of the substrates, which provides performance superior to other 

conventional surfactants. Fluorine atoms are closely packed with carbon atoms 

forming strong carbon-fluorine bonds and a hydrophobic perfluorinated tail. The polar 

hydrophilic head is attracted towards the hydrophilic hydroxyl (-OH) groups from 

cotton as shown in Figure 2.13 113. It was found that surface energy decreases with 

increased the number of C-F bonds up to a critical chain length of n = 9 114. 

Additionally, the weak van der Waals forces leads to poor adhesion between the 

surfactant and the substrate. Thus chemical attachment such as fluorinated acrylates 

are used to react with -OH groups on cotton 115. Nanoparticles can also impart the 

hydrophobicity of textiles or even superhydrophobicity as studied in Nano-Tex, where 

10-100 nanometre ‘whiskers’ are attached to the cotton fabric 116. However, 

fluorocarbon surfactants are not environment-friendly. Other hydrophobic alkyl 

acrylates and maleic anhydride copolymers have been developed to replace 

fluorocarbon surfactants 117. Sivaramakrishnan et al. 112 summarised a list of available 

surfactants for textiles, and many of them are used during the pre-treatment of fabrics 

such as sizing, scouring, softening and dyeing. In addition to wet-processing surface 

treatments, plasma-based treatments through physical etching or chemical vapour 

deposition (CVD), cleaning or grafting save the use of chemicals. 
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Figure 2.13 Fluorocarbon surface treatment on A fibre surface, where X and Y refer 

to comonomers such as stearyl acrylates, R = H or CH3 (polyacrylic or 

polymethacrylic acid esters) 113. 

It is not only the chemical composition of the fibres that influences the surface 

properties of textiles, the textile structure and roughness of the fibre surfaces also alters 

their wettability as illustrated by the Wenzel and Cassie-Baxter models. For example, 

Shim et al.118 discovered that a liquid can completely wet fabrics made of hydrophobic 

polyester fibres in a woven structure. Additionally, it was found that hydrophilic 

woven fabrics with higher roughness increases the wettability of textiles 119,120. 

Superhydrophobic surface treatment on textiles is mainly from biomimetic principles 

as the Lotus leaf effect121, which are manifestations of the Cassie-Baxter model. Sol-

gel methods can be used to produce hydrophobic porous nanoparticle thin films to be 

coated on textile substrates that leads to super-hydrophobicity 122. Plasma etching can 

also be used to change the surface morphology and roughness so as to modify surface 

wetting 123.  

In the field of printing on textiles, surface treatment is an essential step to control the 

wetting of functional materials on textiles. The wetting ability directly relates to the 

printing pattern quality, the functionality, and the adhesion of the products. For 

example, poly(ethylene terephthalate) fabrics with low surface-free energy lead to 

poor wettability, thus the printed patterns have poor colour yield performance and can 

easily bleed away. 124 Hydrophilic cotton fabrics can also be treated with oxygen 

plasma to enable better colour strength through increased hydrophilicity and 

roughness of the fabric surface. 125   
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2.2.2.2 Wicking 

Wicking occurs when the liquid wets a substrate that contains a fine scale porosity, for 

example the spaced between fibres within a fabric.  Capillary forces are able to drive 

the liquid into these spaces. The resulting work of penetration comes from the different 

interfacial energies between the solid/vapour energy of the fibre surface and the 

solid/liquid energy between the liquid and the solid fibre, compared to  the cohesion 

forces within the liquid. 11 It is a dynamic process with the fluid responding to a 

pressure difference across the fluid interface until reaching hydrostatic equilibrium. 

The Young-Laplace equation derived by Thomas Young and Pierre-Simon Laplace is 

used to quantify the pressure difference as shown in Equation (2.5) 100,126. The pressure 

difference (∆𝑃) is related to the shape of the surface of the fluid, defined byR1 and R2, 

which are the principal radii of curvature of the surface and the surface tension (𝛾𝑙𝑣), 

with 

∆𝑃 = 𝛾𝑙𝑣(
1

𝑅1
+

1

𝑅2
)                                               (2.5) 

For example, when the liquid is in a sufficiently narrow tube with a circular cross 

section as shown in Figure 2.14, the radii of the curved interfaces R1 and R2 equal to 

R, and R equals to the tube cross section radius a divided by 𝑐𝑜𝑠𝜃, and the capillary 

pressure can be written as shown in Equation (2.6).  

∆𝑃 =
2𝜸𝒍𝒗𝑐𝑜𝑠𝜃

𝑎
                                                         (2.6) 
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Figure 2.14 Capillary rise of a liquid in a hydrophilic tube with the radius of curvature 

R and the contact angle 𝜃. 127 

When liquid transport occurs in yarns or fabrics, the phenomenon is known as wicking 

and is driven by these capillary forces generated by the pore structure. There are two 

different important pore length scales within a fabric, governed by the inter-tow 

spacing (yarn) and intra-tow spacing (fibre) which leads to different pore shapes and 

sizes within the fabric 128,129 Inter-tow spacing is governed by the yarn density and 

thickness, intra-tow spacing is related to the fibre thickness and density within the tow 

as well as the twist level 130. The pores will also change due to swelling, heating or 

deformation when the fluids are transported in textiles and the fibres respond to the 

capillary forces 12. There are also two different directions of wicking in textiles, which 

are trans planar and in planar wicking (Figure 2.15). Trans planar wicking ability in 

daily wear textiles plays an important role in sweating away the liquid from the skin, 

and in planar wicking can facilitate the evaporation of liquid from the fabric. 131 

Moreover, the wicking can occur from a limited amount of liquid such as a droplet or 

from an infinite reservoir such as a pool of liquid. 132 
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Figure 2.15 Trans planar and in planar fabric wicking for moisture transportation. 133 

As a consequence of the wide range of applications of textiles and the complexity of 

textile structures, theoretical analyses relevant for each phenomenon have often been 

developed without considering applications and equivalent modelling in related 

application fields. Here we consider the role of these interactions for inkjet printing 

ink on textiles, it is essential to consider each aspect of the liquid textile interaction 

mechanisms for a comprehensive understanding of the printing process. Wetting and 

wicking of ink on textiles are fundamentally two dynamic processes, thus, the 

spreading and penetration rates and heights are the two main field of interests of liquid 

and textile interaction. However, due to different length scales of fibre, yarn and 

fabrics which leads to different pore scales, as well as different liquid drop sizes, the 

analysis of the  interaction mechanism is complicated 12. There have been a large 

number of theoretical and experimental research studies reported in this field and a 

comprehensive review is given in this section.  

2.2.3 Models of Interaction 

2.2.3.1 Liquid/Fibre Interactions 

The simplest liquid/solid interaction to consider within a textile architecture is that of 

a single liquid drop with an isolated cylindrical fibre. Liquid single fibre interactions 

are appropriate when small volume droplets land on fibre surfaces and the droplet 

radius is similar to the fibre radius. It is important to understand that the curvature of 
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the fibre surface leads to important differences between the modelling of liquid/fibre 

interactions and liquid/ideal flat surface interactions. For example, the critical value 

of the spreading parameter used to define complete wetting on an ideal solid surface 

was found to be higher than zero for fibres. Brochard134 introduced the critical value 

Sc, above which a liquid sheath structure of a droplet on a cylindrical fibre would form, 

with  

𝑆𝑐 =
3

2
𝜸𝑳𝑮(

𝑎

𝑏
)2/3                                                (2.7) 

where 𝜸𝑳𝑮 refers to the liquid/air surface tension, a is the molecular size and b is the 

radius of the cylinder.  

When S < Sc, partial wetting occurs and considering an individual fibre as a cylinder 

and assume that the gravitational force can be ignored, three different interaction 

morphologies between droplets and fibres can be observed as shown in Figure 2.16 

135–137. A barrel shape (Figure 2.16 i) was seen when the droplet volume is large or the 

contact angle is small, when a smaller drop is used or the contact angle value increases 

there is a transition to a clam-shell shape (Figure 2.16 ii). Finally, if there is more than 

one fibre present, a drop may bridge between two fibres (Figure 2.16 iii). The contact 

angle, defined by the Young’s equation, quantifies the wetting behaviour of a liquid 

drop on a planar solid surface. The different geometry of fibres means that this 

approach is not possible and different approaches have been used to predict the 

equilibrium drop shape during interactions with a fibre. 

 

Figure 2.16 Three types of liquid droplet impact on an ideal cylindrical fibre 12. 

Yamaki and Katayama 138 assumed that an equilibrium drop covering a fibre must 

have a constant Laplace pressure within the fluid and used a second order differential 

equation to define the barrel-shaped drop surface, assuming ∆𝑃/𝛾𝑙𝑣 to be constant, 

giving.  
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𝒅𝟐𝒚

𝒅𝒙𝟐
= −

∆𝑷

𝜸𝒍𝒗
[𝟏 + (

𝒅𝒚

𝒅𝒙
)

𝟐

]

𝟑

𝟐

+ [𝟏 + (
𝒅𝒚

𝒅𝒙
)

𝟐

] /𝒚                           (2.8) 

This equation was solved numerically with the 𝑦0, [𝑑𝑦/𝑑𝑥]𝑥=𝑥0
 and 𝑥0 at point C 

selected as the boundary conditions, where 𝑦0 = 𝑑/2 (fibre radius), [𝑑𝑦/𝑑𝑥]𝑥=𝑥0
=

𝑡𝑎𝑛𝜃, as shown in Figure 2.17 (a). Therefore, the drop spreading length l and drop 

deposition radius k can be obtained with a known contact angle 𝜃, and conversely, the 

contact angle value can be obtained from measuring the drop shape on the fibre (Figure 

2.17 (b)).  

 

Figure 2.17 (a) Cross section of a barrel shape drop on fibre and its parameters, and b) 

the calculated nominated spreading length L as a function of droplet height K based 

on different contact angle and ∆𝑃/𝛾𝑙𝑣 values, ref 138. 

Later on, Carroll139 introduced Legendre’s standard incomplete elliptic integrals of the 

first and second kind based on Yamaki and Katayams’s theory, where analytical 

expressions were derived based on the drop geometry and the calculation of droplet 

volume and surface area was extended. Then, Carroll and McHale 140,141 considered 

the droplet rolling up process from the barrel shape to the clam-shell shape and defined 

the critical inflection angle and drop thickness to fibre diameter values for the 

transition of conformation (Figure 2.18), in which McHale applied Finite element 

calculations (Surface Evolver) to determine the clam-shell shaped droplets based on 

the principle of minimising the surface free energy of the droplet conformation135,136. 

In Figure 2.18, xf stands for the fibre radius and x2 is the maximum drop radius, it is 

observed that fibre contact angle reduces with reduced drop radius or increased fibre 

radius, which means that smaller droplets contain higher wettability.142 On the other 
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hand, if the same volume of droplets is deposited, fibre surface with smaller contact 

angle values leads to higher wettability. Nevertheless, if small radius droplets land on 

thick fibres with a large surface contact angle, a transition from a barrel to a clam-shell 

morphology occurs143. 

 

Figure 2.18 Regions of barrel shape and clam-shell shape depending on the contact 

angle values and the maximum drop radius, with the lines presenting the calculated 

regions and empty circle dots represents the experimental values, ref135.  

In reality, a fibre in a fabric is not an ideal isolated cylinder as described. Many 

hundreds of fibres may be present in close proximity and in partial contact with their 

neighbours within a yarn. Thus, a single drop is likely to interact with many fibres in 

close proximity. The shape of droplets landing between fibres has been studied first 

by Princen144–146 and it was found that two types of liquid columns can form depending 

on the pore spacing between the fibres and the diameter of the fibres (Figure 2.19). 

This was further studied by Bedarkar et al. 137 through finite element analysis and 

experimentally by Duprat 147 and Protiere 148. Detailed experiments were conducted 

studying the transition from a drop shape to a column by changing the fibre separation 

distance and the liquid volume, As the pore spacing/fibre diameter decreases, the drop 

evolves from a bridge between the fibres to a spread column. Moreover, it was found 

that on increasing the drop volume on parallel fibres, the droplet morphology 

transitioned from columns to bridges to barrel-shaped droplets. 149 Two critical 

common ratios of pore spacing/fibre diameter of √2 and 0.57 were found in many 
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literatures, above √2 a drop forms, and when pore spacing/fibre is below 0.57, column 

shape occurs. The range in between (0.57-√2) leads to non-uniqueness of the drop 

shape, in which Protiere 148 reported the uncertainty rises when the ratio of drop 

volume to fibre radius increases reaching the value of V/r3 >700 (V stands is the drop 

volume, r is the fibre radius). 

 

Figure 2.19 Drop formation of column, barrel and bridge when silicone oil of volume 

2l landing between two parallel fibres, ref 144 (in the figure 2d represents the pore 

spacing and r is the fibre radius). 

It is clear that the contact angle can be determined from the drop shape when the 

droplet forms an axisymmetric barrel on a single fibre. However, in the cases when 

the droplet interacts in an asymmetric way, the droplet interacts with more than one 

fibre, and when elastic fibres deform under capillary forces, the drop shape becomes 

difficult to analyse and extract a contact angle. Liquid/fibre wetting plays an important 

role in defining the intrinsic surface properties of textiles, not only theoretical methods 

as mentioned above were used to measure the intrinsic fibre contact angle, but also 

experimental methods such as optical microscopy, environmental scanning electron 

microscopy and the Wilhelmy balance method were applied to measure the intrinsic 

contact angle of droplet on fibres. The microscope methods are based on direct 

imaging analysis, whereas the Wilhelmy balance method as shown in Figure 2.20, is 

based on a local force balance, represented by the Wilhelmy equation, where d 

represents the fibre diameter150. 

cos 𝜃 =
𝐹𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦

𝜋𝑑𝛾𝐿𝐺
                                                (2.9) 
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Figure 2.20 Schematic drawing of the use of a tensiometer to measure a single fibre 

contact angle using the Wilhelmy method, adapted from ref 150. 

2.2.3.2 Liquid/Yarn Interaction 

After a drop impacts on the surface of a fabric, both spreading and infiltration 

processes may occur. For small volume droplets, spreading on a single fibre, as 

discussed above may occur leading to no infiltration. However, for larger volume 

droplets or multiple coalesced droplets, interaction with more than one fibre will occur 

and infiltration is likely to happen. Drop volume, pore size, substrate wettability, fluid 

surface tension and viscosity could lead to different competition between these two 

processes. It is found that low substrate wettability leads to a Cassie state for a drop 

on a substrate, and droplets penetrates easier on hydrophilic surface with large pore 

sizes. 91 Additionally, increased fluid surface tension can assist the infiltration process. 

151,152  

However, most studies of the dynamic process of liquid spreading and infiltration on 

porous substrates have focussed on a porous powder bed or consider liquid penetration 

solely along the direction of the fibre tows. The dynamic impact process of liquid 

droplets interacting perpendicular to the fibres which are bundled into yarns has not 

seen fundamental study. Instead, the dynamic process of liquid droplets imbibed in 

yarns has been widely studied as a wicking process, which is driven by capillary forces 

created by the pores between the fibres, as shown in Figure 2.21. To understand the 

ink-yarn interaction, two governing laws, the Washburn equation153 and Darcy’s 

law154 can be used, providing a dynamic prediction of both liquid spreading and 
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penetration in multiple filaments, considering the influence of the spacing between 

filaments and the fibre surface energy. 

 

Figure 2.21 Schematic of liquid droplet wicking in yarn, adapted from ref 155. 

Lucas-Washburn’s equation considers the liquid absorption rate in porous materials 

due to the capillary pressure, as shown in equation (2.10). It predicts the drop 

penetration depth with time (
𝐿2

𝑡
) as a function of ink surface tension (𝛾𝑙𝑣), viscosity (𝜇), 

pore radius (r) and the contact angle (𝑐𝑜𝑠(𝜃)). However, it is based on the Hagen-

Poiseuille equation (2.11) 156 and Young-Laplace equation (2.12) 100 modelling 

incompressible, Newtonian and laminar flow in parallel cylindrical capillary tubes, 

which does not represent the actual internal architecture of many porous bodies 157. 

Washburn equations have been used to study the liquid/yarn interaction, modifications 

to the equations have been introduced  to provide more accurate predictions 

66,141,147,155,158. 

𝐿2

𝑡
=

𝛾𝑙𝑣𝑟𝑐𝑜𝑠(𝜃)

2𝜇
                                                 (2.10) 

𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑄 =
𝑑𝑉

𝑑𝑡
=

𝜋𝑟2𝑑𝑙

𝑑𝑡
=  

𝜋𝑟4∆𝑃

8𝜇𝑙
                              (2.11) 

∆𝑃 =
2𝛾𝑙𝑣𝑐𝑜𝑠𝜃

𝑟
                                                 (2.12) 

Darcy’s law, shown in equation (2.13), which is typically used to model the flow of 

liquids such as water flowing through porous geological media e.g. sand, illustrates 

the relationship between the flow velocity and the pressure drop. It describes the flow 

flux (q), which is the flow volume per time (𝑄) per area (A) and relates to the flow 

velocity (v) and porosity (𝜑), as a function of the permeability of the medium (𝜅), 

cross-sectional area of flow (A), and total pressure drop (∆𝑃), liquid viscosity (𝜇) and 
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length of pressure drop (L). It has been used to model capillary flow in a variety of 

porous substrates 159,160.  

𝑞 =
𝑄

𝐴
= 𝑣𝜑 =

𝑑𝑙

𝑑𝑡
𝜑 =

𝜅∆𝑃

𝜇𝐿
                                  (2.13) 

When the Laplace pressure is calculated for parallel cylindrical capillary tubes as 

shown in equation (2.12), Darcy’s law can be integrated as in equation (2.14), where  

𝜑 represents the porosity of the medium161,162.  

𝑳𝟐

𝒕
=

𝟒𝒌𝜸𝒍𝒗𝒄𝒐𝒔𝜽

𝝁𝒓𝝋
                                            (2.14) 

Kozeny and Carman proposed the hydraulic radius theory to predict the permeability 

of a porous medium for use in Darcy’s law 163, 164,165, 166. K is an empirical constant 

related to fibre geometry, which introduces difficulties to evaluate the permeability of 

the yarn 𝑘 (Equation (2.15)). 167–171 where ∅ represents the sphericity of the particles 

in the packed bed (Equation (2.16)). 

𝑘 = ∅2 𝜑3𝐷2

𝐾(1−𝜑)2                                           (2.15) 

∅ =
𝜋

1
3(6𝑉)2/3

𝐴
                                            (2.16) 

To allow for specific textile properties, such as the swelling effect, changes in the size 

of the fibre tows changes, modifications to the Kozeny Carman equation and Darcy’ 

law have been investigated 161,172. However, Darcy’s law only considers saturated flow, 

whereas several studies have found that unsaturated flow phenomena often occur in 

liquids flowing in porous substrates 98,173.  

Both these governing laws have been used to study liquid yarn interactions and both 

predict a faster liquid infiltration rate with increased pore spacing and liquid surface 

tension, and decreased contact angle values and liquid viscosity. More recently, a few 

studies of the equilibrium spreading length (the spreading length when the system 

reaches the stable state) of a liquid in yarn have been reported finding smaller 

spreading lengths in yarns with a highly packed fibre density, however, this behaviour 

varies when gravity is considered (Jurin’s law) and when the packing geometry 

changes. 133,174–176,177. Gravity is considered since the most common experimental 

setup for liquid wicking in yarns is observing the vertical wicking height and rate in 
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yarns. In twisted yarns, high twist level generally reduces the wicking performance.133 

In twistless yarns, different shaped fibres as shown in Figure 2.22 were found leading 

different maximum liquid height, in which non-circular fibres with decreased pore 

spacing increases, due to the higher specific surface area of the fibres resulting in 

higher capillary pressure 174.  

 

Figure 2.22 Cross sections of different polyester fibres, ref 178. 

Despite these limitations, most experiments of liquid wicking in yarns were found to 

obey both the Washburn and Darcy’s law 152, even though much effort has been 

dedicated to modifying these equations to match the theories with experimental values.  

2.2.3.3 Liquid/Fabric Interaction 

Prior studies of liquid transport in fabrics have mainly addressed fabric thermal and 

comfort control for personal wear, or the flow of resin in fibre assemblies for 

composites manufacturing 179. However, when yarns are woven or knitted into fabrics, 

the porous structure becomes complicated considering the yarn density, size, and 

structures. Additionally, as a planar structure, both in-plane and through-plane liquid 

wicking mechanisms in fabrics are considered depending on their applications. 
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Common testing approaches for in-plane and through-plane wicking process are 

shown in Figure 2.23. 

 

Figure 2.23 (a) Vertical wicking test set-up, ref 180 and (b) two stages in horizontal 

drop spreading, ref 181.  

A typical in-planar wicking experiment with the weight gain as a function of time is 

shown in Figure 2.24. As soon as the fabric touches the liquid, weight gain increases 

immediately from wicking driven by the capillary forces that overcome the inertial, 

gravitational and viscous forces, until reaching the critical point (maximum absorption 

capacity). Evaporation could happen along the process and induces unsteady 

performance (Phase I) until the absorption capacity reaches the critical point and the 

steady wicking-evaporating stage (Phase II) occurs. Current models of fluid 

penetration into fabrics are based on a homogeneous porous medium approach using 

either the Washburn equation or Darcy’s law. 10 For the in-plane wicking process, Yu 

and Lee 168  proposed a simplified one-dimensional analytical model to relate the 

permeability to the actual architectures of fibres, which showed good agreement with 

experiments. In addition, the fractal character of textiles was introduced, and the 

permeability modelled using this theory was also found through fitting the 

experimental results 182–184.  



52 
 

 

Figure 2.24. Typical curve of the wicking–evaporating process in woven fabrics 

within two phases, ref 174. 

The through-plane liquid wicking process in fabrics plays an important role in printing 

on textiles. Theoretically, Gillespie181 related the fabric thickness to Darcy’s law to 

predict the radius of the spreading liquid, and Kissa132 and Kawase132 adapted the 

equation further to determine the liquid spreading area rate. Practically, researchers 

have studied the effect of the pore size and size distribution in the fabric on the fluid 

transport behaviour. It was found that smaller and interconnected pores lead to longer 

and faster liquid transport during fabric sorption, however, the capacity of liquid intake 

depends on the overall porosity of the fabrics. 11,185–187 It was also observed that in 

knitted fabrics, faster wicking occurs in coarse yarns 11, while thinner yarns with an 

overall more open fabric structure lead to an increased liquid transport rate in woven 

fabrics.188 Different woven structures have been studied and it was found that 

interlacing points between yarns can decrease the liquid transfer in the fabric wicking 

process.189 
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Most of the above studies are based on the study of relatively large quantity of liquid 

depositing on fabrics. There have been a few studies on the effect of inkjet printed 

liquid drops on fabrics. In 2006, Park et al. discussed the effect of printing direction, 

weave structure and the surface finishing of textiles on printed image quality. Better 

image quality was found when printed along the warp yarn direction, and an acrylic 

resin finish and alcohol-based ink with a fast solvent evaporating rate contributed to 

better printed image quality 190. In 2010, another detailed analysis was reported by 

Mhetre et al. showing inkjet printed lines on different fabric substrates (Figure 2.25), 

and it was observed that cotton fabrics gave the least average sideways wicking length, 

yet the print was still irregular and inhomogeneous. On polyester fabrics, the printing 

quality alters with the direction of the yarns. 191 

 

Figure 2.25 Microscopic images of lines on (a) paper, (b) cotton, (c) PET 88 fabric, 

(d) PET tape fabric, and (e) sized PET fabric.  

In general, the research for the optimum capillary size for the optimum wicking 

performance of liquid in fabrics remains an open-ended topic 186,192,193. Real textile 

structures show inhomogeneous pore distributions with larger scale pores from the 

arrangement of the yarn in the weave and minor micron-scale porosity from the fibre 

spacing within the yarn. The complexity and the variability of fabric structures 

requires further understanding of the liquid interaction within it, and this project will 

focus on the interaction mechanisms of inkjet printed ink droplets on woven textile 

structures. 
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2.3 Inkjet Printing Technology 

Printed materials are closely related to our daily life, from graphical newspapers or 

packaging to functional materials with industrial applications ranging over electronics, 

textile, ceramics, and biomedical engineering 5,9,194–197. The printing process creates a 

pattern on a substrate, and the techniques used have evolved and expanded from the 

earliest woodblock printing to methods such as lithography, gravure, screen printing, 

flexography, and inkjet printing 198. Of these, inkjet printing is a relatively new 

technique, and provides contactless printing with an enhanced customisation ability 

without the need of physically changing masks or screens. This can simplify the 

production process and provides cost-saving through reduced materials wastage 195,199.  

The development of the inkjet printer can be traced back to the nineteenth century 

when Lord William Kelvin proposed the “Siphon Recorder” with the use of 

electrostatic force to steer ink droplets 200. Lord Rayleigh analysed the instability of 

liquid jets and the mechanism for the formation of drops through minimising their 

surface area.201 The technology was then extensively developed since the 1950s, first 

for the plotting of experimental charts before the development of the continuous inkjet 

(CIJ) printers to drop-on-demand (DOD) printers for product marking and text 

printing, with continuing improvement on printing quality and productivity202,203. 

Nowadays, inkjet printing has become one of the most versatile printing techniques, 

and it is studied in this project since it meets promise as a manufacturing tool for 

printing large area electronics on a range of flexible substrates such as displays, 

sensors, energy storage devices and interconnectors. Many challenges still remain to 

be overcome and include, but are not limited to: ink formulation, droplet generation, 

nozzle clogging, interaction between ink droplets and substrates194,195,199 and the 

performance of printed electronics 5,33.  

2.3.1 Drop Generation 

There are two distinct mechanisms of drop generation used in inkjet printing. These 

are generally described as: continuous inkjet printing (CIJ), which generates drops 

around 100 m in diameter, and drop-on-demand printing (DOD), which produces 

smaller drops typically in the range 20-50 m) 204. With CIJ, the ink is forced at high 

pressure through a small nozzle, where the Rayleigh instability201 breaks the stream of 
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ink into small droplets (normally promoted through a synchronising vibration) 

providing a high rate of droplet ejection (20,000-60,000 droplets/s) with drop 

velocities > 10 ms-1. The drops are electrically charged at generation and their 

trajectory controlled by applied electrical or magnetic fields. Normally deflected 

droplets land on the substrates in a desired location, while undeflected drops land in a 

gutter to be recycled.  

With DOD individual droplets are ejected on demand in response to mechanical or 

thermal actuation, with drop location controlled by mechanically moving the printer 

nozzle or substrate as required (Figure 2.26 (a)). This eliminates the complexity of 

drop charging and deflection hardware as well as the inherent unreliability of the ink 

recirculation systems. However, DOD operates at a lower droplet production rate 

(1,000 - 20,000 droplets/s/nozzle) than CIJ and produces drops with a lower velocity 

< 10 ms-1. To eject the droplet, DOD mechanically excites a small volume of fluid in 

a small reservoir immediately behind the printer nozzle. This generates a pressure 

wave that ejects the drop when it reaches the free surface of the ink in the nozzle. The 

pressure wave can be generated by piezoelectric, electrostatic (Figure 2.26 (b) and 

acoustic actuation, or by thermal excitation (Figure 2.26 (c) where a small volume of 

ink is rapidly heated to form a vapour bubble that subsequently collapses. Thermal 

inkjet is simpler and cheaper to fabricate, while the range of ink is limited by the 

vaporisation conditions required, indeed most commercial desk-top inkjet printers use 

thermal actuation. For industrial scale printing and most applications in printed 

electronics, piezoelectric DOD is preferred because it is compatible with a wider range 

of inks and it is relatively easy to control the drop size and the velocity 194,195,204–206. 
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Figure 2.26 Schematic diagram showing the principle of CIJ (a) and DOD inkjet 

printing system with piezoelectric actuation (b) and thermal actuation (c), adapted 

from ref 194.  

When ink travels from the nozzle to the substrate during DOD printing, a characteristic 

drop morphology of a leading drop with an extended fluid tail is formed (Figure 2.27) 

194. The elongated tail is often not stable and through the Rayleigh-Plateau instability 

the tail may break up into a train of drops 207. They often catch up with the leading 

droplet; otherwise, satellite droplets would form and can influence the printing quality. 

Air currents from the environment also affects the droplet trajectory, thus the distance 

between the ink ejection to the substrate is normally minimised 194.  

 

Figure 2.27 Drop generation process in a DOD printer: from an ejected liquid column 

with a leading drop (bottom), to an elongated thin liquid tail (middle), to the formation 

of tail droplets (top) 204. 

2.3.2 Printable Inks  

In addition to the printer settings, the ink physical properties play a significant role in 

controlling droplet generation. Printable inks require the formation of stable individual 

droplets, and this can be evaluated through the following dimensionless numbers that 
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relate appropriate properties: balance between inertial and viscous forces - Reynolds 

number (Re) 208, balance between inertial and capillary forces - Weber number (We) 

209 and balance between capillary and viscous forces - Ohnesorge number (Oh) 210 with:  

𝑅𝑒 =
𝜈𝜌𝛼

𝜂
,                                                    (2.17) 

𝑊𝑒 =
𝜈2𝜌𝛼

𝛾
,                                                  (2.18) 

𝑂ℎ =
√𝑊𝑒

𝑅𝑒
=

𝜂

√𝛾𝜌𝛼
,                                                 (2.19) 

where ν, α, ρ, η and γ refer to the velocity, drop diameter, density, viscosity and surface 

tension of the ink respectively. A minimum fluid velocity for drop ejection is required 

to overcome the energy to form the area of a drop which leads to We > 4 for printing 

211. The parameter Z = 1/Oh, was identified by Fromm 212 as being a characteristic for 

the drop forming process and it has been proposed that this needs to be in a range of 1 

to 10 to allow stable droplet formation range 212, as shown in Figure 2.28. The lower 

bound to Z indicates the viscous limit for ink ejection, and the high Z threshold 

indicates a transition to a large number of satellite drops 194. It has also been suggested 

that a drop impact splashing threshold occurs at We½/Re¼ > 50 213. However, the above 

fluid property limits only apply to Newtonian fluids; thus other factors such as their 

viscoelastic properties need to be considered when printing non-linear polymer 

solutions or dispersion of particles 214,215.  
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Figure 2.28 DOD inkjet printing regions, defined by the Reynolds and Weber numbers, 

adapted from ref 216. 

2.3.3 Drop Impact and Surface Interaction 

The ink drops with a given velocity impact on the substrate during printing. The 

physical processes that control the interaction are inertial forces, capillary forces and 

gravitational forces 194. In inkjet printing, the density of fluids is around 1000 kg m-3, 

the surface energy is below 0.1 J m-2, and the drop diameter is < 100 m, thus the 

Bond number (measuring the importance of the gravitational force compared to the 

surface tension force) is ≪ 1, which indicates that gravitational forces can be neglected 

when compared with the capillary forces 194. The initial ink drop interaction with the 

substrate can be either impact-driven (inertial force domination) or capillary-driven 

(capillary force domination) 217, until the equilibrium contact angle is reached 218. The 

sequence of these processes is shown schematically in Figure 2.29 194. Splashing, 

receding, rebounding, spreading and deposition are the possible outcomes beforehand 

219.  
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Figure 2.29 Droplet impact events on a substrate, Di and Vi refer to the initial drop 

diameter and velocity, and Dm is the maximum spreading diameter. Provided by Dr. 

H.K. Hsiao, institute of Manufacturing, University of Cambridge 194. 

The interaction is dependent on the properties of the ink and the surface. A drop 

reaching the substrate with increased kinetic energy leads to slightly faster spreading, 

yet the same spreading ratios were obtained 99. The surface tension of the ink showed 

no effect on spreading and relaxation phases, but the speed of expansion and the final 

spreading factor were changed; the effect of viscosity showed opposite behaviours 

99,220. However, it was also found that a lower surface tension leads to greater 

spreading and weaker recoil, while higher viscosity slows down both spreading and 

the recoil process 221. The Weber number which indicates the ratio between the inertial 

force and the surface tension force can be used to determine drop behaviour is the 

impact driven (high Weber number) or capillary driven (low Weber number)217. It was 

also found that DOD printing leads to a relatively inviscous drop with impact driven 

behaviour in the initial stage 217, as shown in Figure 2.30.  In which case, the contact 

diameter of the deposited drop (𝑑𝑐𝑜𝑛) for inkjet printed drops can be calculated through 

Equation (2.20), where the shape of the spread drop is assumed as a segment of a 

sphere. 𝑑𝑐𝑜𝑛 is shown to be proportional to the diameter of drop in flight (𝑑0) and 

inversely related to the equilibrium contact angle (𝜃𝐶). In general, the surface tension 

of a droplet during spreading is not fully stable, and the effects from the substrate 

wettability and roughness need to be considered. There have been many have 

numerical and experimental studies of these effects on spreading, yet no simple 

conclusion could be made due to the large number of variables involved 222,223.    
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Figure 2.30 Driving force for initial drop spreading after impact defined by Oh and 

We numbers, with DOD inkjet printing condition highlighted, adapted from ref 194. 

𝑑𝑐𝑜𝑛 = 𝑑0 √
8

tan
𝜃𝐶
2

(3+tan2𝜃𝐶
2

)

3
                                          (2.20) 

When more than one inkjet printed droplet lands on the substrate, liquid beads can 

form through the overlap and coalescence of adjacent droplets. However, to form 

stable lines, greater hysteresis in the contact angle (difference in advancing and 

receding contact angles) with a low value of the receding contact angle is essential. 

Moreover, to avoid bulging instability in lines, sufficient droplet spacing and traverse 

speed are necessary 224–230. Figure 2.31 shows results from a study of Soltman and 

Subramaian 224 with four liquid bead morphologies forming under different conditions 

of drop spacing and printing traverse speed, with only Figure  (c) achieving a parallel-

sided bead. 
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Figure 2.31 (a) excessive drop spacing for drop coalescence, (b) initial drop 

coalescence to form periodically irregular liquid bead, (c) sufficient drop coalescence 

to form stable and parallel-sided bead, (d) building instability in bead due to small 

drop spacing, ref 224. 

2.3.4 Drop Solidification 

During the drying process, the shape of the printed drops may change and result in 

non-uniform ink deposition. Under certain conditions the particles in the dispersion 

flow towards the pinned edge or contact line, resulting in the coffee ring effect231. This 

occurs if the contact line is pinned and is a consequence of the need to replenish the 

thinner regions of the drop with fluid to maintain the pinned contact line. Marangoni 

flows, caused by the change in surface tension during ink drying, can reduce the coffee 

stain effect 224,232,233, as shown in Figure 2.32. 
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Figure 2.32 Droplet drying process involving solvent evaporation (yellow arrow), 

outward convective flow (blue arrow) and Marangoni effect (red arrow). 

On porous substrates, drop spreading, fluid absorption and evaporation must all be 

considered during the drying process, which can lead to different deposition 

behaviours. As shown in Figure 2.33, Dou and Derby 234 found that when the pores 

are smaller than a critical size, evaporation occurs as on a solid surface. With 

increasing pore sizes, reduced evaporation leads to reduced Marangoni flow and the 

coffee ring effect occurs. When the pore size is increased larger than a critical point, 

penetration dominates without filtration, and the coffee ring effect is eliminated. Pack 

et al. 235 studied the drying of single-solvent colloidal drops at the picolitre scale on 

nanoporous substrates. with the particle size in the solvent larger than the pore size. 

The relative time scales of the particle moving to the contact line (tp) and the 

evaporation time of the residual drop (tEI) determines whether a coffee-ring forms 

(when tp/tEI <1).   

 

Figure 2.33 Conductive ink evaporation process with the effect of different pore sizes 

234. 



63 
 

It is clear that drop impact, absorption and evaporation may have similar time scales 

on porous substrates. Ink properties, pore sizes and distributions are the important 

parameters effecting the drop deposition behaviour. There has been a large amount of 

studies in this field, however many simplifying assumptions are used in these studies 

and experimental techniques for observing the interior structures of fluids in porous 

substrates require higher resolutions. 

From considering the above studies on inkjet printing technology, the low viscosity 

inks required and the complicated drop impact and sorption processes make it difficult 

to fully analyse the process of inkjet printing on textiles. The low viscosity inks are 

easily wicked and can spread some distance from the drop location in the fabric, 

reducing the printing quality Also, the uneven and porous textile surface can vary the 

deposition and evaporation process of inkjet printed textiles. Inkjet printing on textile 

substrates has been widely used in the fashion industry with colouration pigments 236. 

The pre-treatment of textiles and the development of inks have been studied as 

solutions to achieve optimal printing quality on textiles. 7,54,237 However, a very limited 

amount of research has been conducted to understand the fundamental interaction of 

inkjet printed inks with textiles.  

2.4 Inkjet Printing Conductive Electronic Textiles 

2.4.1 Background 

The advantages of inkjet printing such as its high printing resolution, allowing rapid 

response for changing designs, and relatively low cost for machine set up makes it an 

outstanding candidate for prototyping and manufacturing printed electronics. With the 

success of inkjet printing pigment inks on textiles, and the unique wearable properties 

of textiles, inkjet printing electronic textiles have attracted an enormous amount of 

attention for the wearable technology field from researchers and industries. 6,8,9,39  

However, it is well-known that there are difficulties in achieving continuous patterns 

on textile substrates with this method. This is mainly due to the high porosity level 

and uneven structure of the textile surfaces, which leads to different dynamics in the 

spreading, absorption and drying of ink in comparison with existing theoretical models 

developed for printing on solid polymeric films 8. Additionally it is not clear that 

existing inks are fully optimised for use with textile surfaces because the ink properties 
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(e.g. rheology and surface tension) are defined by the requirements of inkjet printing 

without consideration of their properties on a given substrate 238. 

The study of printing functional inks on textiles is relatively recent and significant 

research only started in the 21st century. Researchers have studied a wide range of 

textile substrates and have applied a variety of textile treatments to study the behaviour 

of printed conductive inks 1,239. In the meantime, a number of functional materials have 

been successfully formulated into printable inks to manufacture active, passive and 

electromechanics printable wearable electronics 1,4,59,240. Current research progress 

will be considered and reviewed in this section, and will focus on the use of conducting 

materials, which not only play an essential role in different electronic systems, but also 

provide connections between the components. 

Table 2.2 Recent research on inkjet printed conductive textiles. 

Materials Application 
Electrical 

Performance 
Comments Ref 

Silver NP ink Antenna 1 *106 S/m 

15m, 2 

layers, PU 

interface layer 

13 

Silver NP ink Tracking device 1.85*106 S/m 
Interface layer, 

6 layers 
241 

Silver NP ink Interconnector 2.9 /sq 
CNF coating, 3 

layers 
15 

Reactive silver 

ink 

Capacitors, heating 

actuators, antennas, 

transmission lines 

0.016 /sq 8 layers 242 

Reactive silver 

ink 
Interconnector 0.09 /sq 

15 layers, 

insitu 
2 

Reactive silver 

ink 
Interconnector 2.3 /sq 

10m, 4 

layers, 50 ⁰C 
14 

rGO ECG 
2.14*103 

/sq 

Pre-treatment, 

6 layers 
1 

PEDOT:PSS Interconnector 3185.7 /sq 10 layers 243 

*NP: nanoparticles; PU: polyurethane; rGO: reduced graphene oxide; ECG: 

electrocardiogram. 
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With the rapid development of wearable devices, it is surprising that there are only a 

limited number of journal papers with a focus on inkjet printing conductive inks on 

textiles. Table 2.2 lists some of recent development of this research topic with a range 

of applications. The electrical performance in above papers is comparable with other 

reports in the literature for conductive devices on flexible substrates, yet it is obvious 

that multiple printed layers have been applied in all the papers in the table, highlighting 

the deficiency of the low concentration inkjet printing inks and the effect of deposition 

on rough textile substrates on the electrical performance of conductive textiles. Apart 

from printing multi layers of ink on textiles, the use of interface layers or pre-treatment 

of textiles shows enhancement of the electrical properties of conductive textiles. 

Additionally, Stempien et al.244 compared the electrical performance of inkjet printed 

reactive silver ink on different fabric substrates, and the lowest sheet resistance value 

was found in plain woven polyester fabrics. 

Interestingly, electrical performance of conductive textiles is characterised in different 

units: electrical conductivity (S/m) and sheet resistance (/sq). Electrical conductivity 

is the reciprocal of the resistivity, and the resistivity equals to the sheet resistance times 

the film thickness. Nevertheless, the measurement of sheet resistance requires samples 

in uniform thickness, which is not appropriate for use with textiles as the conducting 

material can be absorbed into the fabric architecture and is not present as a sheet on a 

flat substrate. Furthermore, conductive inks play an important role in the electrical 

performance of textiles, and the details of printable conductive inks will be discussed 

in the following section. 

2.4.2 Printable Conductive Inks 

Polymer-, carbon- and metal-based inks are commonly used to form conductive 

patterns, where metal-based inks show the highest electrical conductivity while 

polymer and carbon-based inks present better mechanical properties 212. Moreover, 

hybridisation of conducting inks, which combines the advantages of different ink types, 

has been found attractive. For example, Song et al. printed Ag/graphene oxide hybrids 

and observed a greatly enhanced electrical conductivity from the Ag nanoparticles 

coupled with good mechanical properties contributed by the graphene oxide 240.  
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The polymer poly-(3,4-ethylenedioxythiophene) (PEDOT) that contains 

dioxyalkylene bridging groups shows high conductivity. However, due to its low 

solubility, it is often doped with polystyrene sulfonate (PSS) to obtain a stable 

dispersion in water for improved printability but with reduced conductivity 245. Adding 

solvents such as dimethyl sulfoxide (DMSO) and tetramethylene sulfone (TMS) have 

been found to be an effective method for increasing the conductivity of PEDOT/PSS 

through weakening the interactions between the PEDOT and PSS chains 246.  

Carbon-based conductive materials such as carbon black, carbon nanotubes and 

graphene exhibit high conductivity, good mechanical properties and chemical stability. 

The challenge for their use in conducting ink applications lies in their poor dispersion 

in many common solvents primarily on account of their hydrophobic character. This 

can be resolved through adding surfactants or other stabilising chemicals, although 

their conductivity can be reduced 4. Thus, high-temperature post-deposition treatment 

of these inks is normally required to achieve optimal electrical conductivity. Solvent 

exchange methods can be used to replace high boiling point solvents with those more 

compatible with printing 247. Alternatively, hydrophilic graphene oxide (GO) 

containing functional groups can be used form stable dispersions in many common 

solvents, e.g. water 248. To improve the conductivity and stability of GO, reduced GO 

has been used in inks and applied on textiles 249, 250, 251, 252. However, the remaining 

unreduced oxygen functional groups on reduced GO limit its conductivity 253,254,255.  

Metal-based conductive inks present the best conductivity compared with the  

previous mentioned materials. Silver (Ag) is commonly used in electronics printing 

owing to its chemical stability and low resistance to oxidation during manufacture and 

service. However, metal nanoparticles are likely capped with protecting non-

conducting polymeric agents introduced to avoid agglomeration during processing. 

Thus, as with carbon based inks, thermal annealing is normally required to achieve 

high conductivity by removing the capping agent and promoting interparticle sintering, 

and this may limit its applicability to certain substrates 4. Therefore, different methods 

have been explored to reduce the temperature required to promote conductivity after 

printing. For instance, low-temperature post-processing methods that involve high 

intensity ultra-violet (UV) illumination 256, microwave 257 and plasma sintering 258, or 

adopting reactive inks 45,259. Additionally, using a hot plate simultaneously heating up 

the substrate while printing facilitated higher electrical conductivity at lower sintering 
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temperature 242,260. Chemical sintering agents such as HCl were found to increase the 

contact probability between silver nanoparticles through oppositely charged 

polyelectrolytes, and it eliminates the monolayer densely protected surface and 

enhances the conductivity 261,262.  

The use of a silver precursor ink has been suggested to solve  nozzle clogging issues 

associated with nanoparticle inks 263. After thermal post-treatments, the organic silver 

complex decomposes to form silver thin films. One type relies on thermal 

decomposing silver carboxylate 264 265, and the other relies on thermal activation of 

reducing agents 266. These methods have been commercialised for manufacturing 

silver fabrics for electronics and antimicrobial applications 267,268, as well as 

introduced for patterned sensor inkjet printing by Calvert et al. 269–271. Another 

invention referred to the reactive ink from Walker and Lewis 58 that exhibits high 

conductivity after annealing at 90 ºC. It is a modified Tollens’ process involving silver 

acetate, formic acid and ammonia. The synthesis methods are shown in Scheme 2.1, 

and as ink dries, silver cations are reduced by the formate anions and acetic acid as 

shown in Scheme 2.2.  

 

Scheme 2.1 Reactive process of the silver complex formation. 

 

Scheme 2.2 Degradation mechanism: bulk silver formed and the other products are 

evaporated. 

However, the low viscosity (2 mPa∙s) and high surface tension (>60 mN.m-1) of the 

reactive ink makes it difficult to use for inkjet printing. A modified process with 

alkylamine ligands was introduced to solve the problem 272. Kim et al. achieved a sheet 

resistance of 0.09  sq-1 with 15 number of printing passes through reactive silver ink 

inkjet printing on knitted structures. 2 

Additionally, high stretchability is expected in conductive textiles, acrylic rubber as a 

binder combined with Ag flakes formed ink was reported to be flexible, stretchable 

and waterproof 273. Similarly, Matsuhisa et al. recorded stable conductivity using a 

silver flake ink when the substrate is stretched to 215% strain, with addition of a 
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fluorine rubber and a fluorine surfactant 274. Ecoflex® silicone rubber was developed 

likewise 275. The bridging effect from Ag nanowires can also contributes to the ink 

elasticity 276.  

2.4.3 Durability of Inkjet Printed Patterns on Textiles 

Apart from improving the performance of conductive ink, the main challenge to the 

application of inkjet printed conductive electronic textiles is to achieve continuous 

conductive and durable printing tracks. The high porosity and uneven surface of textile 

materials 53,162,277,278 leads to discontinuous and anisotropic conductive paths279–284. 

The low viscosity of inkjet printable inks 285,286 promote an ink bleeding or wicking 

effect and reduced conductivity. Additionally, the weak adhesion between the inks and 

the textile substrates reduces the durability and washability of the products.8,33,34 In 

principle, all these issues are related to the interaction between the ink and the textiles, 

and a number of recent studies are reviewed in this section. 

One of the most direct methods to overcome above challenges is to apply functional 

surface treatments to the textiles. A flexible interface layer that acts as a solid pore-

free layer can reduce or eliminate ink bleeding and lead to continuous conductive 

patterns. Polyurethane (PU), silicone and acrylic polymers have been applied as dense 

surface layers. PU showed superior extensibility, silicone led to excellent bendability, 

while acrylic coating material presented limited stability and durability 287. Interface 

layers such as polydimethylsiloxane, polyimide, poly(vinyl alcohol) reduce the fabric 

surface roughness and improve inkjet-printed fabric performance 3. A polyvinyl 

butyral coated polyester fabric was reported to provide a desired level of 

hydrophobicity and reduce the roughness of the fabric, which can improve the 

continuity of printed patterns and the electrical conductivity 288. Those polymer layers 

can also be applied as protective coatings to protect the electronics and to improve the 

adhesion and durability 1,3,4,59,242,288,289.  However, the intrinsic breathability of textiles 

is reduced or eliminated by these impermeable surface layers. 

This type of surface treatment is similar to that developed for use with pigment inks 

for textile colour printing. In pigment inks, the pigment particle is typically about 1 

m in diameter. Pigment particles are generally found to adhere poorly to textile fibres, 

and a binder is essential to provide adhesion between the pigments and the textile 
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substrate 290. Thus inks are formulated with polymeric binders, water or other solvents, 

co-solvents for solubility and compatibility, surfactants for nozzle and substrate 

wetting and jetting reliability, and humectants to control drying 291. 

 

Figure 2.34 Pigment ink fixation process on textiles, ref 292. 

Most binders are in the form of water insoluble droplets, and they coalesce during 

drying to form a film a few microns thick, in which pigment particles are embedded 

to stay on the fibre surface 290, as shown in Figure 2.34. The well-known binders 

include styrene acrylic emulsions, vinyl acrylic emulsions, pure acrylic emulsions, 

polyurethane emulsions/dispersions and plastisols. Binders used for conductive 

materials coating have also been studied 293,294. They can be either self-crosslinked or 

requiring a co-monomer as the crosslinking agent such as N-methylol acrylamide. Yet, 

this crosslinking agent is not environmentally-friendly with the emission of 

formaldehyde. In addition, the electrical conductivity and breathability could be 

reduced when the polymer film network forms, and inkjet printability (low viscosity) 

need to be considered. 

Thus, core-shell latex binders comprising styrene and butyl acrylate was introduced, 

which allows more functionality to the binder such as elasticity and mechanical 

stability 295. In Akerfeldt et al.’s work 296, a commercial textile coating polyurethane-

based binder, which contains self-crosslinking acrylates, was used to improve the 

adhesion between a PEDOT:PSS ink and a woven polyester fabric to enhance the 

conductivity. Topp et al. 297 investigated metallic pigments for antimicrobial 

application on textiles, using an acrylate-based binder. It was also found that pre-

treating the fabric with a cationic reagent or ultraviolet treatment with ozone improves 

the fastness of pigment printing 298. This is due to the negative charged surface of the 

water dispersible pigment particles and the introduction of oxide groups to the fibres 

by the UV/ozone treatment 290. Unconventional textile polymeric binders have been 

developed to meet the requirements of low ink viscosity for inkjet printing. These 

involve ink medium soluble but water insoluble random and block copolymers or 
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dispersants 7. As for the breathability of the pigment ink, the solvent used to dissolve 

the binder plays an important role, plastisol-based pigment inks show increased 

stiffness and reduced breathability, whereas water-based pigment inks lead to more 

breathable fabrics.  

To further improve the conductive performance of conductive textiles, without 

compromising the intrinsic textile properties, other types of binding mechanism apart 

from mechanical bonding (polymer network interlocking) have been studied, such as 

electrostatic force, diffusion, and surface reaction. Electrostatic forces are only present 

when charged particles are interacting a polar medium. It is found that positively 

formed polyaniline and polypyrrole may cause electrostatic attraction forces with a 

negatively charged polyacrylonitrile (PAN) fabric. Polyaniline can further be used 

with Ag nanoparticle (AgNP) ink to improve the adhesion 261. Diffusive force occurs 

when materials are mobile or soluble, which are not likely to happen between 

conductive ink and textile. As for surface reaction, it includes surface wettability and 

chemical bonding.299  

There are many articles that emphasise the importance of enhancing the  hydrophilicity 

of textile substrates, such as through UV-ozone plasma treatment, to obtain better 

wetting of the ink, which aims to ensure the adhesion between the ink and the substrate 

through particles penetration 300.  Cotton fabrics were modified with β-cyclodextrin 

via esterification of its hydroxyl groups with citric acid, by simply dipping and 

padding. The modified cotton fabric contains hydroxyls, where the ink is blocked by 

the cohesive force. Moreover, β-cyclodextrin can form inclusion complex to keep the 

ink inside the cavity 301. However, increasing the wettability of the ink with adhesives 

leads to ink bleeding and the pattern printing quality is reduced. 

In chemical bonding, the bonding strength ranks ionic > covalent > dipole-dipole > 

hydrogen bonding > van der Waals force. The promising strategies of introducing 

chemical bonding between the textile substrates and conductive pigment ink have been 

reported with increasing attention on antibacterial textiles, and a summary is shown in 

Figure 2.35. These polymers generally contain two functional groups, one of which 

forming coordination bonds with nanoparticles such as amine and thiol, and the other 

form covalent bonds with the textiles such as siloxane and carboxylic acid. 302 

Carboxymethyl chitosan has been reported to improve the adhesion of Ag on hydroxyl 
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cellulous fabrics with the functional amine group. 303,304  With the assistance of thiol 

group on L-cysteine, only 10-15% silver loss was observed after more than 90 times 

laundry cycles. 305–308 However, among all these studies, chitosan was found to be 

applied in a small number of literatures of with improved performance on conductive 

textiles. 305,308,309 

 

Figure 2.35 (a) Illustration of nanoparticle chemical bonding with cellulose fibres 

through functional groups and binders 302, (b) amine groups and carboxylic groups 

used for adhesion of nanoparticles and cellulose fibres 303, (c) thiol groups and 

carboxylic groups used for adhesion of nanoparticles and cellulose fibres 305. 

2.4.4 Challenges and Outlook 

This section has introduced current development of inkjet printing conductive 

materials on textiles, discussed the conductive inks used for inkjet printing on textiles 

and the methods of improving the performance of conductive inks on textile substrates. 

The electrical performance achieved from current development is comparable with 

other deposition methods for conductive electronics on flexible substrates, which 

demonstrates the huge potential of inkjet printing conductive textiles in academic and 

industrial research. However, comparing to other methods, it is necessary to confine 

the number of printed layers and the process of pre-treatment, and improve the 

durability of conductive ink on textiles without losing its intrinsic properties.  

Moreover, the conductivity and washability measurement methods for e-textiles have 

not yet been standardised, and there are a wide range of topics to be researched. For 

example, the anisotropic and inhomogeneous electrical behaviour in e-textiles has 

been observed widely 310–314, yet requires further investigation. The standard washing 
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method applied for common textile products may not be suitable or necessary for e-

textiles 315.  

All above challenges come from the complexity of the ink textile interaction, which 

requires more fundamental understanding of the interaction mechanisms. Therefore, 

the objective of this project is to the investigate the interaction of conductive inks with 

textiles in detail, meanwhile, seeking the opportunities to improve the performance of 

inkjet printed conductive textile through altering inkjet printing or textile parameters. 

2.5 Conclusions 

The first section of this chapter overviewed current development on wearable 

technology, and the potential of applying inkjet printing on textiles to improve the 

performance of existing wearables. The second section of this chapter introduced the 

structure and surface properties of textile materials, and the complicated liquid textile 

interaction mechanisms in fibre, yarn and fabric scaled, in terms of wetting and 

wicking processes. The third section of this chapter reviewed the fundamental inkjet 

printing techniques and illustrated the complex jetting and impacting process. At the 

end of this chapter, inkjet printing conductive ink on textile materials has been 

investigated, and as a recent scientific research topic, a range of challenges and frontier 

works were discussed. 

In summary, the advantages of inkjet printing combined with textile materials 

establish the interests and prospects of this research area. The development of 

conductive inks and ink textile interactions show positive contribution to related 

wearable technology. However, the fundamentals of conductive ink deposition on 

fibrous substrates have not been investigated comprehensively, which is a limiting 

factor in this research field. The following chapters will demonstrate the approaches 

and results applied and studied in this project with the aim of improving the 

performance of inkjet printed e-textiles.  
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Chapter 3 Materials and Methods 

3.1 Materials 

A commercial silver nanoparticle ink, based on a triethylene glycol monomethyl ether 

solvent, was used for all the printed structures investigated in the thesis: Silverjet 

DGP-40LT-15C (Sigma Aldrich product code 736465, Gillingham, UK). This has a 

mean Ag nanoparticle (NP) size < 50 nm and the manufacturer’s data are shown in 

Table 3.1. 

Table 3.1 Key parameters of the conductive silver ink used in this project 

(manufacturer’s data, Sigma Aldrich, Gillingham, UK).  

30-35 wt.% in triethylene glycol monomethyl ether 

Surface tension 35-40*10-3 N.m-1 

Viscosity 10-18*10-3 N.s.m-2 

Particle Size ≤ 50 nm 

Density 1.45 g.cm-3 

Resistivity 1.1*10-7 .m 

Annealing Temperature 150 ⁰C 

 

Textile substrates were provided by Premier Textiles (Manchester, UK), six different 

plain-woven 100% polyester fabrics were used in this project with the manufacturer’s 

data presented in Table 3.2. 
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Table 3.2 Six types of plain-woven polyester textiles used in this project.  

Fabric 

Abbreviation 
Fabric Name 

Fabric Weight 

(g/m2) 

Yarn Density (ends/cm) 

Warp Weft 

F1 Crepe de Chine 1707 80 40 60 

F2 Inherent FR 2401 145 23.6 30 

F3 Phoenix 2458 240 10 11.6 

F4 Portland 2442 250 14.5 18 

F5 Poly Canvas 2464 290 16.5 28.5 

F6 Poly Canvas 2465 450 10 25 

 

Additionally, a polyethylene terephthalate (PET) film (5 Star Office OHP Laser 

Printer Film, 300 m) was used as a control substrate of similar composition to 

compare with the polyester fibre properties. 

A water-repellent surface treatment (Scotchgard FC-3548, from 3M, Binfield, UK) at 

20 g/L on deionised water was applied to change the surface energy of the textile fibres 

and the control PET film. Scotchgard is a blend of fluorochemical urethane, 

fluorochemical acrylate and fluorochemical esters.316 The pH of the Scotchgard 

solution was controlled at 4.5, through the addition of 0.2 ml/L acetic acid.  

3.2 Methods 

3.2.1 Fabric Surface Treatment 

The textile surface water repellent treatment is applied through a pad-dry-cure process 

(2-Roll horizontal padder HF, Werner Mathis AG, Switzerland), as shown in Figure 

3.1. 10 g Scotchgard solution was mixed with 500 mL deionised water and 0.1 ml 

acetic acid in a beaker and stirred for 5 minutes on top of a magnetic stirrer. The 

prepared padding solution was then filled between rollers with 2 bar pressure with a 

speed of 2 m/min for both sides of the fabric. The fabric was then dried for 2 minutes 

at 100 ⁰C and cured for 1 minute at 170 ⁰C (Labdryer, LTE, Werner Mathis AG, 

Switzerland). 
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Figure 3.1 Schematic diagram showing the pad-dry-cure process for textile surface 

treatment. 

3.2.2 Inkjet Printing  

All printing experiments were carried out using a commercial, piezoelectric actuated, 

drop-on-demand (DOD) inkjet printer (DMP 2800, Fujifilm Dimatix, Santa Clara, CA) 

equipped with printhead cartridges generating a nominal drop volume 10 pl (DMC-

11610, Fujifilm Dimatix), as shown in Figure 3.2. 

 

Figure 3.2 (a) Fujifilm Dimatix DOD inkjet printer and (b) the cartridges filled with 

silver nanoparticle ink used in this project. 

The actuating waveform applied to eject the drops is shown in Figure 3.3, achieving 

continuous and stable droplets formation. The first stage of decreasing the actuation 

voltage draws the ink from the reservoir, the second stage of increasing voltage 

initiates the droplet at the nozzle, and the third stage of decreasing and standing by 

voltage breaks off the droplet from the nozzle and prepares for the next drop 

generation. In reality, around 70wt% (nominal drop volume 7±0.3 pl) of silver 
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nanoparticles were retained on the fabrics (direct weight measurement) after printing 

and heat treatment when compared to the expected value printed (computed from drop 

number and volume). A diameter of 24 m is obtained for drop in flight when we 

assume the droplet remains as a perfect sphere during flight with the volume of 7 pl.  

 

Figure 3.3 ANP Waveform used in the experiments with the 10 pL printhead. 

2cm * 3cm sized fabric pieces were cut and adhered using double-side tapes on top of 

the glass substrate with two cardboard spacers in between. A 1.5mm gap between the 

fabric and the glass substrate was created preventing ink penetration through the fabric 

that can cause direct contact with other solid surfaces, as shown in Figure 3.4 a). Then 

the samples were placed on the plate of the inkjet printer and fixed using adhesive 

tapes, the distance between the nozzle and the substrate was set as 3300 m in all 

printing procedures. 

 

Figure 3.4 (a) Sample setup diagram for inkjet printing and (b) inkjet printing process 

illustration of ink ejection from nozzle onto the substrate with defined drop spacings. 
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Drop spacings of 200 m, 20 m and 10 m was compared for a range of studies. The 

drop spacings were set before printing in the Dimatix Drop Manager Software Pattern 

Editor, resulting in the distance between the drops as shown in Figure 3.4 (b). 200m 

drop spacing allows individual droplets deposition on textiles, and 20 m and 10 m 

drop spacings lead to drops coalescence to form lines of drops. 20 m and 10 m drop 

spacings were also applied correspondingly between lines to produce areas of silver 

pattern for conductivity measurement. In order to vary the surface concentration of the 

Ag ink, multiple layers (1-5, 10 and 15 layers) were inkjet printed for drop spacing of 

20 m and 10 m samples. When multiple layers of the ink were printed, the printing 

of each subsequent layer was registered with reference to fiducial markers. The printed 

patches used for testing were approximately 5 mm × 5 mm in size and the accuracy of 

registration was insignificant in relation to these dimensions. 

Printed fabrics were removed from the printer and heat treated in a laboratory oven 

temperature-controlled fan oven (Genlab general purpose laboratory oven, MINO18, 

Advanced Manufacturing Services Ltd, UK), to remove solvent, any polymers and 

surfactants present in the ink formulation and to sinter the AgNP. Two types of heat 

treatment conditions were involved in this project: 

I) Sintering after all layers are printed (SAL): multiple layers of silver ink 

were continuously printed on the inkjet printer (defined in the Dimatix 

Drop Manager Software Pattern Editor), followed by a single heat 

treatment for 1 hour at 150 ℃ in the oven; 

II) Sintering per layer (SPL): after each layer in a multilayer print run was 

finished, the fabric specimen was removed from the printer and sintered 

for 20 minutes at 150 ℃ before returning to the printer and realigning 

before a subsequent layer was printed. This process was repeated until after 

the final layer was printed when the completed multilayer was sintered for 

a further 40 minutes at 150 ℃ in the oven. 
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3.3 Characterisation 

3.3.1 Fourier-transform Infrared Spectroscopy 

Fourier-transform infrared spectroscopy (FTIR) was used to identify the chemical 

composition of six types of polyester fabrics and the PET film. The technique 

measures the interaction of light with samples at each wavelength through the 

vibrations of the molecules, which produces a molecular fingerprint (infrared 

spectrum of absorption or emission) of the sample.  

All samples were cut into 2*2 cm2 sized solid pieces, absorbance FTIR spectra of the 

fabric samples and the PET film before and after Scotchgard treatment were obtained 

at a mid-infrared wavelength range of 400 to 4000 cm-1 using a Nicolet 5700 FTIR 

spectrometer (Thermo Fisher Scientific Inc. MA, USA). A single reflection horizontal 

attenuated total reflection accessory was attached to enable the direct examination of 

the solid samples.  

3.3.2 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) was applied to measure the silver ink deposition 

mass on fabrics, where the polyester fabrics degrade at a lower temperature than silver 

metal particles, thus the weight ratio of silver metal particles to the fabrics can be 

calculated based on the remaining mass and the initial mass of measured samples.  

Inkjet printed and sintered polyester fabrics with silver deposition were prepared 

through cutting along the printed patterns as 5 mm * 5 mm sized squared samples. The 

samples were placed in platinum pans and the temperature was increased from room 

temperature to 800 ℃ at an increment scanning rate of 10 ℃ per minute, and the mass 

degradation process was recorded continuously in TGA Q500 (TA Instruments, 

Netzsch, Selb, Germany). 

3.3.3 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) can provide high resolution images of the 

surface morphology of the printed Ag patterns, however, SEM of textile fibres is 

difficult because they are non-conducting and charge easily, degrading image quality. 

Normally this can be overcome by coating the specimen with a thin conducting layer 
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prior to SEM observation but because this project is studying the penetration of 

conducting inks, such coatings may complicate the interpretation of images. Therefore, 

low vacuum SEM where specimens are imaged in a low vacuum environment with a 

low-pressure residual gas phase present was used. A low vacuum environment leads 

to more gas molecules ionised by primary electrons and those reflected from the 

specimen can dissipate charges away from the sample 317. In addition, due to the 

penetration of silver ink into textiles, back scattered electron images are preferred, 

where electrons are reflected from the specimen through elastic scattering, so deeper 

information of the specimen can be captured.  

Fabric samples inkjet printed with silver nanoparticles were trimmed and adhered onto 

an aluminium stub using sticky carbon tabs without any further coating. The samples 

were scanned under 10-15 kV working energy in Quanta 200 (Thermo Fisher, 

Eindhoven, Netherlands) and Quanta 250 FEG (Thermo Fisher, Eindhoven, 

Netherlands). Low vacuum (0.2 Torr pressure) with a working distance 10 mm and a 

spot size 3-4 were applied in an electron back scattered imaging mode, for a better 

distinguish between the fibres and Ag. 

3.3.4 Contact Angle Measurements 

Contact angle measurements illustrates the wettability of the materials. To measure 

the polyester fibre contact angle, existing theories of micro droplet on mono filament, 

and ink yarn and fabric interaction as explained in Chapter 2 were applied: 

i) Back scattered SEM images of individual ink droplets printed with 200 m 

drop spacing on polyester fibres were captured following above SEM 

operating procedures. The images were then analysed in ImageJ, straight 

lines were drawn on the images along the printed droplets spreading 

direction, and the spreading length of the micro droplets was measured 

using the Analyse tool bar - Measure function (Figure 3.5). Each SEM 

image contains more than 10 deposited droplets, and 3 SEM images were 

analysed for each sample, and the average value was obtained for droplets 

deposited on warp and weft yarns respectively. 
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Figure 3.5 ImageJ analysis of droplet spreading length. 

ii) Ink spreading rate in yarn was measured by depositing a large volume 

silver ink droplet (approximately 5 l) on individual warp and weft yarns 

deconstructed from the woven fabric manually and held without tension in 

air, as shown in Figure 3.6. 

 

Figure 3.6 Ink yarn interaction experiment set up diagram, single yarn 

thread was taped on top of the glass substrate with carboard spacers in 

between, and a syringe with needle was used to eject a 5l silver ink droplet 

on the yarn. 

Video clips were taken and image frames at 0-50 seconds were captured 

with an increment of 5 seconds, and the spreading length of ink in yarn at 

each frame was analysed in ImageJ. A straight line was drawn along the 

ink spreading direction, and in the Analyse bar – Measure function, the 

spreading length was obtained by measuring the length of the straight line 

with the reference of the ruler in the image. Plots of ink spreading length 

as a function of time were gained in this method, three measurements were 

taken for each specimen. 
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iii) Additionally, a Force Tensiometer, K100 (Krüss GmbH, Hamburg, 

Germany) was used to record the vertical weight gain of silver ink in the 

fabric in both warp and weft directions as a function of time. The weight 

gain rates can then be converted into Washburn equation or Darcy´s law to 

estimate the intrinsic polyester fibre contact angle values.  

Clean polyester fabrics were cut into 1 cm * 4 cm pieces along the fabric 

warp and weft directions respectively, clamped vertical and straight into 

the clamp accessory, and attached to the force tensiometer, as shown in 

Figure 3.7. 10 ml silver ink was prepared in an aluminium pan, and the 

weight gain recording started once the fabric was lowered to the ink surface. 

The weight gain process was recorded on the Kruss ADVANCE software 

(Krüss GmbH, Hamburg, Germany) for 2 minutes for each sample with a 

0.04 second increment. 

 

Figure 3.7 Experimental set up of the fabric weight gain of silver ink on 

Kruss K100. 

The mechanisms of silver ink interaction with fibre, yarn and fabrics were compared 

to obtain the theoretical polyester fibre contact angle values from existing theories 
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(discussed in Chapter 4), which was then compared with the direct contact angle 

measurement of fabrics and the PET films through a Drop Shape Analyser DSA 100 

(KRÜSS GmbH, Hamburg, Germany).  

All static contact angle values of as received and Scotchgard treated polyester fabrics 

and PET films were recorded, the samples were placed on the substrate holder and 5 

l silver ink droplets were injected on the substrate from a liquid dosing needle. All 

tests were conducted at 20 – 25 ℃ laboratory temperature and relative humidity (20 – 

40%), and each sample was repeated three times with the average contact angle value 

taken (the accuracy of the instrument is 0.1⁰). Digital images were taken by the Kruss 

DSA-10 digital camera, in which the images with sessile drop recorded were 

transferred to the drop shape analysis software. The contact angles were obtained 

between the modelled drop shape function (obtained by solving the Laplace equation) 

and the sample surface. For measuring advancing contact angle values, the distance 

between the needle ejection point and the substrate plate was reduced, and silver ink 

ejection was continuous to record the ink advancing process on the substrate, the 

videos were analysed in the drop shape analysis software.   

3.3.5 X-ray Computed Tomography 

Tomography techniques enable the reconstruction of 3D representations of a structure 

from sliced images. These can be obtained non-destructively with any kind of 

penetrating probe, such as X-rays. When X-rays pass through an object, their intensity 

is reduced because of their interaction with matter. This interaction is a combination 

of the photoelectric effect, Compton scattering, Rayleigh scattering and pair 

production. The total attenuation of an X-ray beam passing through a material is 

described by the Beer-Lambert law, with the intensity, I(x), as a function of position, 

x, given by: 

𝐼(𝑥) =  𝐼0𝑒−𝜇𝑥 ,                                               (3.1) 

where 𝐼0 is the initial X-ray intensity, 𝜇 is the attenuation coefficients > 0. In X-Ray 

Computed Tomography (XCT), 2D projections of the X-Ray intensity after it has 

passed through the object under study are collected from multiple angles. These are 

then passed through an appropriate algorithm and reconstructed to produce 3D images 

318. XCT has been previously used for evaluating fibre reinforced composites 319,320. It 
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is a non-destructive technique with no complicated sample preparation required. 

However, XCT resolution is limited to approximately a fraction of 1000-2000* of the 

object cross-section diameter 321. Because to image the whole sample, the theoretical 

resolution to be achieved equals to the size of the sample divided by the number of 

pixels in the detector (2000 pixels in most detectors). So small samples are required 

for high resolution studies, and the source of image artefacts can be difficult to identify 

and eliminate. Laboratory source X-rays are of low signal intensity and it can take 

several hours to collect sufficient data to allow a full 3D image reconstruction. 

Size 2*2 mm2 fabric sample were mounted on an aluminium column specimen holder 

with double sided tape and securely located in the XCT equipment (Xradia 520 Versa, 

ZEISS, Oberkochen, Germany), as shown in Figure 3.8. An optimal set up was used, 

to avoid focus blurring and achieve an efficient pixel size during XCT scanning. 80 

kV voltage, 7W source power from Tungsten transmission target, magnification *10, 

10 s exposure time and pixel binning *1 is applied. Sample to detector distance was 

set to be 5.05 mm, sample to source distance was 23.8 mm, and the number of images 

taken was 3201 while the sample rotates in the vacuum chamber. The data was 

reconstructed using the Zeiss Scout and Scan software and the voxel size in the 

reconstructed data is 1.13 m.  

 

Figure 3.8 X-ray tomography system set-up diagram. 
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The reconstructed XCT data was further analyzed and segmented using the Avizo 9 

visualization software (Amira Avizo, Thermo Fisher, Waltham, MA). Appropriate 

image segmentation (Figure 3.9) based on X-Ray absorption is used to separate the 

location of the high atomic number Ag (coloured blue-green) from the organic 

polyester fibre structure (coloured grey) in Figure 3.9. Tophat and global thresholding 

two image segmentation methods were applied and studied to reach the optimal 

imaging quality, and the details of the choice of thresholding will be discussed further 

in Chapter 5. 

 

Figure 3.9 (a) 2D slice of reconstructed sample image with 1.13 um voxel size, (b) 

segmented silver objects and (c) generated label image representing the area of silver 

coverage. 

3.3.6 Electrical Conductivity Measurements      

Inhomogeneous and anisotropic conductive textile properties lead to uncertainties 

with the use of direct thin film sheet resistance measurement. In addition, because ink 

printed on a textile surface absorbs into the material, it is not clear whether a sheet 

resistance, which assumes a constant conducting film thickness across a surface, is the 

appropriate metric for electrical conductivity characterisation. Thus, electrical 

conductance along a single yarn tow, in either the warp or weft directions of the fabric, 

is measured using a 4-point probe station (PE4, Everbeing, Hsinchu City, Taiwan) 

coupled to two source measure units (SMU) (Keithley 2400, Cleveland, OH), as 

shown in Figure 3.10 (a).  
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Figure 3.10 4-point probe electrical conductance measurement set-up (a) and the 

position of the probes (b). 

Printed and heat-treated fabrics were placed and fixed on top of the probe station, the 

diameter of the tungsten probes (300m, M.R.C, Holon, Israel) was modified to match 

the yarn diameters and the distance between the probes was set as two repeat units of 

the weave (1400 m) (Figure 3.10 (b)). The position of the probes was located 

manually according to the observation from the microscope mounted on the probe 

station. Two probes were sourcing the current and two of which were measuring the 

voltage cross the samples. Those 4 probes were lined up in each single yarn 

measurement and switched together to the adjacent yarns and repeated the testing. In 

the connected LabTracer 2.0 SourceMeter Integration Software (Keithley Instrument, 

lnc. Cleveland, OH), linear sweep current (step number of 100, ranging between 0 - 1 

A) was applied and adjusted according to the expected sample resistance. Measured 

voltage results were obtained from the software, and the resistance values were 

analysed and averaged among 3 measurements on each sample.  
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Chapter 4 Ink/Textile Interaction 

4.1 Introduction 

Wearable technology has attracted considerable attention from researchers and 

industries due to its potential applications, for example in health and environmental 

monitoring6,16,17,21 and energy storage and harvesting.82,322–324 Textile substrates 

provide platforms that can provide both strength and flexibility. They can be made 

stretchable, breathable, washable and are thus easily integrated into clothing, making 

them potentially more comfortable to wear than rigid alternatives8,54,55,270. Printing 

technologies show promise due to their reasonable capital cost and simple 

manufacturing methods. Inkjet printing is a contactless printing technique that avoids 

using a plate or a screen mesh, unlike lithographic or screen printing. It allows rapid 

design changes with a relatively low-cost machine set-up and reduced material 

waste.4,204,325 Inkjet printing has been extensively used for printed and large area 

electronics applications on a range of flexible substrates and thus has promise as a 

manufacturing tool in the area of e-textiles and wearable technology4,56,326. 

Inkjet printing on textiles has been widely used in the fashion industry with coloration 

pigments7,236,327,328. However, it is well-known that there are difficulties in obtaining 

high printing resolution and achieving continuous, conductive patterns on textile 

substrates with this method3,4,8,329. This is believed to be a consequence of the uneven 

structure and high porosity of the textile surfaces, in comparison with solid polymeric 

films, which leads to different behaviour with the spreading, absorption and drying of 

the ink. These differences are also enhanced by the low viscosity and active 

component concentration required for inkjet delivery.  

Therefore, investigating the mechanisms of ink textile interaction is of primary 

importance in the development of electronic textiles. Here we take textile materials to 

describe flexible materials fabricated from natural or synthetic fibres; the fibres can 

form non-woven fabrics directly or can be spun into yarns and form fabrics by weaving, 

knitting, or braiding129. The interaction of liquids with textiles has been studied 

extensively from different aspects, including but not limited to: single drops on 

filaments138,139,141,147,330–334, capillary flow of liquid in yarns90,91,153,154,177,335–337, and 

wetting and spreading of a liquid drop on a fabric surface181,338,339. All of which are of 
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relevance to engineering problems in the textile or polymer composite industries12,162. 

The need to study the interaction of liquids with textiles over a range of different levels 

of the textile architecture is a function of the complexity of textile structures and the 

consequent difficulty of explaining this phenomenon through a single mechanism 

model. However, existing models of liquid transportation on textiles can provide some 

understanding of the factors that influence the structures formed after inkjet printing 

on textiles.  

Inkjet printing produces drops in a volume range of 1 – 100 pL and these are of radius 

similar to that of individual textile fibres, resulting in Bond number << 1, which 

indicates that capillary forces dominate ink/textile interactions. The pressure 

difference across the fluid/air interface, as described by the Young-Laplace 

equation340, and the need to maintain hydrostatic equilibrium is the fundamental 

principle that underlies the development of models for liquid transport mechanisms in 

textile substrates340. However, the challenge comes from that the equilibrium status of 

ink in textiles not only exists in the textile surface but also when ink infiltrates inside 

the textiles.  

On the surface of textile, when a drop of liquid interacts with a single filament, the 

drop spreading length in relation to the fibre surface energy, fibre diameter and shape, 

drop size and shape can be analysed numerically or analytically, assuming 

equilibrium135,137,341,342. When a drop penetrates and interacts with many parallel fibres, 

governing laws introduced by Washburn and Darcy, as demonstrated in Chapter 2, can 

be used. 

The Washburn equation  
𝐿2

𝑡
= 𝐶

𝛾𝑙𝑣𝑟𝑒𝑓𝑓𝑐𝑜𝑠𝜃

2𝜇
  (4.1)  

Darcy’s law 
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In the above equations  is the contact angle, LV is the surface tension of the liquid, 

reff, is the effective radius of the porosity in the fabric, rf is the mean fibre radius, φ is 

the porosity and Ø is the sphericity of the pores. Both approaches consider the 

transport to be driven by the Laplace pressure as from parallel cylindrical capillary 

tubes of radius reff, which is a reasonable simplified representation of the porous 

structure in the yarn. In Washburn’s equation,  
𝐿2

𝑡
 is simply proportional to the 

effective pore radius 𝑟𝑒𝑓𝑓, the contact angle of the ink on the polyester fibres (𝑐𝑜𝑠𝜃), 

and a geometric constant C. In Darcy’s law, the terms porosity (𝜑 = 1 − 𝑉𝑓 ) and 

permeability (𝑘) are introduced. The permeability is related to the porosity based on 

Kozeny and Carman’s hydraulic radius theory (Equation 4.2b), where rf is the radius 

of the fibres, ∅ is the sphericity of the porosity in the yarns, and K is a geometric 

constant K. The porosity 𝜑 can be used to estimate the effective pore radius 𝑟𝑒𝑓𝑓 , 

assuming ideal fibre packing geometry. 

Both Washburn’s and Darcy’s equations show a similar relation between liquid 

penetration length, L, and time, t, with (
𝑳𝟐

𝒕
) being proportional to the fluid surface 

energy, cosine of the contact angle, effective pore radius and inversely proportional to 

the fluid viscosity (Equations 4.1 and 4.2c). These can be modified for specific 

geometries or fibre arrangements by adjusting the empirical constants, C and K, to 

predict liquid transportation in a range of different woven or knitted fabric 

structures175,185,187,343,344.  

The approach of Washburn and Darcy is appropriate when considering the penetration 

of a liquid along a single yarn or tow of fibres. However, when ink transport is 

considered in fabric structures, the use of the spreading length, L, to characterise the 

penetration of liquid as a function of time becomes inadequate, since the fabric is made 

of yarns intersecting at 90°, and the spreading length can only be measured along a 

single axis. Instead, it is normal practice to use the weight gain as a function of time 

expressed in the equivalent form (
𝑚2

𝑡
). For a single yarn the weight gain can be directly 

related to the liquid penetration as a function of time, through the liquid density (𝜌) 

and the cross-sectional pore area (A) in the yarn with 

𝑚2

𝑡
= 𝜌2𝐴2 𝑙2

𝑡
.                                               (4.3) 
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Researchers have applied modified governing laws based on these approaches to 

investigate a range of fluid/textile interactions, including: liquid wicking and wetting 

in textiles based on infinite fluid reservoirs, spreading and penetration distances of 

drops on fabrics with different yarn structures165,168,190,345,346. However, it is well-

known that these theories are generally inadequate to accurately predict fluid transport 

within complex textile structures.12 In addition, we note that the small inkjet droplet 

size, which is comparable with the filament size within a yarn, has not yet been widely 

considered in published modelling work.  

To our knowledge, there has not been a full characterisation of the interaction of inkjet 

printed conductive inks with textiles reported previously. This omission must be 

rectified to achieve optimal conductive performance and printing quality to allow its 

use with electronic textiles. This chapter will explore the fundamental mechanisms of 

ink textile interaction at the scale of individual fibres, yarns, and fabrics respectively 

and existing models will be investigated and compared with experimental results.  

4.2 Experimental Methods 

A plain-woven polyester fabric, Inherent FR 2401, is used as a model textile material 

in this chapter. Scotchgard treatment is applied to study the effect of a surface 

hydrophobicity modification on ink interaction with textiles. The conductive silver 

nanoparticle ink described in Chapter 3 (Silverjet DGP-40LT-15C) is used for all the 

experiments reported. The contact angle of AgNP inks on the textile fabrics and other 

surfaces of interest was measured using a Drop Shape Analyzer, DSA 100 (Krüss 

GmbH, Hamburg, Germany). 

To study ink/fibre interactions at the scale of a single drop with similar dimensions to 

the fibres, ink drops were ejected through a piezoelectric actuated drop-on-demand 

(DOD) inkjet printer (DMP 2800, Fujifilm Dimatix, Santa Clara, CA), ejecting a 

measured drop volume of 7 pl. Drops were deposited at a spacing of 200m allowing 

individual drop deposition without interaction with neighbouring drops. This was 

followed by heat treatment at 150 ℃ in air for 60 minutes using a temperature-

controlled fan oven. The surface morphology of the printed Ag patterns was imaged 

using scanning electron microscopy (SEM) (Quanta 250 FEG, Thermo Fisher, 

Eindhoven, Netherlands).  
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To study ink interactions at the yarn length scale, a large volume silver ink droplet 

(approximately 5 l) was deposited on individual warp and weft yarn threads, 

manually extracted from the woven fabric and held without tension in air. Video 

images were recorded and the ink spreading length as a function of time was analysed 

using image analysis (ImageJ). Finally, ink interactions at the fabric length scale were 

investigated using a Force Tensiometer, K100 (Krüss GmbH, Hamburg, Germany) to 

record the weight gain of silver ink as it infiltrated the fabric in both warp and weft 

directions as a function of time.  

After investigating ink interactions with at the scale of textile components, inkjet 

printing was used to produce continuous lines and 5 mm × 5 mm patches with the Ag 

ink. Printing was carried out with a drop volume of 7 pl and a drop spacing of 10 or 

20 m, with the inter-line spacing set equal to the drop spacing on all fabrics. After 

printing, the dried ink patches were heat treated at 150 ℃ for 1 hour, as per the 

suppliers instructions to achieve optimal electrical conductivity. Optical images and 

X-ray computed tomography (XCT) (Xradia 520 Versa, ZEISS, Oberkochen, 

Germany) were used to study the spreading and penetration of the inkjet printed ink 

on the textiles.  

4.3 Results and Discussion 

4.3.1 Contact Angle of Textiles 

The surface energy of the textile plays an important role in controlling the liquid/textile 

interaction. The equilibrium contact angle between the liquid and the textile surface is 

often used as a metric to characterise the liquid-textile interaction. In practice, it is 

sometimes desirable to modify the surface energy of a textile, for example to control 

the ingress of water, and a number of commercial treatments have been developed for 

this purpose. The Scotchgard (SG) treatment applies proprietary fluoropolymer 

coatings to the textile fibre surfaces, modifying the fibre surface energy and 

subsequent fluid/fibre interactions without altering important textile properties such 

as flexibility and breathability.112,113 Figure 4.1 (a) shows that a single drop (0.5 L) 

of the ink on the as-received polyester fabric spreads and is absorbed into the fabric 

with an apparent contact angle close to 0°, while after SG treatment, a drop of ink rests 

on the surface with an apparent contact angle of ≈ 124°, as shown in Figure 4.1 (b).  
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Figure 4.1 Contact angle values of silver ink on as-received polyester fabric (a) and 

SG-treated polyester fabric (b). 

However, these above contact angle values only represent the surface properties of the 

substrate at a fabric scale when the liquid drop is considerably greater than the fibre 

diameter. As discussed in Chapter 2, Section 2.2.1.2, the roughness of the fabric 

surface leads to an increased apparent contact angle on a hydrophobic surface and 

decrease on a hydrophilic surface, based on the Wenzel and Cassie-Baxter models. 

Additionally, unlike conventional printed functional materials on polymeric or other 

non-absorbent surfaces, material printed on a textile substrate can be present both on 

the surface of the material and within its porous architecture to some depth below the 

surface. Thus, understanding the interactions between the fibres that make up the 

textile architecture and the ink becomes a 3-dimensional (3D) problem128,234,235.  

 

 

 

Figure 4.2 Binary images segmented by ImageJ from 2D slices of XCT 

reconstructions of fabric warp cross section (a) and weft cross section (b). 

Considering the fabric used in this study, the warp and weft yarn tows have very 

different fibre architectures, even though they are both made from similar polyester 

fibre filaments of nominally the same composition. Figure 4.2 shows 2D slices from 

a XCT reconstruction analysed in ImageJ, where Figure 4.2 (a) shows a cross section 
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of the fabric warp direction and Figure 4.2 (b) is a cross section of the fabric weft 

direction. It is obvious that there are a greater number of fibres in the warp yarn, with 

smaller fibre diameter and less yarn tortuosity (length of the yarn to the distance 

between its ends). The effective pore radius (reff) values, which is half of the effective 

pore size (a), is determined from the fibre volume fraction Vf, and mean fibre radius, 

rf. as shown in the Equation (4.4-4.5) when assuming an ideal hexagonal packing of 

parallel fibres (Figure 4.3). The fibre volume fraction in warp yarn tows is higher than 

that of the weft yarn tows, which leads to smaller effective pore radius in warp yarns. 

Table 4.1 summarises the main yarn and fibre parameters, the detailed information 

and measurement methods are described in chapter 6.  

𝑉𝑓 =
𝐴𝑓

𝐴ℎ
=

𝜋𝑟𝑓
2

3√3

2
[
𝑟𝑒𝑓𝑓+𝑟𝑓

cos(30°)
]2

                                         (4.4) 

   𝑟𝑒𝑓𝑓 = √
𝜋𝑟𝑓

2

2√3𝑉𝑓
− 𝑟𝑓                                           (4.5) 

 

Figure 4.3 Schematic diagram showing the ideal hexagonal packing used for the 

effective pore spacing calculation.  

 

Table 4.1 Key parameters of the woven fabric structures. 

 

 

Yarn 

longitude 

diameter (m) 

Fibre 

diameter 

(m) 

Mean 

fibres per 

thread 

Fibre 

volume 

fraction 

Effective 

pore radius 

(m) 

Tortuosity 

Warp 300 10 210 0.60 1.15 1.05 

Weft 300 16 50 0.50 2.75 1.19 

 



93 
 

The inkjet droplets used in this study have a volume of 7.0 pL, which is equivalent to 

a 24 m diameter drop in flight. This is greater than the individual fibre diameters but 

of the same order of size. Thus to understand the interaction between single drops and 

the fibres within a yarn, the contact angle between a single droplet and a polyester 

fibre is of interest. Directly measuring the ink contact angle on cylindrical polyester 

fibres is a difficult exercise347 and will be considered further. As a test for the validity 

of these methods, the advancing contact angle was measured between the silver ink 

and a polyester film of nominally the same composition as the fibres (Figure 4.4 (a) 

and (b)), with and without Scotchgard hydrophobic treatment.  

 

Figure 4.4 Advancing contact angle values of silver ink on polyester film (a) and 

Scotchgard-treated film (b). 

To validate the assumption of chemical similarity between the film and fibres, IR 

spectra were recorded from both the Polyethylene terephthalate (PET) film and the 

polyester fabric (Figure 4.5(a)). The peaks at wavelengths of 718 cm-1, 865 cm-1 and 

1988 cm-1, which are related to the benzene ring structure in the polymer, the ester 

group is present at the peak of 1090 cm-1 and 1241 cm-1 showing C-O stretching and 

the peak at 1710 cm-1 showing C=O stretching, finally the peak 2950 cm-1 illustrates 

alkane C-H stretching. The Scotchgard treatment applied by adding fluorine 

compound with C-F stretching at a peak range of 1000-1400 cm-1is not obvious in 

Figure 4.5b), yet the contact angle values obtained on the PET film after applying the 

Scotchgard process display the effect of surface hydrophobic treatment348–350, by 

increasing the contact angle from 16⁰ to 60⁰ (Figure 4.4). 
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Figure 4.5 FTIR of polyester fabric and PET film (a) and Scotchgard-treated fabric 

and Scotchgard-treated PET film (b). 

4.3.2 Ink/Fibre Interaction 

The ink/fibre interaction has been studied by many researchers, with the aim of 

obtaining contact angle values of liquid droplets on fibres from their spreading 

geometries. When the scale of the drop is similar to both the fibre diameter and the 

spacing between fibres, three different local interaction geometries have been reported 

in the literature, leading to droplet morphologies termed: barrel shape, clam-shell 

shape and drop between fibres138,330,334, as shown in Figure 4.6 (a). However, the warp 

and weft fibres in this fabric have different architectures. When ink droplets deposit 

on individual weft fibres, the drop diameter (24 m) is similar to the sum of the weft 

fibre diameter and the weft fibre average pore spacing (23.2 m). Thus, in most cases 

individual droplets interact with a single weft fibre and we expect barrel and clam-

shell shaped deposition forms. This allows the drop/fibre interaction to be modelled 

as an equilibrium liquid-drop-shape. For the case of the warp fibres, the diameter of 

the droplets is two times greater than the warp fibre diameter plus its effective pore 

spacing (12.8 m), hence we expect to observe drop between fibre deposition 

geometries.  
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Figure 4.6 (a) 3 types of inkjet droplet interaction with fibres: barrel shape (left), clam-

shell shape (middle) and drop between fibres (right); (b) SEM of single inkjet silver 

droplets on polyester fabrics (left) and Scotchgard-treated polyester fabrics (right). 

As demonstrated in Chapter 2.2.3.1 including Yamaki and Katayama138, Carroll and 

McHale140,141, the length of fibre along which a single drop spreads can be used to 

estimate the contact angle between the ink and fibre surface if the volume of the drop 

and diameter of the fibre is known.  Figure 4.6 b presents SEM images that show the 

extent of spreading of individual droplets of the Ag ink deposited on the as-received 

polyester and Scotchgard-treated fabrics after heat treatment. We assume that the ink 

drops are pinned and do not retract during drying and heat treatment, hence the images 

can be used to measure the ink spreading lengths in the warp and weft directions on 

each fabric sample. Considering the weft fibres, where we assume the majority of 

interactions are with single fibres, the silver ink droplets had a mean spreading length 

of 59 ± 14 m on the as-received polyester fibres and 25 ± 8 m on the Scotchgard 

treated fibres.  
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Figure 4.7 The cross section of droplet on a cylindrical geometry, in which x1 stands 

for the fibre radius, x2 represents the droplet radius, Lw is the wetted length and θ is 

the evaluated contact angle value. 

When we apply these spreading length values into Carroll´s method139, introducing 

drop on fibre system and Legendre’s standard incomplete elliptic integrals of the first 

and second kind. The profile of the droplet (Figure 4.7) can be solved given the wetted 

length (Lw) as shown in Equation 4.8. x1 and x2 are the two boundary conditions used 

to evaluate the drop profile, �̅� is the reduced form of wetted length when x=x1, n 

=x2/x1 is the reduced radius, and a, k and ∅ are defined in Equation 4.6-4.9, and the 

volume of the droplet (V) can be obtained as in Equation 4.10. Then the analytical 

expressions were derived and programmed using MATLAB (Appendix 4.1) based on 

the drop geometry and the equations demonstrated in Carroll’s paper.  

�̅� = 𝐿𝑤/𝑥1 = 2[𝑎𝐹(∅, 𝑘) + 𝑛𝐸(∅, 𝑘)]                             (4.6) 

𝑎 = (𝑛 cos 𝜃 − 1)/(𝑛 − cos 𝜃)                                 (4.7) 

𝑘 = √1 −
𝑎2

𝑛2                                              (4.8) 

𝑠𝑖𝑛∅ = √{(1/𝑘2)(1 − 1/𝑛2)}                                (4.9) 

�̅� = 𝑉/𝑥1
3 =

2𝜋𝑛

3
[(2𝑎2 + 3𝑎𝑛 + 2𝑛2)𝐸(∅, 𝑘) − 𝑎2𝐹(∅, 𝑘) +

1

𝑛
(𝑛2 − 1)

1

2(1 − 𝑎2)
1

2] − 𝜋�̅�                                                                                               

(4.10) 

Figure 4.8 (a) and (b) are generated and plotted in intervals of contact angle value of 

5⁰, showing the ratio of the maximum drop height to the fibre radius (n) as a function 

of normalised drop volume ( �̅� ) and wetted length ( �̅� ), respectively. Through 

integrating the equations, the n values are highlighted when the drop volume is equal 
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to 7pL and the wetted length equal to 59 m (polyester fibre) and 25 m (Scotchgard 

treated polyester fibre) as experimentally measured. 

Figure 4.8 (a) Normalised drop volume (�̅�) as a function of n for contact angle values 

(θ = 0⁰ to 65⁰), the corelated n values at when �̅� equals to 7 pL are approximated and 

marked; (b) normalised wetted length as a function of n for contact angle values (θ = 

0⁰ to 65⁰), the correlated n values at when �̅�  equals to 25 m and 59 m are 

approximated and marked. 

Accordingly, the contact angle values of the ink interaction with fibres in our 

experiment can be obtained at the point where the contact angle (θ) and value n are 

equal for both drop volume and wetted length. Therefore, Figure 4.9 is used to plot the 

contact angle values (θ) as a function of value n. the black lines in the figure represent 

the values of θ and n when the drop volume in 7 ± 0.3 pL, the red and yellow lines 

mark the region when the wetted length of drop on fibre at 59 ± 14 m and 25 ± 8 m 

respectively. Additionally the transition line from barrel to clam shell shaped 

deposition as demonstrated by McHale141 is plotted in blue in the figure143. It is found 

that the drop deposition on as-received polyester fibres lies in the barrel shaped region 

while the drop deposition on Scotchgard treated fibres in our experiment is clearly in 

the clam shell shaped region. The crossing point of the red and black lines indicates a 

contact angle value of 5⁰ for a silver ink droplet on the polyester fibre and a contact 

angle of 35⁰ on the Scotchgard treated polyester fibre. However, since the calculation 

of drop volume in the Carroll’s theory is based on a barrel shaped droplet, the contact 

angle value on the Scotchgard treated fibre is not regarded as valid.  



98 
 

 

Figure 4.9 Contact angle value (θ) as a function of value n (the maximum drop height 

to the fibre radius), The blue line indicates the separation of the barrel shaped and clam 

shell shaped regions, the black line represents the values of θ and n when the drop 

volume in 7 ± 0.3 pL, the red and yellow areas mark when the wetted length of drop 

on fibre at 59 ± 14 m and 25 ± 8 m respectively, the black square dot shows the 

estimation of the contact angle value of the silver ink on the polyester fibre. 

If the conditions of contact angle and drop volume are such that a liquid drop spreads 

to a barrel-shaped morphology on a fibre, the liquid-drop-shape interaction method 

can be used to extract contact angle values from measurements of the spreading length 

and the known drop volume. However, there is a difference between the contact angle 

values measured on the fibre (5°) and that measured on a PET film of similar 

composition (16°). This difference could be the result of the simplifying assumptions 

involved in modelling the fibre/fluid interactions or that the surfaces of the films have 

different surface energies from that of the fibres. Given the size of the difference 

between the two results, it is more likely that this represents a significant difference in 

the surface energies. The Scotchgard treatment clearly leads to a change in surface 

energy of the polyester film and an increase in the contact angle. We can safely assume 

that the contact angle also increases on treating the fibres in the textile. However, there 

are no analytical solutions for the equilibrium drop shape on a fibre when the surface 

energy and drop size leads to a clam shell or fibre bridging morphology, due to its 
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complexity and lack of symmetry. Only numerical approaches to this problem, such 

as finite element computation have been reported in these cases135,333,351,352, which is 

beyond the scope of this project. Nonetheless, these simple experiments show that the 

influence of the Scotchgard treatment on polyester fibres produces a change in contact 

angle that is consistent with the change seen using similar composition polymer films.  

By comparing our experimental results with existing theories, the interaction of a 

single silver ink droplet with similar length scale as-received polyester fibres follows 

the behaviour consistent with a barrel-shaped equilibrium drop. However, on 

Scotchgard treated fibres the interaction leads to a more complex drop shape that 

cannot be easily analysed. It is seen from microscope images of single drops on a 

textile surface that drop volume, fibre surface energy and local fibre structures in the 

fabric all play important roles defining the ink spreading and deposition on fibres. In 

short, on Scotchgard-treated fibres, silver ink droplets maintain similar spreading 

length on both warp and weft fibres. However, on as-received, untreated polyester 

fibres, the silver ink droplets penetrate and form spreading columns between warp 

fibre gaps. On polyester weft fibres, the spreading length varies, where longer 

spreading length is achieved when ink droplets form barrel or clam-shell shaped 

deposition, yet the spreading length is reduced when ink droplets land between weft 

fibres where the greater fibre pore spacing favours the penetration mechanism rather 

than spreading along the fibre tows. Thus, although a study of single drop/single fibre 

interactions can be used to estimate the appropriate contact angle, a full understanding 

of the interaction of liquids with fibres should consider the behaviour of bundles of 

fibres consistent with the internal architecture of a fabric. 

4.3.3 Ink/Yarn Interaction 

Liquid transport at the yarn scale is expected to be different to that at the fibre scale, 

especially when the inter-fibre pores are filled with ink. An approach based on 

Washburn equation153 and Darcy’s law154 is used to understand the ink-yarn 

interaction. Experiments were carried out to study and evaluate feasibility of 

explaining ink yarn interaction using these governing laws. A large volume ink droplet 

(approximately 5 l) was deposited onto single warp and weft yarns from the woven 

polyester fabric as shown in Figure 4.10 (a). Ink infiltration occurred along the as-
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received polyester yarn as shown in Figure 4.10 (b), whereas little or no infiltration 

was found on the Scotchgard-treated yarn beyond spreading along the surface. 

 

Figure 4.10 Scheme of ink/yarn interaction experiment (a) with the video snapshot of 

ink spreading on polyester yarn (b) and Scotchgard-treated polyester (c). 

 

Figure 4.11 Infiltration rate of ink along as-received polyester fibre yarn tows. 

Spreading length squared as a function of time of ink droplet deposition on a single 

yarn tow, warp yarn (black dots) and weft yarn (red dots).  

The infiltration data is presented as the square of the spreading length, L2, of an ink 

droplet on the yarn as a function of time, t, as shown in Figure 4.11. The data shows 

an approximately linear relation as predicted by Equations (4.1) and (4.2). The 

gradient of the linear fit (
𝑳𝟐

𝒕
) is presented in Table 4.2, with a value 0.15 cm2.s-1 

measured along the warp yarn and 0.41 cm2.s-1 along the weft yarn, with 𝑟2 = 0.92 

and 0.97 for the warp and weft polyester yarns, respectively. Table 4.2 also displays 

the values of (
𝑳𝟐

𝒕
) obtained using the approach of Washburn and Darcy with the 
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experimentally determined values of fibre radius, effective pore radius and porosity as 

measured experimentally and given in Table 4.1. We use the manufacturer’s supplied 

data for viscosity ( = 14 mN.m-2.s) and surface tension (LV = 37.5 x 10-3 N.m-1) of 

the ink, contact angle is as measured on the PET film (16°). 

Using Washburn’s equation the best agreement with experimental data occurs using 

an empirical constant C = 10.9±0.8, which accounts for the assumptions including the 

measurement of fibre pores as capillary tubes, ideal hexagonal packing format of fibres 

and the use of the Young-Laplace equation in a single tube condition353,354. Note that 

at these low values of contact angle the predicted infiltration rate is proportional to 

cos, which is 0.961 and 0.996 for contact angles of 16° and 5° respectively, thus the 

only effect of using the lower contact angle measured on the fibres will be to change 

the value of the constant C to 10.5. 

With Darcy’s law, the undefined empirical constant 𝐾  introduces difficulties to 

evaluate the permeability of the yarn 𝑘.167–171 The permeability also depends on fibre 

radius 𝑟𝑓 (warp: 5 m and weft: 8 m), the porosity 𝜑=(1-Vf) (warp: 0.4 and weft 0.5) 

and the sphericity of warp and weft yarns ∅ (1.86 for 10 cm length warp and weft 

yarns), and apply the empirical constant K = 86.2±5.4, the permeability of warp and 

weft yarns results in 0.72 m² and 5.14 m² respectively, which leads to an estimation 

of the infiltration rates of ink drop on warp and weft yarns of 0.16 cm2.s-1 and 0.38 

cm2.s-1. 

Table 4.2 Infiltration rate 
𝐿2

𝑡
 calculated through Washburn equation and Darcy’s law 

on polyester warp and weft yarns (when estimate ink/fibre contact angle θ=16⁰) in 

comparison with experimental values. 

Yarn 

Orientation 
Experimental 

Washburn 

(C=10.9) 

Darcy’s law 

(K=86.2) 

 Infiltration rate 
𝐿2

𝑡
(𝑐𝑚2/𝑠) 

Warp Yarn 0.15 cm2.s-1 0.16 cm2.s-1 0.16 cm2.s-1 

Weft Yarn 0.41 cm2.s-1 0.39 cm2.s-1 0.38 cm2.s-1 
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The Washburn’s equation shows slightly better agreement with our experimental 

values with the effective pore radius (𝑟𝑒𝑓𝑓) playing the key role in the equation, where 

the greater pore radius in the weft yarn could lead to faster liquid transport in yarns. 

However, even with a close estimation through Darcy’s law, the number of undefined 

variables in Darcy’s law leads uncertainties of the prediction.  

4.3.4 Ink/Fabric Interaction 

Liquid/fabric interaction is often studied for textile wet finishing operations, similar 

models based on the approach of Washburn and Darcy can be found in the literature 

explaining both liquid/yarn and liquid/fabric interactions as a capillary wicking 

process. However, it is well-known that variation in fibre density and diameter, yarn 

density and thickness, and the woven structure can lead to different liquid/fabric 

interactions12,171,175,337,342,355. A silver ink wicking test356 was conducted on the 

polyester fabric in both fabric warp and weft directions(Figure 4.12 (a)). A faster 

wicking rate and longer wicking length is observed on the fabric warp direction, which 

is opposite to the findings in our earlier experiments on the ink/yarn interaction. 

Scotchgard-treated fabric could not be analysed using this method due to of its low 

absorption behaviour.  
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Figure 4.12 (a) ink/fabric wicking test set-up, (b) silver ink absorption on polyester 

fabric on warp and weft directions after 120 seconds elapsed time, (c) illustrated fabric 

woven structure with red marked area initiating the wicking process, and arrows 

pointing the potential direction of ink transportation in fabrics. 

The squared weight gain (m2) is plotted as a function of time in Figure 4.13, and the 

plot is divided into a linear increased initial stage where the fabric initially touches the 

ink reservoir as the red marked area in Figure 4.12 (b), a curved transition stage and a 

stabilised stage where the plot gradient is linear in the dotted orange box area (time > 

20 s). The non-linear ink infiltration and wicking at the initial stage of the weight 

absorption test is well known 174 and its analysis is beyond the scope of this project, 

and we will discuss the ink/fabric interaction based only on the stabilised stage with 

constant L2/t. 
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Figure 4.13 weight gain squared as a function of time as silver ink absorption on 

polyester warp (black dots) and weft (red dots) directions. 

This wicking test method developed by Kruss GmbH. is based on Equation (4.3)356, 

where the weight gain rate is measured and recorded as  
𝑚2

𝑡
, which is equal to the 

spreading rate 
𝑙2

𝑡
  times the squared silver ink density 𝜌2 and the squared cross-section 

area of the pores in the fabric 𝐴2. If we apply the silver ink density value (1.45 g/mL)  

from the manufactures’ data and the spreading rate (
𝑙2

𝑡
, warp: 0.15 cm2.s-1 and weft: 

0.41 cm2.s-1) obtained in the previous ink/yarn experiments, we can compare the 

estimated weight gain assuming the ink/fabric interaction follows the ink/yarn 

interaction. 

𝐴 = 𝐴𝑝𝑜𝑟𝑒 ∗ 𝑁                                                (4.11) 

𝜌𝑓𝑚 ∗ 𝑓𝑎𝑏𝑟𝑖𝑐 𝑤𝑖𝑑𝑡ℎ = 𝜌𝑦,𝑤𝑎𝑟𝑝 ∗ 𝑚𝑦,𝑤𝑎𝑟𝑝 + 𝜌𝑦,𝑤𝑒𝑓𝑡 ∗ 𝑚𝑦,𝑤𝑒𝑓𝑡             (4.12) 

𝑚𝑦,𝑤𝑎𝑟𝑝

𝑚𝑦,𝑤𝑒𝑓𝑡
=

𝜌𝑓𝑖𝑏𝑟𝑒∗𝐴𝑦,𝑤𝑎𝑟𝑝∗𝑙

𝜌𝑓𝑖𝑏𝑟𝑒∗𝐴𝑦,𝑤𝑒𝑓𝑡∗𝑙
=

𝐴𝑦,𝑤𝑎𝑟𝑝

𝐴𝑦,𝑤𝑒𝑓𝑡
                             (4.13) 

𝑁 = 𝜌𝑓𝑚/𝑚𝑦                                                   (4.14) 
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The appropriate data for the fabric was either supplied by the manufacturer (Table 3.2) 

or measured using X-Ray tomography and was reported earlier in Table 4.1. The cross-

sectional area of the pores in the fabric (A) is equal to the pore area in each yarn tow 

as Apore, and the number of the yarns in 1 cm (N, matching the experimental fabric 

width), as shown in Equation (4.11). However, since ink can transport along both warp 

and weft yarns in the fabric, as observed in Figure 4.12 (a) and illustrated in Figure 

4.12 (b), here the estimated weight gain of ink in the fabric is defined assuming the 

fabric is filled with only warp or weft yarns in a single direction but with the same 

fabric mass density (𝜌𝑓𝑚=145 g/m2). Equation 4.12 shows that the fabric mass density 

is equal to the yarn linear density (𝜌𝑦, 23.6 warp yarns.cm-1 and 30 weft yarns.cm-1) 

times the individual warp and weft yarn mass (𝑚𝑦). The warp and weft yarn weight 

ratio (
𝑚𝑦,𝑤𝑎𝑟𝑝

𝑚𝑦,𝑤𝑒𝑓𝑡
), which equals to the yarn cross-section area ratio (

𝐴𝑦,𝑤𝑎𝑟𝑝

𝐴𝑦,𝑤𝑒𝑓𝑡
), when the 

fibre density (𝜌𝑓𝑖𝑏𝑟𝑒) and yarn length (l) on warp and weft directions remain identical 

(Equation 4.13). Through combining Equation 4.12 and 4.13, the individual warp and 

weft yarn mass (𝑚𝑦) can be calculated, and the number of one direction yarns that can 

be filled parallel in the fabric reveals in Equation 4.14. Table 4.3 shows the related 

parameters for calculating A and the details can be found in chapter 6, and the average 

is taken in this section. 

Table 4.3 Parameters used to calculate the cross-section pore area in a 1 cm fabric 

width when filled with parallel yarns. 

Directions 𝐴𝑦𝑎𝑟𝑛(𝑢𝑚2) N Apore (𝑢𝑚2) A (𝑢𝑚2) 

Warp 5250π 41.8 18000 7.52E5 

Weft 3200 π 68.7 12500 8.59E5 

 

With the above information, the weight gain can be estimated from Equation 4.5. 

Table 4.4 compares the weight gain rate values calculated using the experimental data 

obtained for the ink/yarn interaction and the experimentally measured ink/fabric 

interaction (the gradient values in Figure 4.13).  
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Table 4.4 Weight gain rate comparing ideal warp and weft fabrics with that measured 

experimentally in the linear range in Figure 4.13. 

Fabric Orientation 
Multi yarns 

(ink/yarn based) 

Fabric 

(experimental) 

 Weight gain rate (
𝑔2

𝑠
) 

Warp 1.8 x 10-5 5.2 x 10-5 

Weft 6.4 x 10-5 4.2 x 10-5 

Mean Value 4.1 x 10-5 4.7 x 10-5 

 

Similar weight gain rate results were found between calculated values assuming 

parallel yarns in the fabrics and the experimental measured values. However, the 

observed greater weight gain found along the fabric warp direction than along the 

fabric weft direction is opposite to the results found with ink/yarn interaction 

experiments on single yarns, where the greater pore radius in the weft yarns leads to a 

faster spreading rate. There could be a number of reasons for the difference between 

the weight absorption rate in fabrics and yarns. One is the capillary effect of the pores 

between the yarns in the fabric scale – the infiltration rate is proportional to the 

effective pore radius so a small fraction of fabric scale pores may have a significant 

effect in addition to the infiltration at the fibre length scale. Additionally, the fabric 

weaving process makes the thicker warp yarns straight and in tension, and the thinner 

weft yarns result in higher tortuosity as shown in Figure 4.2 a) and b), which leads to 

a longer effective transportation length in the fabric weft direction. This behaviour can 

be seen in Figure 4.12, where ink travels faster and longer vertically on the fabric warp 

direction following the warp yarns, while ink travels slower and shorter on the fabric 

weft direction with a trend of following the horizontal warp yarns, after the 120 s 

experimental procedure. Moreover, the effective pore radius applied in the ink/yarn 

interaction could be different to that of the ink/fabric interaction, since the individual 

yarns deconstructed from the fabrics can vary significantly from the structure when 

held together in the fabric. 

This section raises the difference between ink/fabric interaction and ink/yarn 

interaction that often ignored in other studies. It was observed that faster and greater 

ink was transported in the fabric warp direction with smaller effective pore radius, 
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which is opposite to behaviours theoretically found from Washburn and Darcy’s law, 

and experimentally. Due to sophisticated fabric structures, it is difficult to clarify the 

specific reason that leads to ambiguous prediction of ink/fabric interaction.  

4.3.5 Inkjet Printed Silver Ink on Textiles 

In order to evaluate the transport of ink delivered by inkjet printing to textile surfaces, 

5 mm*5 mm silver patches were printed on polyester and Scotchgard treated polyester 

fabrics with 20 m and 10 m drop spacing, respectively. The optical images in Figure 

4.14 shows that the increased surface hydrophobicity of the Scotchgard treated fabric 

leads to improved printing pattern quality, on the other hand the reduced drop spacing 

reduces the printing pattern quality, where ink feathering (blurring or unclear printed 

patterns) occurs with higher amount of ink deposition. Interestingly, greater ink 

bleeding (transport away from the desired printed area) is seen in the fabric warp 

direction than the weft direction in all samples, which matches the findings in the 

ink/fibre and ink/fabric interactions yet shows the risks of using ink/yarn interaction 

to predict the spreading behaviour at the fabric level.  

 

Figure 4.14 Optical images of inkjet-printed and sintered silver ink on polyester fabrics 

with different drop spacing (20 m and 10 m), hydrophobic treatment (Poly: as-

received polyester fabrics, SG: Scotchgard-treated fabrics). 

When ink interacts with porous textile materials, spreading is associated with 

penetration. To understand the cause of different spreading behaviours, Figure 4.15 

displays cross sections of the fabrics in both warp and weft directions obtained by X-

ray tomography, which gives a 3d view of silver ink/textile interaction (the white 

colour represents the silver location). It is observed that ink is only located at the 

surface of the warp yarns instead of penetrating to the centre of the yarns, which 

induces ink over-spreading and indicates a higher capillary force driving faster 

spreading near the yarn surface, rather than penetrating into the yarn tow interior. On 

the other hand, ink travels to the centre of the weft yarns suggesting that the 
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penetration mechanism is more favoured than the spreading. This indicates that the 

first stage of inkjet printed ink interaction with textiles corelates with the previous 

studied ink/fibre interaction. After hydrophobic surface treatment, ink droplets are 

pinned on the surface of the fibres with increased contact angle, which leads to less 

spreading and higher silver deposition volume. The reduced drop spacing leads to 

increased silver deposition on both fabric warp and weft directions, despite worse 

printing quality found on the fabric warp direction where ink favours the spreading. 

The difference between the warp and weft directions indicates the possibility to control 

the printing quality by simply modifying or selecting different textile architectures. 

 

Figure 4.15 Cross-section of reconstructed X-ray tomography images of silver ink 

deposition on fabrics with different drop spacing (20 m and 10 m), hydrophobic 

treatment (Poly: as-received polyester fabrics, SG: Scotchgard-treated fabrics), warp 

stands for the cross section where warp yarns that run into the depth of the page and 

vice versa. 
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4.4 Conclusions 

In conclusion, ink/textile interaction has been studied comprehensively in this chapter, 

where individual fibre, yarn and fabric scales were investigated by comparing 

experimental values and existing theories. The importance of ink/fibre contact angle 

and the effective pore radius between fibres was highlighted. The effective pore radius 

can be measured using the XCT cross section images, while the ink/fibre contact angle 

is difficult to be obtained. Therefore, ink/fibre interaction was initially discussed with 

the aim of estimating the contact angle value through the drop-on-fibre profile as 

reported in literatures. It was found that ink/fibre interaction corresponds with existing 

theories, when ink properties are constant, the low fibre surface energy leads to 

increased spreading on fibres, and depending on the size of the fibres and the droplets, 

different ink/fibre interaction shape occurs, for barrel and clam-shell shaped 

interactions, it is the fibre surface energy and drop and fibre geometries determines 

the spreading length, while pore spacing plays an important role when ink lands 

between fibre gaps, where smaller pore size/fibre size creates ink columns and 

spreading between fibres and larger pore size/ fibre size leads to ink penetration. 

Subsequently, with the defined ink/fibre contact angle values, ink/yarn interaction was 

analysed using the approaches from Washburn and Darcy. It was found that the 

effective pore radius becomes the most important factor in both laws, where greater 

effective pore radius on weft yarns lead to faster and longer ink spreading in yarns. 

Meanwhile, through the experimental results of the ink penetration as a function of 

time and other known ink and yarn parameters, the geometric constants that used to 

conclude the effect of textile shape factors on ink/yarn interaction were obtained, and 

both laws were found to be an appropriate use of estimating the ink penetration as a 

function of time. Interestingly, existing theories used to explain ink/fibre and ink/yarn 

interactions are insufficient to explain the ink/fabric interaction. The weight gain as a 

function of time was used to observe the ink/fabric interaction and similar weight gain 

rate results were found between calculated values assuming parallel yarns in the 

fabrics and the experimental measured values. However, greater weight gain results 

on the fabric warp direction than the fabric weft direction is opposite to ink/yarn 

interaction findings, which indicated the need of further dynamic studies in this area 

due to the complexity of the textile architecture. 
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Chapter 5 The Conductivity of Inkjet Printed Ag 

on Textiles 

5.1 Introduction 

The application of strong and flexible textile substrates for wearable technology has 

shown its advantages over conventional polymer film flexible 

substrates6,9,21,55,62,245,323,357. Conducting textiles can be fabricated by incorporating 

conductive fibres into the fabric architecture,358–360 or by integrating flexible structures 

into or onto the textile361,362. Conductive fibres can be attached to the textile via 

stitching and embroidery methods 363–365 or selective deposition of conducting material 

can be used to modify the fabric surface or infiltrate into the fibre architecture53,289,366–

369. Inkjet printing has been widely studied as a promising manufacturing tool in the 

area of e-textiles and wearable technology4,59,329,370,371. However, to enable these 

wearable monitoring systems by the provision of power or the exchange of data, the 

challenge of providing continuous conductive lines and patterns on textiles must be 

addressed3,4,8,15,289. 

A distinct difference between printing functional materials on textile substrates and on 

polymeric films is the influence of substrate porosity53,162,277,278. The formation of 

inkjet printed conductive paths on solid surfaces has been shown to depend on the 

stability of patterns formed through the spreading and coalescence of drops on the 

substrate surface194,229. Structures printed on porous substrates, such as textiles, are 

controlled by two competing fluid processes after drop impact, the flow of fluid along 

the surface and the infiltration of the liquid into the pores via capillary interactions91,234. 

Thus, unlike conventional printed functional materials, the low viscosity inkjet ink can 

be present both on the surface of the material and within its porous architecture, to 

some depth below the surface4,8,91. Additionally, anisotropic behaviours on textile 

warp and weft directions have been reported in the literatures due to complicated 

textile structures, researchers have investigated on a range of electrical conductivity 

measurement methods in order to present the mechanism of conductive textiles 

appropriately279–284. 

To overcome the difficulty of printing controlled patterns on porous and rough surface 

of textiles, a number of different strategies to alleviate the problems associated with 



111 
 

printing on textile surfaces have been proposed: e.g. applying thick interface and 

protective layers, or incorporating polymer nanoparticles into the ink1,3,4,59,242,288,289. 

However, strategies adopted to improve electrical conductivity can compromise some 

of the advantages associated with textiles, e.g. flexibility, breathability and wash 

resistance. Thus, it is essential to consider the fundamental studies of the interaction 

of conductive inks with fibrous substrates.  

In addition to the ink/textile interaction analysis, this chapter will investigate the textile 

architecture and ink interaction as a 3-dimensional (3D) phenomenon that influences 

conductivity. This is achieved by using X-ray computed tomography (XCT), which 

has been widely used to provide images of 3D fibre architecture in polymer composites 

and its effect on their mechanical and physical properties372–375. It has also been used 

to characterize fluid flow in porous materials376,377 and there have been a few studies 

have used this and similar techniques to investigate liquid transport mechanisms in 

textiles378,379. However, to the best of our knowledge, there have been no previous 

studies that have reported the use of XCT to investigate the interactions between 

conductive inks and textiles such as presented in this work380.  

In this chapter, most of the contents have been previously published380. A silver 

nanoparticle ink with high atomic number and superior electrical performance 

compared to polymer and carbon-based inks is used to investigate the effects of inkjet 

drop spacing, water repellent finishes, sintering techniques and fabric structures on the 

electrical performance of printed textiles. The interaction of silver nanoparticles with 

textile substrates after inkjet deposition and thermal treatment is investigated using X-

ray computed tomography (XCT). This allows the 3D reconstructed images of the Ag 

distribution and an understanding of the contribution of the printed structures to 

conductivity. It is believed that a better understanding of the ink textile interaction 

process will allow the development of appropriate textile surface treatments to control 

ink deposition, deposit elasticity and adhesion to enable the printing of conductive 

tracks with retained conductivity, washability and fabric breathability. 

5.2 Experimental methods 

Plain woven polyester fabrics, provided by Premier Textiles (Manchester, UK), and 

Scotchgard-treated (FC-3548, from 3M, Binfield, UK) polyester fabrics were used as 
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the substrates, details can be found in Chapter 3 Materials and Methods. Two drop 

spacings of 10 m and 20 m were used to study the influence of drop overlap on the 

substrate. 2 sets of settings (SAL and SPL) were applied to compare different sintering 

techniques with multiple layers of printing (DMP 2800, Fujifilm Dimatix, Santa Clara, 

CA, USA). The surface morphology of the printed silver patterns was imaged using 

scanning electron microscopy (SEM) (Quanta 250 FEG, Thermo Fisher, Eindhoven, 

Netherlands). In order to determine the penetration of the Ag ink into the fibre 

architecture of the fabric in a 3d view, Ag distribution after printing and processing 

was imaged using X-ray computed tomography (XCT) (Xradia 520 Versa, ZEISS, 

Oberkochen, Germany). An optimal set up was applied to avoid focus blurring and 

achieve efficient pixel size. The data was reconstructed using the Zeiss Scout and Scan 

software. The voxel size in the reconstructed data was 1.13 m.  The reconstructed 

XCT data was further analyzed and segmented using the Avizo 9 visualization 

software (Amira Avizo, Thermo Fisher, Waltham, MA). 

Electrical conductance along a single yarn tow, in either the warp or weft directions 

of the fabric, was measured using a 4-point probe (Jandel Engineering, Linslade, UK) 

coupled to a current source and voltmeter (Keithley 2400, Cleveland, OH), as 

introduced in Chapter 3.3.6. 

5.3 Results and Discussion 

5.3.1 Distribution of AgNP Ink 

5.3.1.1 The Effect of Surface Treatment and Drop Spacing 

Previous work on the printing of lines and patterns on solid and porous surfaces has 

demonstrated the importance of both the spacing of drops printed on the surface and 

the fluid-substrate contact angle in determining the morphology of printed 

structures91,194,229,234. In the previous Chapter 4 it was also shown that the contact angle 

has a strong influence on the static equilibrium shape of a drop of ink on a single fibre 

and the interaction of ink with tows of fibre in yarns, although the determination of 

the contact angle as measured on textile surfaces was shown to have difficulties. 

Increased hydrophobicity on textile surfaces after treatment was found with the 

contact angle value of the silver ink on fabrics increasing from 0⁰ to 124⁰ on fabrics. 
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Here we used the commercial Scotchgard™ (SG) treatment to investigate the effect of 

contact angle. SG applies proprietary fluoropolymer coatings to the textile fibre 

surfaces, modifying the fibre surface energy and subsequent ink/fibre interactions 

without altering important textile properties such as flexibility and breathability112–114. 

 

Figure 5.1 SEM images of a single Ag line on printed on the polyester fabric with 20 

m drop spacing (a) and 10 m drop spacing (c), and on the SG-treated fabric (b) and 

(d). 

The inkjet printer produces drops with an approximate diameter in flight of 24 m 

(calculated from the measured printed drop volume). Hence we expect that at both 

values of printed drop spacing used in this study (10 m and 20 m), adjacent printed 

drops are expected to overlap and interact. Figures 5.1 a) and 5.1 b) show scanning 

electron microscope (SEM) images of a single line of ink printed with 20 m drop 

spacing on the as received polyester and SG treated fabrics, respectively. The two 

fabrics show very different behaviour, consistent with the apparent contact angles 
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between the ink and the fibres. The width of the Ag deposit on the surface of fabrics 

(Figure 5.1a and b) are approximately 60 m and 30 m on the as-received and SG 

treated fabrics respectively. The SEM image of the Ag on the as-received fabric also 

shows clear evidence of further ink penetration parallel to the fibres beneath the 

surface. This penetration and transport distance is considerably larger than the mean 

ejected drop diameter of 24 m, demonstrating the strong influence of capillarity and 

the fibre architecture on the distribution of ink. Figures 5.1c – 1d show a similar 

behaviour with the prints made at a smaller drop spacing.  

In order to investigate the distribution of Ag within the fibre architecture of the fabric, 

X-Ray Computed Tomography (XCT) reconstructed images were obtained when a 

single layer patch of ink is printed on the as-received and SG treated fabrics. 3D image 

analysis of the XCT reconstructions and appropriate image segmentation based on X-

Ray absorption has been used to separate the location of the high atomic number Ag 

(coloured blue-green) from the organic polyester fibre structure (coloured grey) in 

Figure 5.2. In all of the XCT images the warp yarns are arranged vertically and the 

weft horizontally with respect to the page. It is clear that for both the as-received and 

SG treated fabrics that there is significantly more Ag associated with the warp yarns 

than the weft at both values of drop spacing. The effect of drop spacing is similar with 

both substrates and can be seen by comparing the image pairs5. 2a) and 5.2c) or 5.2b) 

and 5.2d), where there is more Ag evident with the 10 m drop spaced prints than 

those at 20 m. The influence of fabric treatment and contact angle is revealed by 

comparing the image pairs 5.2a) and 5.2b) or 5.2c) and 5.2d). From this comparison 

there is clearly significantly more of the Ag confined to the surface region of the SG 

fabric, with the as-received fabric showing a more diffuse penetration of the Ag 

throughout the fibre body, which results in Ag within the fabric obscured by images 

of the polyester fibres close to the surface. This behaviour corelates with the ink/fibre 

interaction findings in Chapter 4.3.2 where spreading length reduces with increased 

surface hydrophobicity. 
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Figure 5.2 XCT reconstruction showing Ag (coloured blue-green) distribution 

amongst the polyester fibres (coloured grey) after printing with 20 m drop spacing 

(a) and 10 m drop spacing (b); and amongst the SG-treated polyester fibres (b) and 

(d). 

5.3.1.2 The Effect of Number of Printing Layers and Sintering 

Techniques 

The distribution of Ag as a function of depth beneath the surface is captured by the 

XCT reconstruction, this is better visualized in Figure 5.3, which shows an oblique 

view of the XCT reconstruction of the Ag distribution within the textile after printing 

and sintering 1, 5,10 and 15 layers of the ink. In this sequence of images the fibre weft 

direction runs along the horizontal axis and the warp fibres run vertically (or 

apparently into the depth of the image) from the perspective of the 2D image of the 

3D reconstruction. It is clear from the figure that the total amount of Ag increases with 

the number of printed layers. Ink penetration into the fabric follows the direction of 

the fibres within the tows. This is particularly apparent after printing 10 and 15 layers, 
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where the Ag within the weft tows passes beneath the adjacent warp tow without 

connecting with it. This behaviour is closely related to the observation in Chapter 4.3.2 

ink/fibre interaction, where ink can land and spread on individual fibre tows, form 

columns and flow along fibre tows, or penetrate fibre pores, depending on the pore 

sizes between fibres. 

 

Figure 5.3 XCT 3D reconstruction images of Ag (blue-green) deposition on polyester 

fabrics (grey) with increasing number of printed layers after sintering. Warp fibers 

appear to run into the depth of the page, weft fibers undulate in the horizontal direction. 

The large scale macroporosity between the warp and weft yarn threads is apparent. 

The Ag is retained within the microporosity between the polyester fibers within the 

threads. Note the absence of interconnectivity across the macroporosity separating the 

warp and weft yarn threads. 

The above studies are based on sintering the sample after printing all layers. However, 

this process leads to reduced definition of the edge of the printed area after 

overprinting because even if the previous layer dries before the overprinting, arrival 

of fresh solvent can transport previously printed nanoparticles in the ink by wicking 

beyond the initially defined pattern edge (Figure 5.4 (a) 5 layers specimens). As 

demonstrated in Chapter 4, increased ink volume can lead to increased spreading 

length during ink/fibre interaction until the equilibrium is reached, and with 

interconnected pore structures in textiles, if the volume of the ink exceeds the pore 

volumes in yarn, the spreading length increases with the increasing ink volume. 
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This reduction in edge definition (or pattern resolution) is prevented if the sintering 

process is carried out after each printing pass (Figure 5.4 (a) 5 layers spl specimens). 

These two processing sequences are defined as sintering after all layers printed (SAL) 

and sintering after each layer printed (sintering per layer or SPL). Additionally, the 

specimen printed at 20 m drop spacing on SG treated fabrics shows the best edge 

definition, which the SEM images are shown accordingly in Figure 5.4 (b) (1 layer) 

(c) (5 layers) and (d) (5 layers SPL). Greater silver deposition is found with increased 

printing layers, and it is interesting to observe that the Ag deposits and connects 

between fibre pores through the sintering per layer technique. This behaviour explains 

the reduction of the capillary effect that induces the wicking beyond the defined 

pattern edge. It also corelates with the ink/yarn interaction finding in Chapter 4 on 

Washburn’s equation and Darcy’s law, where reduced pore spacing leads to decreased 

spreading length. 

Figure 5.4 (a) Optical images of inkjet printed silver nanoparticle ink on polyester and 

SG-treated fabrics, with 20 m and 10 m drop spacings, with 1 layer of printing, and 

with 5 layers printing and sintering after all layers (SAL), and with 5 layers printing 

and sintering per layer (SPL); (b-d) SEM images of SG 20m samples on above 

printing and sintering processes. 
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5.3.1.3 Quantified Analysis of Ag Object Size Distribution 

Further image analysis and segmentation of the tomography data can be used to 

identify individual discrete connected Ag objects within the reconstruction (label 

analysis). This process is illustrated in Figure 5.5 with figure 5 (a) showing an image 

from a SG treated fabric, after printing 5 layers of the Ag ink at a drop spacing of 10 

m, with the Ag and polyester components identified through their different X-Ray 

absorption. Figure 5.5b shows the same image but with solely the Ag phase present. 

In Figure 5.5c further image processing is used to isolate discrete connected Ag objects, 

with the largest objects in the reconstruction identified and ascribed a unique 

identifying colour. It is remarkable that, in what appears to be a densely populated 

region of sintered AgNP, there are a number of discrete and therefore electrically 

isolated Ag objects, each of which may extend over considerable lengths within a fibre 

tow. For example, the centre of the leftmost warp tow in Figure 5.5c contains a large 

interconnected fibrous Ag object, coloured brown. This is connected to a small 

fraction of fibres in each weft tow and although they extend beyond the two adjacent 

warp tows, they do not connect with them. A similar region (coloured blue) is visible 

in the rightmost warp tow. Figures 5.5 (d) and 5.5 (e) show a single warp and weft 

tow, respectively, removed from the reconstruction, confirming that the two tows 

show different levels of Ag retention after printing and sintering. Colour map was 

assigned automatically in the Avizo software, connected objects are presented within 

the same colour. 

 

Figure 5.5 (a) XCT reconstruction of 5 layers of AgNP ink deposition on Scotchgard 

treated polyester fabric with 10um drop spacing. (b) Segmentation of the Ag within 

the XCT reconstruction. (c) Label analysis of silver objects from the XCT 

reconstruction. Segmentation of the silver within individual yarns (d) Warp (e) Weft. 

Figure 5.6 presents histograms of relative volume fraction of discrete Ag object sizes 

within the XCT reconstructions, obtained through label analysis. In Figure 5.6 a) we 
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can compare the influence of both drop spacing (10 m - black columns, 20 m – red) 

and fibre surface treatment (SG – filled columns, as received – unfilled) on Ag object 

size after printing a single layer. Comparing the structures printed on the as-received 

polyester fabric the modal volume at 20 m3 drop spacing is about 3000 m3 and about 

10,000 m3 at 10 m spacing. In both cases when repeated on the SG treated fabric 

the modal size increases by an order of magnitude. Figure 5.6 (b) shows a more 

dramatic influence on the Ag object size through increasing the number of printed 

layers. With a single printed layer, the modal size of a single Ag object is 102 m3 and 

this represents many thousands of objects that will not necessarily span the structure. 

As the number of printed layers increases, the greater volume of Ag deposited leads 

to further coalescence of Ag particles and an increase in the fraction of larger object 

volumes. After 10 – 15 printed layers, the modal object size is 104 – 105 m3 with only 

a small number of large objects containing most of the Ag and providing continuous 

conducting paths across the specimen.  

 

Figure 5.6 Distribution of the total volume fraction of individual connected Ag objects 

printed on polyester fabric after sintering: (a) Prints of 1, 5, 10, and 15 layers - 20um 

drop spacing. (b) Effect of surface treatment and drop spacing for a single printed layer. 

The application of the sintering per layer technique is found to improve the edge 

definition (or pattern resolution). In which case the Ag nanoparticles sinter to form 

larger objects and no further transport occurs during overprinting. Sintering after each 

printed layer is also shown to have significant benefits for the Ag distribution after 

printing. This is confirmed by XCT analysis, which shows that layer sintering leads to 

significantly higher printed silver connectivity and larger printed object size after 

printing 5 layers for all surface treatments and drop spacing specimens (Figure 5.7). 
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The improvement through changing the sintering technique is found to be the most 

efficient and material saving method among others, and the time consumption can be 

controlled through alternative industrial inkjet printer set-ups with different sintering 

techniques such as ultraviolet, infrared or microwave sintering 381–383.  

 

Figure 5.7 Ag object volume distribution between different sintering methods (blue 

bars-sintering per layer method; yellow bars-sintering after all layers method)) and 

processing parameters (with 20 m (a, b) and 10 m (c, d) drop spacings on polyester 

(a, c) and Scotchgard-treated polyester (b, d) fabrics). 

With the obvious enhancement of Ag largest object size distribution through the 

sintering per layer technique, Scotchgard-treated 20 m drop spacing specimens with 

the best edge definition is further analysed from printing 1 to 5 layers as shown in 

Figure 5.8. As the number of printed layers increases, the change of the modal object 

size through this sintering technique is dramatically greater than sintering after 

printing all layers. After 4 – 5 layers are printed, the modal object size is 106 – 107 
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m3, with a greater number of large objects containing most of the Ag and providing 

continuous conducting paths across the specimen. 

 

Figure 5.8 Influence of number of layers printed at 20 m drop spacing on SG 

polyester fabric showing a dramatic increase in the proportion of volume in large 

interconnected objects as printed layer number increases. 

5.3.2 Electrical Properties of Printed Ag Structures 

Our visualization of silver deposition after printing on textile substrates shows that the 

distribution of Ag on and within the fabric is strongly controlled by the fibre 

architecture. Its heterogeneous nature indicates that the electrical properties are likely 

to be highly anisotropic, given the different levels of Ag deposition in the warp and 

weft yarns. The discrete nature of the Ag object distribution and the absence of a well-

defined Ag conducting film also suggests that the use of a “sheet resistance” is 

inappropriate to characterize the electrical properties of conductors printed on textiles. 

Figure 5.9 (a) and (b) show the measured electrical conductance along the warp and 

weft yarns as a function of number of printed layers for the two surface treatments and 

drop spacing used with sintering after all layers technique. The difference of electrical 

resistance on warp and weft directions is considerable but, in both yarn directions, the 
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conductance follows the same trend with variation in surface treatment and drop 

spacing. The higher electrical conductance of the warp yarns and poor connectivity of 

silver deposition between yarn tows shows that the warp yarns provide the dominant 

path for current flow.  

Focusing on warp yarns, it is seen that electrical conductance increases with the 

number of printed layers. There is an abrupt transition in conductance as we move 

from printing a single layer to 5 layers. This is interpreted as indicating percolation 

behavior with a rapid increase in conductivity occurring as discrete Ag units become 

sufficiently large to span the probe length of the conductivity apparatus. However, to 

confirm this hypothesis needs more detailed study of conductivity at small layer 

numbers. Increasing the number of overprints from 5 to 10 and 15 layers shows limited 

further enhancement of electrical performance but also leads to reduced printing 

resolution, where the silver ink spreads beyond the printing area due to the capillary 

wicking effect. Reduced drop spacing increases the electrical conductance due to 

improved silver connectivity and deposition amount. The Scotchgard surface 

treatment gives a positive effect on electrical performance at 10 m drop spacing 

samples due to an increased silver concentration (reduced wicking). However, at 20 

m drop spacing the hydrophobic surface reduces the ink wicking and spreading effect 

and, as a consequence, there is reduced interaction between adjacent silver drops, 

which leads to a reduction of electrical conductance. This has some similarities with 

the formation of conducting tracks on solid substrates by inkjet printing where a 

minimum drop spacing is required for connectivity and this value is affected by the 

wetting angle between ink and substrate229.  
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Figure 5.9 Comparison of the effects of drop spacing and surface treatment on 

electrical conductance of AgNP printed on polyester fabrics on warp (a) and weft (b) 

yarns with 1, 5, 10 and 15 layers of sintering after printing all layers. 

For the case of 10 m drop spacing (black symbols) the conductance along the warp 

and weft directions shows similar behaviour with the mean conductance in the warp 

direction being always slightly larger than that in the weft direction for both the as 

received and SG treated fabrics. This is ascribed to the higher density of fibres in the 

warp direction, give those 60 and 76 threads per inch in the warp and weft directions 

respectively (manufacturer’s data). The electrical conductance along both directions 

increases by over three orders of magnitude between 1 and 5 printed layers but with 

further increases in number of printed layers, the conductance increase is within a 

single order of magnitude. There is a significantly greater difference between the 

conductance measured in the warp and weft directions after printing at 20 m drop 

spacing (red symbols). The polyester fabric shows an order of magnitude increase in 

conductance once 5 layers are printed but this value is two orders of magnitude lower 

than seen with the corresponding 10 m print. After 10 and 15 layers the behaviour is 

similar to that seen of the 10 m prints with the weft showing slightly lower 

conductance than the equivalent warp yarn. Finally, the SG fabric requires 15 printed 

layers at 20 m spacing before the warp and weft directions show similar conductance 

values.  

 

Figure 5.10 (a) Electrical conductance comparison of sintering per layer and sintering 

after all layers for 5 layer printing on 4 types of samples; (b) Electrical conductance 

measurements on warp and weft yarns as a function of number of printed layers on 
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Scotchgard polyester fabric with 20 m drop spacing after sintering. Data points for 

both substrates coincide at 1 printed layer.  

Sintering per layer s also shown to have significant benefits for the Ag distribution 

after printing and its electrical properties. Figure 5.10 (a) shows that layer sintering 

leads to significantly higher warp tow conductance values after printing and sintering 

5 layers. An increasement of three orders of magnitude is found in all four types of 

samples with the same effect of surface treatments and drop spacing, where the 

reduced drop spacing and increased surface hydrophobicity lead to higher electrical 

conductance values.  

For Scotchgard-treated 20 m drop spacing specimens with the best edge definition 

as shown in Figure 5.4 (a), detailed electrical conductance measurements at small layer 

numbers from 1 to 5 layers are made on individual warp and weft yarn threads within 

the fabric (Figure 5.10 b), where the warp conductance is always greater than the weft 

value. The electrical conductance in both threads shows a sudden increase, greater 

than 2 orders of magnitude, after 2 printed layers in the warp direction and between 3 

and 4 printed layers in the weft direction. Such a marked transition in behaviour, is 

interpreted as indicating the onset of percolation connectivity of the Ag objects. 

5.3.3 Analysis: Influence of Ag Distribution on Printed 

Electrical Properties 

A rough corelation between the printed electrical conductance and the silver object 

size is gradually revealed from the above studies. Comparing the XCT analysed 

images in Figure 5.11, it can be seen clearly that printed silver achieves better 

connectivity and larger printed unit size after Scotchgard treatment, reduced drop 

spacing and layer sintering. Therefore, the influence of Ag distribution on printed 

electrical properties will be studied focusing on the specimens from the layer sintering 

method.  
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Figure 5.11 Label analysis of silver objects from the XCT reconstruction, comparing Ag 

distribution of between different sintering methods and processing parameters. Individual 

Ag objects are coloured to present their connectivity. 

Our data confirms that in woven textiles, Ag distribution can be significantly different 

in the warp and weft directions after printing a conductive ink. The weaving process 

generates inherent anisotropy within a textile fabric and the two families of orthogonal 

yarns are not identical in structure and properties. The warp and weft yarns may be of 

similar or different composition, fibre density, and amount of twist per unit length. 

There is also only limited electrical interconnection between adjacent fibre tows in the 

same direction or between the warp and weft yarns at cross-over points. XCT 

reconstruction data in Figure 5.12 (a) shows the increase in connectivity of silver 

objects within one of the warp yarn tows that occurs with increasing number of printed 

layers. Figure 5.12 (b) compares the silver volume measured in the warp and weft 

yarns and their largest connected object. The proportion of the Ag ink in the warp 

yarns becomes larger as the number of printed layers increases. After five layers are 

printed, the quantity of ink in the warps is 2 times greater than in the wefts. 
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Figure 5.12 (a) Segmented silver deposition on warp yarns from printing 1 to 5 layers 

and (b) total printed volume and the volume of the largest silver object on the warp 

and weft yarns with increasing number of printed layers, on Scotchgard polyester 

fabric with 20 m drop spacing after sintering. 

To further understand the mechanisms for the electrical conductivity of printed Ag ink 

on textile surfaces we propose a simple model that relates the quantity of Ag deposited 

to the measured conductance. We assume that the warp and weft tows can be 

considered independently and that only Ag present in objects that continuously span 

the path between the testing probes contributes to the measured conductance. It is 

proposed that the conductance of a yarn can be predicted by determining the largest 

connected silver object in the XCT reconstruction of the yarn/silver structure and 

assume that this represents the conductive pathway. If the object has a volume, Vmax, 

and it extends along the complete length of the fiber tow, as is necessary to provide a 

conductive pathway, then its length, l, is defined by the size of the reconstructed image, 

in this case lim = 1400 m. From inspection of the XCT reconstructions after label 

analysis, this assumption was always clearly valid when multiple layers of ink are 

printed). We further assume that the silver object can be considered as a continuous 

solid, in which case the cross-sectional area is defined by A = Vmax /lim. The 

conductance, G, of the object along the yarn direction is then 

                                ( ) max
2im

im im

VA
G l

l l


= =                                    (5.1) 

where  is the conductivity of Ag. The length lim is that of the XCT reconstruction, in 

this case 1400 m, the length used to measure the conductivity of the yarn is that set 

by the interprobe distance used in the measurement device, lprobe = 1400 m. If we 
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assume that the effective cross-sectional area, A, and the conductivity, , are both 

independent of measured length, then for any given length, the product of G(l) and l 

is constant. In which case we have for the measured probe length and image length: 

  ( ) ( )im im probe probeG l l G l l =                                  (5.2a) 

and hence             ( ) max
probe

im probe

V
G l

l l


=                                                     (5.2b) 

It is not clear whether the conductivity of bulk Ag is appropriate for objects produced 

by sintering AgNP given that the sintering temperature and time have been defined 

arbitrarily and there is likely to be significant porosity impeding conductance. To 

obtain the appropriate value of  for use in equation (5.2) the effective conductivity 

of a Ag film printed on a polyester film using the same NP ink was measured. An 

estimate of the conductivity of the Ag nanoparticle ink was achieved by measuring the 

sheet resistance, Rs, of ink printed on a polymer sheet and subject to the identical heat 

treatment as used in the textile experiments. The sheet resistance was measured using 

a 4-point probe set up identical to that used with the textile specimens. If the layer of 

ink is sufficiently thin the sheet resistance is given by equation (5.3) 

                                                       4.53s

V
R

I
=  (5.3) 

And if the film is of thickness t, then the effective conductivity of the sintered ink is: 

                                                        
1

eff

stR
 =                                                                            (5.4) 

This gives an effective conductivity of  = 2.5 x 106 S.m-1, which is considerably 

lower than the bulk value for Ag of 6.3 x 107 S.m-1. This value was used to interpret 

the relationship between Ag object volume and warp tow conductivity. 

The measured volume of the largest connected object (Figure 5.12 (b)) is identified by 

segmenting the reconstruction to accurately separate the volume of connected Ag from 

the rest of the material in the observed volume. Two segmentation methods were 

applied, the Tophat method is an operation that extracts elements that are smaller and 
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brighter than their surroundings by subtraction from the input image, which results in 

better visualization fit of our samples compare to other general auto-thresholding 

methods384,385. However, there are always concerns that the image segmentation 

procedure used to identify the presence of Ag may incorrectly measure the total 

volume. Segmentation uses a critical threshold value and if this is set incorrectly it 

will not return a true value of the Ag content of the object. The expected volume of 

Ag after printing and sintering can be predicted from the volume of an individual 

printed drop and the number of drops printed. This can be easily computed from the 

area of the sample, the mean drop spacing and the number of printed layers. The total 

volume of ink printed, Vp, is defined: 

                                                      p ink Ag

p

Ag

N F
V




= *Vink (5.5) 

where Np = number of droplets printed, ink = density of the ink, FAg = the weight 

fraction of Ag in the ink, Ag is the density of bulk solid Ag and Vink represents the 

individual ink volume. Np was calculated by measuring the area of the X-Ray image 

and dividing by the drop spacing in the x- and y-directions of the printer; in this case 

the spacing was identical in both directions. FAg = 0.30 and ink = 1450 kgm-3 

(manufacturer’s data), and Ag = 10500 kgm-3. 

In all cases, around 70wt% of silver nanoparticles were retained on the fabrics (direct 

weight measurement) after printing and heat treatment compared to the expected value 

printed (computed from drop number and volume). This discrepancy is explained by 

losses due to a fraction of the ink penetrating the single fabric layer and resting on the 

surface beneath and other losses of poorly adherent particles from handling of the 

samples during transfer between printing and sintering. The quantity of Ag present 

after printing can also be measured using thermogravimetric analysis (TGA), in which 

the organic textile is removed by oxidation to gaseous product and the residue will be 

the printed silver (Appendix 5.1). Figure 5.13 compares the three values of Ag content: 

i) the expected silver content computed from the drops printed (orange 

symbols); 

ii) the Ag volume determined by Tophat image segmentation (blue symbols); 
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iii) the Ag volume determined from the residue after TGA testing (green 

symbols). 

In all cases the actual amount of Ag determined experimentally by TGA was smaller 

than the expected value printed and the amount of Ag determined by image 

segmentation was always greater than the expected value. With decreasing drop 

spacing and in the presence of Scotchgard the segmentation value converges towards 

the expected value but the difference between the expected value and the TGA data 

increases. Since the TGA sample is taken from the centre of the printed samples, the 

textile wicking effect driven by the capillary action allows ink to flow exceeding the 

edges. This wicking effect as discussed above is a key factor to form conductive 

patterns but reduces the printing resolution and leads to reduced Ag deposition amount. 

Scotchgard treated polyester samples show smaller amount ink loss due to the surface 

hydrophobicity that can relatively prevent ink vertical penetration and reduce the 

wicking effect. 10 m drop spacing samples show greater amount of ink loss due to 

the excessive amount of silver ink that can increase the wicking effect and possibly 

beyond pore volume in the fabric338,339. 
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Figure 5.13 Silver volume comparison from X-ray CT, inkjet printed and TGA 

measured AgNP printed on polyester fabric with 20um drop spacing and that with(a) 

and (b) without surface treatment, and with 10um drop spacing with (c) and without 

(d) surface treatment. 

One possible reason to explain the greater image segmentation volume through the 

Tophat method is the partial volume effect, which occurs when there is sufficient Ag 

present in the voxel to exceed the threshold, but the Ag does not completely fill the 

voxel. Therefore, an alternative segmentation method is to manually adjust the 

thresholding such that the measured volume matches the known Ag deposition volume 

(computed from surface drop density and efficiency of Ag deposition, Figure 5.14). 

This method returns poorer quality image reconstructions but suggests that the over 

segmentation of silver volume could lead to errors in voxel connectivity and thus 

predict a greater electrical conductance through the Tophat method (Figure 5.15). A 

fuller analysis of the two segmentation methods reveals that in all cases the Top Hat 

method identifies larger connected Ag volumes, and this is particularly marked with 

the 20 m drop spacing samples (see Appendix 5.2 for a complete histogram of the 

data for the two reconstruction methods). 
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Figure 5.14 Segmentation results from Top Hat and matching printed volume. 

Focusing on the warp yarns (Figure 5.15 red symbols), it is clear that electrical 

conductance increases with the number of printed layers at smaller number of printing 

layers. This is consistent with a percolation mechanism leading to an increase in 

conductivity as discrete Ag units become sufficiently large to span the probe length of 

the conductivity apparatus. This is consistent with the order of magnitude increase in 

the size of the modal object (Figure 5.8). Reduced drop spacing increases the electrical 

conductance due to improved conductor connectivity and increasing Ag volume. The 

Scotchgard surface treatment also gives a positive effect on electrical performance due 

to an increased Ag concentration (reduced wicking).  
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Figure 5.15. Mean electrical conductance and standard deviation measured along a 

single warp yarn tow after printing and sintering on a polyester fabric as a function of 

number of layers printed (red symbols) compared with the predicted value determined 

from measuring the largest single object present in the equivalent XCT reconstruction 

using either a Tophat algorithm (blue symbols) or total matched volume (brown 

symbols) to assign Ag content to a voxel. The following printing conditions are 

presented to allow comparison of the influence of drop spacing (figure panel columns) 

and fabric surface treatment (figure pane rows). (a) SG Fabric, 20 m drop spacing, 

(b) as-received fabric, 20 m drop spacing, (a) SG Fabric, 10 m drop spacing, (d) as-

received fabric, 10 m drop spacing. Note that at 20 m drop spacing, the conductance 

at 1 printed layer on the SG fabric, and at 1 and 2 printed layers with the as-received 

fabric, is < 10-7 S and thus not plotted. 

The results of the predicted conductance of the fabric using the two segmentation 

methods are shown in Figure 5.15 with the top hat method using blue symbols and the 

matched volume brown. The difference in the object volumes determined by the two 

segmentation strategies mirrors the divergence in the predictions of conductivity. In 

general, the top hat segmentation method predicts larger Ag volume and this results in 
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the predicted conductance being larger than that measured experimentally. The 

opposite effect is seen with the matched volume method, with the predictions now 

being lower than experiment. The best agreement between experimental conductance 

data and predictions from the Ag volume measurements occurs with the 10 m drop 

spacing printed on the as-received fabric (Figure 5.15 (d)) where both segmentation 

methods converge to a good agreement with experiment. The greatest divergence 

occurs at larger drop spacings and fewer printed layers, where the electrical 

conductivity is highly sensitive to the percolation of conductive pathways and the 

limited voxel resolution of the XCT data leads to greatest uncertainty.  

The limitations to quantitative data analysis from tomographic reconstructions are well 

known and have been discussed in the literature. The complete process used in this 

study involves X-ray generation, interaction with the scanned object, detection and 

image processing. The segmentation of the image to isolate Ag volume is based on a 

threshold value that can illustrate the image intensity change318,386. Ideally, the 

reconstruction process would be capable of reforming raw image sinogram and 

applying filters to apply correct value of linear attenuation coefficient to each voxel. 

However, this process is difficult to achieve in our case with inhomogeneous materials 

and polychromatic X-ray, not to mention the possible loss of geometric and quantum 

efficiency during the detection process318. Finally, we note that XCT studies of Ag 

distribution within printed fabrics is not limited to simple interpretations of local 

conductivity. Future studies could investigate the influence of fibre orientation and 

weave architecture on ink flow and with the use of high flux sources such as 

synchrotrons, dynamic aspects of ink transport could be tracked. 

5.4 Conclusions 

X-ray computed tomography is a powerful tool for monitoring the distribution of a Ag 

conductive ink in textile substrates after inkjet printing. Reduced drop spacing and 

increased surface ink phobicity lead to localized Ag concentration post-deposition and 

improved connectivity after sintering leading to increased electrical conductivity. 

Sintering after each layer is printed shows advantages in terms of electrical 

performance and printing resolution but will reduce production rate compared to a 

single heat treatment after multilayer printing. Local fibre architecture is found to be 



134 
 

important with Ag transport occurring preferentially along the direction of the fibre 

tows in the fabric. The warp and weft yarns present different silver concentrations after 

printing due to their different fibre architectures, with the warp direction dominating 

both the Ag content and conductivity due to its greater thread density than the weft 

direction. This and other heterogeneities in the textile architecture demonstrates that 

the use of a “sheet resistance” is inappropriate for describing the electrical 

performance of conductive materials deposited on textile substrates.  

Detailed study of XCT reconstructions after printing and segmentation of the Ag 

distribution in the warp and weft yarns show that the majority of the conductive paths 

develop along each yarn direction and that there is poor electrical connectivity 

between individual yarn tows even when they overlap in the weave. The electrical 

conductivity within a yarn increases rapidly with increasing number of printed layers. 

The conductivity is shown to be strongly dependent on the effective volume of Ag in 

continuous conductive objects spanning the specimen volume which is consistent with 

a percolation threshold network model for yarn conductance. A simple model has been 

developed using segmented Ag volume data from XCT reconstructions to predict the 

conductance of the specimens through ohm’s law. This model is consistent with the 

trends in electrical properties measured as a function of fabric properties and printed 

drop spacing, although precise agreement with the results is strongly influenced by the 

segmentation method used to identify the presence of Ag in the reconstructions.  
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Chapter 6 The Effect of Fabric Structures on 

Inkjet Printed Electronic Textiles 

6.1 Introduction 

Potential applications of electronic textiles (E-textiles) for use in wearable technology 

have been previously demonstrated by a number of researchers and industries 

8,56,245,387–389. E-textiles that contain electrically conductive tracks can be embedded or 

layered with other electronic components to enable systems for a range of purposes 

including sensing, computing, communication, and actuation390–393. Depending on the 

fabric’s purpose, the conductive tracks can be used as interconnects, antennae or for 

electrodes in energy storage devices to exploit its flexible and stretchable 

nature55,59,329,394.  

Previous reports on the conductive properties of E-textiles achieved through inkjet 

printing have shown promising results, however they indicate that the textiles’ 

flexibility, wearability, breathability, and washability may be compromised1–3. 

Additionally, there have been reports of unwanted migration of the conductive 

material on and within textile substrates. This ink bleeding phenomenon leads to a 

waste of expensive functional inks and reduces the electrical performance15,124,188. A 

variety of methods have been introduced to improve the printing quality on fabrics, 

such as modifying the textile surface energy or the sintering process13,190. However, to 

achieve outstanding printing quality and produce conductive E-textiles, without 

affecting the intrinsic textile properties, remains a great challenge.  

In the previous results chapters, the interaction of a functional Ag nanoparticle ink 

with polyester fibres, yarns and a woven fabric have been reported. This has 

demonstrated that the ink fibre surface interaction and associated capillarity forces 

drive the flow across and within the fibrous structure of the fabric. The importance of 

the effective pore radius in driving the ink transportation speed in the yarn was 

revealed. Meanwhile a conflict in the transport behaviour between experiments on 

ink/yarn and ink/fabric interaction illustrated the important effect of fabric woven 

structures on ink transportation. Additionally, the effect of the fibre and yarn 

architecture was demonstrated by the distinct difference in electrical properties 

measured in the warp and weft directions of the standard fabric used after printing and 
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sintering the Ag ink. This influence of the internal fibre structure is as important as the 

effects of surface treatment, drop spacing or sintering methods on the printing quality 

and electrical performance of the textile.  

These studies have revealed the fundamental mechanisms of ink textile interaction and 

the electrically conductive mechanism in e-textiles. Individual printed ink droplets can 

form connected conductive paths among the pores in yarns. Increased effective pore 

radius led to increased ink infiltration rate in the yarn, while other geometric factors 

such as an increase in the volume fraction of fabric scale pores (pores between crossing 

yarns) and reduced tortuosity of the yarns, could result in reduced ink infiltration rate 

in fabrics. A greater infiltration rate at the fabric scale could lead to better connectivity 

of ink objects in a yarn and improved electrical performance. These observations raise 

the possibility of simply altering the textile’s structure to achieve improved printing 

quality and conductive performance of e-textiles380, which to our knowledge, has not 

been previously discussed in the prior literature. In order to explore the effect of the 

fabric structure further, six examples of polyester woven fabrics with nominally the 

same fibre composition but with different fabric structures are investigated. These 

observations will be compared with their expected interaction behaviours will be 

evaluated through combining models of fluid infiltration used earlier, and any findings 

will be used to determine the influence of fabric structure on printing quality and 

subsequent electrical conductivity.  

6.2 Research Methods 

Six types of plain-woven polyester fabrics, provided by Premier Textiles (Manchester, 

UK), have been used as substrates and listed in Table 6.1. Note that fabric F2 is the 

same fabric as used in chapters 4 and 5 and is identified by bold letters in the table. 

Since it was found that the reducing the drop spacing improves the electrical properties, 

the silver ink was inkjet printed using 10 m drop spacing with a DMP 2800 printer 

(Fujifilm Dimatix, Santa Clara, CA) and printheads of nominal drop volume 10 pl 

(DMC-11610, Fujifilm Dimatix) to produce lines and 5 mm × 5 mm patches with the 

inter-line spacing set equal to the drop spacing. No surface treatment was applied to 

the fabric prior to printing. Heat treatment method (SPL) was applied with 5 layers of 

ink printed, with each layer sintered for 20 mins at 150 ℃ immediately after printing 
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and drying before overprinting any subsequent layer, once the final printed layer was 

dried the multilayer was sintered for a further 40 mins at 150 ℃. 

FTIR was used to examine the chemical composition of the polyester fabrics. 

Electrical conductance along a single yarn tow was measured using a 4-point probe 

(PE4, Everbeing, Hsinchu City, Taiwan) coupled to a current source and voltmeter 

(Keithley 2400, Cleveland, OH). The radius of the probes was modified to 150 m 

and the distance between the probes was one repeat units of the weave. Optical images 

and X-ray tomography were used to observe the spreading of silver ink on the fabrics 

and the connectivity of silver deposition on textiles. 

6.3 Results and Discussions 

6.3.1 Fabric Characterisation 

Figure 6.1 shows FTIR spectra obtained for each of the 6 different fibre samples used 

in this study. The spectra show little difference from each other, which is consistent 

with the assumption that all the polyester fibres used in the supplied fabrics have a 

similar composition. The strong peaks at wave numbers 718 cm-1, 865 cm-1 and 1988 

cm-1 are related to the benzene ring structure of polyterephthalate, while the peaks at 

1090 cm-1 and 1241 cm-1 represent the C-O stretching, and the peak at 1710 cm-1 

indicates C=O stretching in the ester linkages, finally the peak at 2950 cm-1 illustrates 

alkane C-H stretching. There is no significant new peak or intensity change comparing 

fabric F2 as studied in previous chapters with the other fabrics. We believe that the 

similar nature of the spectra indicates a similar surface energy for the fibres in the 

fabric. Therefore, we assume that the ink/fibre contact angle will be constant for the 

six fabrics studied and that any differences in their behaviour will be predominantly 

caused by differences in the textile architecture. 
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Figure 6.1 FTIR spectrum of the fabric samples F1 to F6. 

Key parameters for the textile architecture of each fabric were measured and are 

summarised in Table 6.1. All the measurements for each of the 6 fabrics studied was 

obtained from cross-sections of the fabrics obtained from XCT reconstructions and 

analysed using ImageJ (Figure 6.2), each measurement is a mean and standard 

deviation from 5 samples. 
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Table 6.1 Fibre, yarn and fabric parameters of six types of plain-woven polyester 

textiles used in this project. Fabric weight and yarn density data given by the supplier; 

all other measurements are derived from analysis of XCT reconstructions. Each 

measurement was averaged among three samples, and the standard deviation was 

calculated. 

Fabric Name F1 F2 F3 F4 F5 F6 

Fabric Weight (g/m2) 80 145 240 250 290 450 

Total Fibre Volume 

per area in Fabric 

(m3/ m2) 

60.4 110 176 181 192 302 

Yarn Density 

(ends/cm) 

warp 40 23.6 10 14.5 16.5 10 

weft 60 30 11.6 18 28.5 25 

No. Fibres in 

Yarn 

warp 70±3 210±4 650±7 500±5 350±5 520±7 

weft 45±2 50±2 210±4 330±3 350±5 500±7 

Fibre Diameter 

(m) 

warp 10±0.7 10±0.6 10±0.5 10±0.3 10±0.6 10±0.4 

weft 10±0.5 16±0.8 18±0.9 10±0.5 10±0.3 10±0.5 

Yarn 

Longitude 

Diameter (m) 

warp 140±9.4 300±8.5 650±16 400±4.5 350±22 500±21 

weft 150±3.9 300±15 820±40 550±8.9 480±20 600±6.1 

Yarn Latitude 

Diameter (m) 

warp 80±6.8 200±17 200±5.7 270±8.9 180±18 300±27 

weft 70±2.1 100±6.2 250±3.5 150±2.5 160±8.2 280±18 

Tortuosity 

warp 
1.03± 

0.01 

1.05± 

0.01 

1.05± 

0.01 

1.05± 

0.01 

1.07± 

0.01 

1.03± 

0.01 

weft 
1.18± 

0.01 

1.19± 

0.01 

1.08± 

0.01 

1.1± 

0.01 

1.15± 

0.01 

1.25± 

0.01 

Fibre Volume 

Fraction in 

Yarn 

warp 
0.60± 

0.02 

0.60± 

0.01 

0.65± 

0.01 

0.71± 

0.01 

0.70± 

0.01 

0.70± 

0.02 

weft 
0.50± 

0.03 

0.50± 

0.02 

0.55± 

0.01 

0.68± 

0.03 

0.68± 

0.02 

0.60± 

0.02 

Effective Fibre 

Pore Size 

(mean fibre 

separation) 

(m) 

warp 
2.3± 

0.08 

2.3± 

0.04 

1.8± 

0.03 

1.3± 

0.01 

1.4± 

0.02 

1.4± 

0.04 

weft 
3.5± 

0.21 

5.5± 

0.22 

5.1± 

0.09 

1.5± 

0.06 

1.5± 

0.04 

2.3± 

0.07 

Cross-section 

Pore Area in a 

Single Yarn 

(m2) 

warp 
4000± 

260 

18000±

1900 

38500±

1300 

23500± 

110 

16200±

1700 

36000± 

4100 

weft 
5000± 

310 

12500±

390 

67500±

5800 

16000± 

520 

17600±

1200 

52000± 

3300 

Pore Volume Density 

in yarn in fabric 

(m3/ m2) 

51.8± 

3.3 

89.2± 

6.1 

125± 

8.6 

67.5± 

1.2 

86.3± 

6.9 

200± 

15 
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The total fibre volume per area in fabric is defined as the fibre volume in the fabric 

captured using XCT divided by the area of the image, which represents similar results 

as the fabric weight data provided by the manufacturer. The number of fibres in the 

yarn was counted using the ImageJ ‘multipoint’ tool (Figure 6.2). The fibre diameter, 

yarn diameter and tortuosity (ratio of the curved length to the distance between its 

ends), and yarn area were measured by drawing straight or freehand lines across 

appropriate areas in the image and measured using the ‘Analyse-Measure’ function. 

The yarn area was measured using the same method while drawing an elliptical shape 

to define the yarn perimeter. Because of the consistent spinning process from fibres to 

yarns, the number of fibres and the fibre diameters were stable without any large 

deviations from the mean values. The yarn diameters show greater variation as in 

woven fabrics the fibres on the surface can be loose as shown in Figure 6.2, while the 

tortuosity of the yarns remains consistent. 

 

Figure 6.2 Example of analysis of number of fibres, fibre diameter, yarn diameter and 

yarn tortuosity measurements using ImageJ. 

The fibre volume fraction in the yarn, Vf, was measured using the area fraction of fibres 

in the cross-sectional images. As shown in Figure 6.3, through selecting the image 

thresholding, the area of fibres was segmented out from the pore area, and by drawing 

the elliptical shape around the yarn area and applying ‘Analyse-Measure’ function, the 

area fraction of fibres in yarn can be obtained in ImageJ, and the cross-section pore 

area in the yarn equals the yarn area multiplied by (1- Vf). 



141 
 

 

Figure 6.3 Example of the method used to obtain fibre volume fraction in yarn through 

the cross-section image from XCT and ImageJ. 

The effective pore size is calculated assuming an ideal hexagonal packing of parallel 

fibres (Figure 6.4). The effective pore size, a, is defined as two times the effective pore 

radius, reff, and is determined from the fibre volume fraction Vf, and mean fibre radius, 

rf. as follows: 

𝑉𝑓 =
𝐴𝑓

𝐴ℎ
=

𝜋𝑟𝑓
2

3√3

2
[
𝑟𝑒𝑓𝑓+𝑟𝑓

cos(30°)
]2

                                              (6.1) 
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   𝑎 = 2𝑟𝑒𝑓𝑓 = 2 ∗ (√
𝜋𝑟𝑓

2

2√3𝑉𝑓
− 𝑟𝑓)                                   (6.2) 

 

Figure 6.4 Schematic diagram showing the ideal hexagonal packing used for the 

effective pore size calculation.  

The cross-section pore area (Apy) of a single yarn can be obtained from XCT cross 

section images as shown in Figure 6.3 through ImageJ analysis, which is the pore area 

in the drawing elliptical shape around the yarn area. The volume density of pores in 

yarns in fabric (Vpf) can be calculated through Equation 6.3, where Apy  refers to the 

area of pores in individual yarns, and Apf includes both warp and weft direction yarns. 

It is noteworthy that the pore volume in the yarns within the fabrics does not 

proportionally relate to the effective pore size.  

𝑉𝑝𝑓 = (𝐴𝑝𝑦 ∗ 𝑦𝑎𝑟𝑛 𝑙𝑒𝑛𝑔𝑡ℎ ∗ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑦𝑎𝑟𝑛𝑠)𝑤𝑎𝑟𝑝+𝑤𝑒𝑓𝑡/𝑓𝑎𝑏𝑟𝑖𝑐 𝑎𝑟𝑒𝑎

= (𝐴𝑝𝑦 ∗ 𝑦𝑎𝑟𝑛 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ∗ 𝑦𝑎𝑟𝑛 𝑡𝑜𝑟𝑢𝑜𝑠𝑖𝑡𝑦)𝑤𝑎𝑟𝑝+𝑤𝑒𝑓𝑡 

(6.3) 

Comparing with fabric F2, as used in the previous chapters, F1 is a thinner fabric, 

composed of thinner yarns with a smaller number of fibres in each yarn, yet has a 

similar fibre volume fraction and effective fibre pore size as F2. In contrast, fabrics F3 

to F6 are thicker fabrics compared to F2; they have thicker yarns comprising a larger 

number of fibres with higher fibre volume fraction and a smaller effective fibre pore 

size. Additionally, thicker yarns can limit the yarn density in the fabric.  
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6.3.2 Inkjet Printing Quality and Conductivity of Electronic 

Textiles  

The optical images in Figure 6.5 (a) shows a dramatic change in printing quality with 

different textile structures. Figure 6.5 (b) quantifies the ink spreading length in each 

fabric, the normalised spreading length represents the spreading length of ink on 

fabrics divided by the originally printed pattern length. It is shown that fabrics F1 and 

F2 show a large amount of ink bleeding, where the ink bleeds for over 2 times the 

distance of the originally printed length. Fabrics F3 to F6 show improved printing 

quality with little ink bleeding occurred. The most anisotropic printing quality is found 

in fabric F2, where the ink spreading difference between warp and weft yarns is the 

greatest due to the difference in the yarn structures.  
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Figure 6.5 (a) Optical images of Ag deposition on six fabric structures from F1 to F6 

with 5 layers sintering per layer and 10m drop spacing, same warp and weft 

directions apply on all six fabrics as indicated on the top left of the figure. (b) 

Spreading length of the ink, normalised by the printed patch length, on six types of 

fabrics in warp and weft directions, based on three specimens for each measurement.  

Apart from improving the ink printing quality on textiles, the electrical conductivity 

of e-textiles requires enhancement. The measured conductance values for 5 layers of 

silver ink printed on six types of fabrics with 10 m drop spacing were measured, as 

shown in Table 6.2. The conductance is reported only along the warp direction because 

low conductive performance was observed along all fabric weft directions. The length 

used to measure the conductance of the yarn is that set by the interprobe distance used 

in the measurement device, which depends on the fabric woven structure, individual 

lprobe applied for fabric F1 to F6 are shown in Table 6.2. To compare the conductance 

values without the effect of the probe measuring length, the values were normalised 

based on the measurement conductance times with the probe length applied on 

measurement, and the results are plotted as shown in Figure 6.6. It is found that fabrics 

F1 to F3 show better conductance results compared to fabrics F4 to F6. 

Table 6.2 Measured conductance results with their corelated probe lengths, and the 

total silver volume captured in XCT imaged area.  

Fabrics F1 F2 F3 F4 F5 F6 

Measured conductance 

(Siemens) 

3.6±2.3

*10-2 

2.5±2.0

*10-2 

4.4±3.8

*10-2 

9.6±9.0

*10-4 

6.1±5.9

*10-3 

1.6±0.8

*10-4 

Probe length (m) 280  1400 1750 1090 750 850 

Yarn conductance 

(Siemensm) 

10.0± 

6.4 

34.9± 

28.6 

77.5± 

66.9 

1.05± 

0.98 

4.56± 

4.43 

0.14± 

0.07 

Total Ag volume in 

imaged area (m3) 

(1350um*1350um) 

1.4±0.2

*107 

3.2±0.2

*107 

4.2±0.7

*107 

3.3±0.5

*107 

3.7±0.5

*107 

4.1±0.7

*107 

Total inkjet printed Ag 

volume (m3) 

2.64* 

107 

2.64* 

107 

2.64* 

107 

2.64* 

107 

2.64* 

107 

2.64* 

107 

Ag volume density 

fraction 
0.53 1.21 1.59 1.25 1.40 1.55 
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Figure 6.6 Normalised electrical conductance values of 5 layers silver ink printed on 

the six types of fabrics with10 m drop spacing. 

 

Figure 6.7. Segmented X-ray images of Ag deposition on six fabric structures of (a)-

F1, (b)-F2, (c)-F3, (d)-F4, (e)-F5 and (f)-F6 with 5 layers sintering per layer and 10um 

drop spacing, same warp and weft directions apply on all six fabrics as indicated on 

the top left of the figure.  
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Table 6.2 also presents the Ag volume values obtained from XCT images, where 

higher total silver volume in imaged area was obtained in fabrics F2 to F6 comparing 

to F1. Note that the total Ag volume measured from the XCT data is different from 

the total volume of Ag printed as determined from the number of drops printed (2.64 

x 107 m3, this will be discussed with the other XCT results. 

To further understand the effect of textile structures on e-textiles, segmented X-ray 

tomography images of silver deposition on the six fabric structures is shown in Figure 

6.7. Constant colour regions in the warp yarns shows the extensive silver connectivity 

in fabric F1 to F3, and discontinuous silver objects are observed in fabric F4 to F6. 

Additionally, the silver objects can be separated when multiple threads are involved 

in single yarn tows in fabrics F4 to F6, where different colour regimes were detected 

in weft yarns in fabric F3 to F6 as shown in Figure 6.7 (c-f). The silver volume density 

can then be obtained through the Ag volume measured in the imaged area divided by 

the area captured (shown in Table 6.2), and the fraction of the silver volume density 

captured in the XCT image to the originally inkjet printed silver volume density is 

shown as Ag volume density fraction in Table 6.2. Since the sintered silver volume 

captured in XCT is greater than the actual deposited silver volume due to the 

segmentation method applied as discussed in chapter 5, the silver volume density 

results in values greater than one in all fabrics except fabric F1. 

Interestingly, it is observed that the electrical performance of the six types of fabrics 

is in contrast with their printing quality (resistance to bleeding). Lower printing quality 

was observed in fabrics F1 to F3 and these showed the highest electrical conductance 

values. It is noticeable in Figure 6.7 that the silver object connectivity reduces with 

increased printing pattern quality when the spreading mechanism is limited in fabric 

F4 to F6.  

6.3.3 The Effect of Fabric Structures on the Printing Quality 

of Inkjet Printed Electronic Textiles 

Figure 6.5b presented the ink spreading length on the six types of fabrics. This data 

can be compared with the predictions of the models of Washburn and Darcy. If we 

assume a constant contact angle (16°), yarn sphericity (Ø =1.86), ink viscosity ( = 14 

mN.m-2.s) and surface tension (LV = 37.5 x 10-3 N.m-1) for ink transport in all six 
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fabrics, Table 6.3 summarises the predicted infiltration rate (
𝐿2

𝑡
) through applying 

Washburn (geometric constant C=10.9) and Darcy’s law (geometric constant K=86.2) 

as measured in chapter 4 using fabric F2.  

Table 6.3 Ink infiltration rate, L2/t, in the warp and weft fabric directions, as predicted 

using the approach of Washburn and Darcy, comparing with spreading length 

measured. for the 6 fabrics. (Averaged L-measured values are presented, see Appendix 

6.1 for detailed measurement values) 

Fabrics Orientation F1 F2 F3 F4 F5 F6 

L2/t (cm2/s) 

(Washburn) 
Warp 0.16 0.16 0.13 0.09 0.10 0.11 

L2/t (cm2/s) 

(Washburn) 
Weft 0.25 0.39 0.36 0.11 0.16 0.16 

L2/t (cm2/s) 

(Darcy) 
Warp 0.16 0.16 0.14 0.11 0.11 0.11 

L2/t (cm2/s) 

(Darcy) 
Weft 0.23 0.38 0.35 0.12 0.12 0.16 

L-measured 

(cm) 
Warp 2.10 1.78 0.77 0.71 0.63 0.50 

L-measured 

(cm) 
Weft 1.28 0.66 0.67 0.72 0.69 0.77 

L-

measured2/(L2/t) 

(s) (Washburn) 

Warp 13.1 11.1 5.92 7.88 6.30 4.54 

L-

measured2/(L2/t) 

(s) (Washburn) 

Weft 5.12 1.69 1.86 6.54 4.31 4.81 

L-

measured2/(L2/t) 

(s) (Darcy) 

Warp 13.1 11.1 5.50 6.45 5.72 4.54 

L-

measured2/(L2/t) 

(s) (Darcy) 

Weft 5.56 1.74 1.9 6.00 5.75 4.81 

 

In Table 6.3, L-measured values represent the ink spreading length observed on optical 

images, and L-measured2/(L2/t) shows the time (t) that requires in theory for ink 

spreading to the measured length. We assume that the total time available for 

spreading is constant in each case because the ink and printing conditions are identical. 

Thus, we use the metric of the measured ink transport length raised to the power 2 (L2) 

divided by the infiltration rate predicted by the Washburn and Darcy’s models (L2/t) 

as a comparator between model and experiment (in italics, Table 6.3). 
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First, we consider fabrics F4, F5 and F6, all of which showed relatively little ink 

bleeding along either the warp or weft directions. For these three fabrics the Washburn 

and Darcy models predict similar infiltration rates along warp and weft, which is 

consistent with experiment as seen by the (L2)/(L2/t) values. However, fabrics F1, F2 

and F3 show considerable differences from the models’ predictions. In all three cases 

fluid is transported considerably greater lengths along the weft direction than the warp 

direction. This contradicts the predictions of the infiltration models, which predict 

greater infiltration along the warp direction and this is confirmed by the considerable 

difference in the (L2)/(L2/t) values for the warp and weft directions, in contrast with 

the similar values seen for fabrics F4 – F6. This phenomenon was observed and 

discussed in chapter 4, where the investigated fabric F2 showed different ink/yarn and 

ink/fabric interaction and requires more in-depth study. Therefore, we will focus on 

the difference among six types of the fabrics rather than the warp and weft directions 

in single fabrics in this section. 

In terms of ink printing quality on fabrics, the small pore volume density in yarn in 

fabric (Vpf) F1 was considered to be one of the reasons that leads to its excessive 

spreading behaviour. The pore volume density in yarn in fabric (Vpf) is calculated from 

the pore volume in the fabric divided by the area of the fabric. This can be compared 

with the printed ink volume density before heat treatment to realise the possibility of 

printed ink volume excessing the pore volume in fabric. The printed ink volume 

density (𝜌𝑉𝑖𝑛𝑘) can be calculated as shown in Equation 6.5, through the 10 m drop 

spacing and the droplet volume (Vdrop) 7 pL, and 𝜌𝑉𝑖𝑛𝑘  = 70 m is calculated from 

Equation 6.5. The number is greater than the pore volume density in yarn in fabric 

(Vpf) in F1, but similar or higher than other values from F2 to F6. 

𝜌𝑉𝑖𝑛𝑘 = 𝑁𝑑𝑟𝑜𝑝 ∗ 𝑉𝑑𝑟𝑜𝑝/𝑝𝑟𝑖𝑛𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 = (
𝑉𝑑𝑟𝑜𝑝

𝑑𝑟𝑜𝑝 𝑠𝑝𝑎𝑐𝑖𝑛𝑔
)

2

             (6.5) 

When silver ink is sintered after each layer of printing, it is found that the volume of 

pores in F1 is smaller than the volume of each ink layer printed in theory, which means 

that there is not enough volume to hold the amount of ink printed on fabric F1. On the 

other hand, from fabric F2 to F6, all the volumes of pores in fabric are similar or higher 

than the amount of ink deposited. 
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Figure 6.8 Total Ag volume in fabric of 5 layers inkjet printed with 10 m drop spacing 

and sintered per layer as a function of total pore volume in yarns of six types of fabrics. 

It is found that Ag volume density increases with increasing pore volume density, 

more than twice the average amount of Ag was measured in fabrics F2 to F6 compared 

to fabric F1. Nevertheless, the effect of the pore volume in yarn only takes place after 

assuming that the ink can penetrate to the centre of the yarn and fill all the pores in 

yarn, and it cannot represent the total pore volume in a fabric scale. Apart from the 

effect of the pore volume in yarn on ink bleeding of fabric F1, the fact that the greater 

pore volume density in yarns in fabric F2 than 𝜌Vink leads to ink bleeding in fabric F2, 

on the contrary, fabric F4 with smaller pore volume in yarns in F4 presents less ink 

bleeding compared to F2, clearly indicates that the spreading mechanism is influenced 

by more than just the pore volume in the yarn. 

The other main parameter dominating the ink spreading was considered to be the 

capillary forces as considered in existing models such as Washburn and Darcy. When 

there is sufficient pore volume in the yarns such as in fabrics F2 and F4, the lower 

fibre volume fraction and higher effective pore size in fabric F2 compared to F4, leads 

to increased capillary pressure at the yarn scale and more ink bleeding in the fabrics. 

Additionally, there are other common features displayed by fabrics F3 to F6 but not 

in fabrics F1 and F2, such as the increased fabric weight, total fibre volume in the 

fabrics, the number of fibres in the yarn, and the yarn diameters (see Table 6.2) that 
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are associated with the overall capillary pressure in the fabric scale, which could 

prohibit the ink spreading behaviour.  

In addition, the weft direction of fabric F6 shows different spreading behaviour to F2 

with the same pore size, yet the increased tortuosity could be a factor that limits the 

spreading of ink in F6 weft direction. However, for the lower tortuosity value of fabric 

F6 in the warp direction, similar printing quality is reached in the fabric weft direction 

as the pore size plays an important role for the spreading behaviours. Therefore, a 

combination of effects are found to influence the ink spreading on textiles. Overall, 

through comparing these six types of fabric structures in this study, it is found that the 

key parameters that can improve the printing quality on textiles, are sufficient pore 

volume in yarns in fabrics, the reduced capillary pressure in both the yarn and the 

fabric scales. This overall capillary pressure reduces with reduced effective pore size 

(increased fibre volume fraction) in yarns, and thicker and tighter packed yarns (the 

increased fabric weight, total fibre volume in fabrics, the number of fibres in yarn, and 

the yarn diameters). 

6.3.4 The Effect of Fabric Structures on the Conductivity of 

Inkjet Printed Electronic Textiles 

As well as the effect of textile structures on ink spreading and printed image quality, 

their effect on the ink connectivity and the conductivity of e-textiles needs to be 

determined. Interestingly, improved printing quality with fabrics F4 to F6 leads to 

reduced ink connectivity within the fabric and reduced conductivity of the ink in these 

fabrics. Figure 6.9 shows the total silver volume measured by XCT in the warp yarn 

threads and also the volume of the largest individual Ag object in each of the 6 fabrics. 

From chapter 4 we identified that the electrical conductance correlates strongly with 

the largest Ag object rather than the total Ag in the fabric and this is true for the fabrics 

studied here as is clearly demonstrated in figure 6.10. Fabrics F4 - F6 showed reduced 

connectivity in the fabric (Figure 6.7) and smaller values of the largest connected Ag 

volume, consistent with their low conductance. Fabrics F2 and F3 show better 

electrical conductance results and have larger connected silver objects. Interestingly, 

fabric F1 with smaller largest Ag volume in the warp yarn compared to fabrics F4 and 

F5 still shows better yarn conductance values. However, in Figure 6.7 this fabric 
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shows better long-range connectivity, which confirms the importance of achieving the 

percolation threshold in textile structures to reach optimal electrical performance. 

 

Figure 6.9 Largest connected silver object volume (blue bars) and total silver volume 

(orange bars) on warp yarns. 

  

Figure 6.10 electrical conductance as a function of largest Ag volume to the total Ag 

volume in warp yarn ratio. 

Reduced capillarity in the fabric could be the main reason for reduced silver object 

connectivity, where there is not external force to promote the transport of the ink along 

the fibre tows. It was proposed that the capillary pressure reduces with reduced 
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effective pore size (increased fibre volume fraction) in yarns, and thicker and tighter 

packed yarns (the increased fabric weight, total fibre volume in fabrics, the number of 

fibres in yarn, and the yarn diameters). Figure 6.11 a) shows that effective fibre pore 

size in the range 1.8 m to 2.4 m of fabrics F1, F2 and F3 delivers higher yarn 

electrical conductance values than effective fibre pore size smaller than 1.6 m. Figure 

6.11 b) shows that increased total fibre volume in fabric that leads to improved printed 

quality in fabrics reduce the electrical conductance values. A compromise is achieved 

in fabric F3 where the middle ranged effective pore radius and total volume in fabric 

guarantees the ink connectivity (electrical performance) and the printing quality at the 

same time. 

 

Figure 6.11 Electrical conductance values as a function of effective fibre pore size (a) 

and total fibre volume in fabric (b) in six fabric structures. 

In Chapter 4, the theories of ink/fibre interaction indicates that large fibre pore size in 

yarn (5.1 m) promotes ink penetration instead of spreading, however in this chapter 
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we found that a pore size smaller than 1.6 m could also limit the spreading 

mechanism since the capillary force in the yarn is reduced. This phenomenon 

correlates with the ink/yarn interaction theory where both Washburn’s equation and 

Darcy’s law state that reduced pore size confines the spreading rate. Additionally, it is 

observed that apart from the effect of pore size on the ink spreading mechanism, 

increasing total fibre volume in the fabric constrains the ink spreading in the fabric 

due to an overall decreased capillary force in the fabric, which is the key for enhanced 

printing quality of e-textiles. Moreover, the relation between the printing quality and 

the electrical property emphasises the importance of ink connectivity as mentioned in 

the previous chapter 5, which needs to be considered during the selection of textile 

structures. 

6.4 Conclusions 

In conclusion, it is found that the altering the fabric structure can control inkjet printing 

image quality and conductivity of electronic textiles, which is a promising approach 

to improve the performance of e-textiles without compromising the intrinsic 

advantages of textiles. Sufficient pore volume in yarn is essential to avoid ink bleeding 

occurred on fabric F1. Additionally, decreased effective fibre pore size, and thicker 

and tighter packed fabrics (fabrics F4 to F6) are found important to reduce the 

capillarity in the textile structure, which increased the volume of ink deposition density 

and improved the printed image quality. However, the electrical conductance on six 

types of fabric structures is found related to the silver ink connectivity (the largest 

connected silver object volume) instead of the total silver ink deposition volume, as 

suggested in chapter 5 (where fabric F1 with less Ag deposition shows better electrical 

performance than fabrics F4-F5). Higher electrical performance is achieved when ink 

transport freely in yarns with greater capillary force such as fabric F1 and F2, however, 

the printing quality is reduced as the spreading mechanism is favoured. The 

complexity of textile structures is illustrated and the parameters in fibre, yarn and 

fabric scales need to be considered collectively to control the ink deposition. Therefore, 

carefully selecting the textile structure for inkjet printing such as fabric F3, which the 

pore size allows easy ink transportation and the total fibre volume in fabric controls 

the optimal capillary force for improved printing quality, is essential to achieve both 

improved printing quality and conductivity of e-textiles.  
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Chapter 7 Conclusions and Future Work 

7.1 Conclusions 

This project has analysed the fundamental interactions between a Ag nanoparticle ink 

and textiles after inkjet printing and studied how this affects the electrical conductivity 

of the patterns after heat treatment. It has assessed the 3D distribution of ink in fabric 

structures through X-ray tomography imaging; and investigated the effects of printing 

drop spacing and number of layers, sintering techniques, textile surface properties and 

textile structures on inkjet printing quality and electrical conductance of the 

subsequent electronic textiles. 

The ink/textile interaction, at the level of a single fibre, yarn and textiles have been 

compared with existing models where appropriate. The importance of ink/fibre contact 

angle and the effective pore radius between fibres has been identified. Ink/fibre 

interactions were initially studied with the aim of estimating the contact angle value 

through the drop-on-fibre profile as reported in literatures. It was found that ink/fibre 

interaction corresponds with existing theories, the contact angle value can be obtained 

with known fibre surface energy and drop and fibre geometries at low values of contact 

angle but were not practical when the contact angle was increased through the 

Scotchgard process. Using these measured ink/fibre contact angle values, ink/yarn 

interaction was analysed using the approaches from Washburn and Darcy, and both 

laws were found to be appropriate to model the ink penetration as a function of time 

along a single tow of fibre. It was found that the effective pore radius was the most 

important factor in both laws, where greater effective pore radius on weft yarns lead 

to faster and longer ink spreading. Interestingly, existing theories used to explain 

ink/fibre and ink/yarn interactions along a single isolated yarn were found to be 

insufficient to explain the ink/fabric interaction when the same yarns were used to 

make fabric structures. In experiments of fabrics, greater ink transport was measure 

along the warp direction than the fabric weft direction is opposite to ink/yarn 

interaction findings and the predictions of the Washburn and Darcy models of 

transport. This inconsistency was also found with a number (but not all) of different 

fabrics. This inconsistent behaviour of small volume droplets interaction within textile 

architectures has not been addressed in previous literature reports. 
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3D images of the Ag ink textile interaction were produced using X-ray computed 

tomography, which, to our knowledge, have never been reported previously in 

studying e-textiles. The 3D structures clearly show the deposition and transport of the 

conductive silver ink within woven textiles. After inkjet printing, ink transport occurs 

preferentially along the direction of the fibre tows in the fabric. Reduced drop spacing, 

increased number of printing layers and textile hydrophobicity increase the volume 

and connectivity of inkjet printed silver ink after deposition. In the meantime, the 

sintering per layer technique further increases the volume and connectivity of inkjet 

printed silver ink on textiles through an enhanced ink penetration mechanism 

perpendicular to the fibre tows. X-ray CT images also illustrated the importance of the 

connectivity and effective volume of printed silver structures on the electrical 

performance of conductive textiles, which is consistent with a percolation threshold 

network model. A simple model has been developed to predict the conductance of the 

specimens through X-ray CT measurements of the effective volume of Ag in 

continuous conductive objects. It was also found that the majority of the conductive 

paths develop along each yarn direction and that there is poor electrical connectivity 

between individual yarn tows even when they overlap in the weave. In addition, due 

to different yarn structures on fabric warp and weft directions, anisotropic electrical 

conductance behaviour was found with conductive materials deposited on a range of 

textile substrates. 

After understanding the parameters that could influence the ink deposition and the 

conductive mechanism, six types of polyester woven structures were studied with the 

aim of improving the inkjet printing quality and conductive performance on textiles 

simply through altering the textile structures. It was found that decreased effective 

pore size, and thicker and tighter packed fabrics improve the printed image quality. 

However, the prohibited ink spreading reduces the silver objects connectivity and the 

electrical performance of e-textiles. Therefore, carefully selecting the textile structure 

with appropriate fibre pore size for ink transportation while controlling the total 

capillarity in fabric is essential to achieve both improved printing quality and 

conductivity of e-textiles. 
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7.2 Outlook and Future Work 

The work presented in this thesis provides a fundamental analysis of inkjet printed 

conductive ink deposition on textiles and explores a range of parameters that could 

enhance the printing quality and electrical performance of e-textiles. However, further 

investigation are needed to confirm and consolidate the findings. In chapter 4, the 

polyester fibre contact angle with the silver ink might be measured with a higher 

precision force tensiometer to obtain a more accurate comparison of experimental 

values and existing theories. This might also allow a direct measurement of the change 

in contact angle after hydrophobic surface treatment such as the Scotchgard process.  

Future studies could investigate the influence of fibre orientation and weave 

architecture on ink flow and with the use of high flux sources such as synchrotrons, 

dynamic aspects of ink transport could be tracked378,395. This might also help identify 

why the Washburn and Darcy models give a good representation of ink flow in an 

isolated yarn but not when incorporated in some, but not all, fabric structures.  

In chapter 5, there is room for improvement for quantified data analysis from 

tomography images with higher resolution images. Even with longer scanning time. 

the intrinsic inhomogeneous composition of materials still limits the reconstruction 

process to apply accurate values to each voxel. Further quantified analysis might be 

applied using Avizo software to study not only the silver objects volume distribution 

but also the density and location of the silver objects. In addition, the number of printed 

layers applied for sintering per layer technique could be increased further to improve 

the electrical conductance results. In chapter 6, more woven fabric structures could be 

involved to refine the selection of fibre pore spacing and fibre volume in fabric to 

provide more specific guidance in terms of the optimal textile structure to improve 

both inkjet printing quality and electrical performance. 

The last but not the least, it is essential to investigate the durability and washability of 

inkjet printed conductive textiles for the commercialisation, even though the washing 

standard applied for e-textiles needs a common agreement. For conductive tracks that 

serve the function as interconnectors in the wearable design, encapsulation can help 

protect the durability of printed tracks even if it reduces the breathability of certain 

areas of the textile substrate. Nevertheless, for large areas that require conductive 

tracks providing electrical performance on the surface, it is fundamental to apply 
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binders between the textile substrate and the ink without affecting the textile 

breathability and the ink conductive network. Moreover, the development of 

stretchable ink could potentially increase the durability of the conductive performance 

of e-textiles. 

Overall, the advantages from inkjet printing and textile substrates deliver promise in 

the area of e-textiles and wearable technology. This work contributes a fundamental 

understanding and enhancement on the performance of the products in this research 

topic. Remaining challenges will need to be tackled done to achieve commercialisation 

of inkjet printed e-textiles, and the work in this thesis provides a guidance. 
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Appendices 

Appendix 4.1 Matlab code used to compare experimental results with Carroll’s 

theoretical values of ink drop spreading on single fibres. 

/////////////////////////////////% Drop on Fibre - Carroll Model%////////////////////////////// 

 
% n = max drop ratio at centre of drop.  
%40 incrementing values between the two limits 
n=(1.14:0.062:3.558); 
% theta is contact angle 14 incremented values 
theta=(0:5:65); 
% Defining variable array sizes,  
% row represents n value 
% column is theta value 
% a is variable a in carroll 
a=zeros(40,14); 
% k is variable k for elliptic integral 
k= ones(40,14); 
% phi is variable for elliptic inegral 
phi=zeros(40,14); 
% aphi is intermediate variable to compute phi 
aphi=zeros(40,14); 
%EF1 is result of elliptic integral (incomplete first kind) 
EF1=zeros(40,14); 
%EC2 is result of elliptic integral (incomplete second kind) 
EC2=zeros(40,14); 
% L is normalised droplet length on fibre 
L=zeros(40,14); 
% V is normalised droplet volume 
V=zeros(40,14); 
% v1 and v2 are intermediate variables to compute V 
v1=zeros(40,14); 
v2=zeros(40,14); 
%mt and mn are dummy variables to call appropriate array elements 

for the 
%calculations 
% mt calls for theta 
for mt=1:14 
    % mn calls for n 
    for mn = 1:40 
        % a calculated from carroll equation ll with n=x2/x1 
        a(mn,mt)=(n(mn)*cosd(theta(mt))-1)/(n(mn)-cosd(theta(mt))); 
        % Carroll equation 13 
        k(mn,mt)=sqrt((1-(a(mn,mt)/n(mn))^2)); 
        % Carroll equation 13 
        phi(mn,mt)=asin(sqrt((n(mn)^2-1)/(n(mn)^2-a(mn,mt)^2))); 
        % Elliptical Integrals using MATLAB 
        % Elliptical integral of first kind 
        EF1(mn,mt)=ellipticF(phi(mn,mt),k(mn,mt)); 
        % Elliptocal integral of second kind 
        EC2(mn,mt)=ellipticE(phi(mn,mt),k(mn,mt)); 
        % Carroll Equation 16 
        L(mn,mt)=2*(a(mn,mt)*EF1(mn,mt)+n(mn)*EC2(mn,mt)); 
        %Carroll equation 24 
       

v1(mn,mt)=(2*a(mn,mt)^2+3*a(mn,mt)*n(mn)+2*n(mn)^2)*EF1(mn,mt)-

a(mn,mt)^2*EC2(mn,mt); 
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       v2(mn,mt)=n(mn)^-1(n(mn)^2-1)^0.5*(1-a(mn,mt)^2)^0.5; 
       V(mn,mt)=(2*pi*n(mn)/3)*(v1(mn,mt)+v2(mn,mt))-pi*L(mn,mt); 
    end 
end 

 
% Array L has the wetted length of the fibre for n (x2/x1)and theta  
within the ranges specified 
% Array V has the drop volume normalised by x1^3 (drop radius cubed) 
% Find n and theta for 7 pL and n and theta for measured wetted 

length 
% Correct theta is when theta and n are the same for both measured 

length and known volume 

 

 

 

Appendix 5.1 TGA graphs of AgNP printed on polyester fabric with 20um drop 

spacing and that with(a) and (b) without surface treatment, and with 10um drop 

spacing with (c) and without (d) surface treatment. 
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Appendix 5.2 Comparison of the Ag object volume distribution determined using the 

two segmentation methods for 5 layers AgNP printed on polyester fabric with 20um 

drop spacing (a) with and (b) without surface treatment, and with 10um drop spacing 

(c) with and (d) without surface treatment. 

 

 

Appendix 6.1 Spreading length of ink on six types of fabrics through optical images 

of three specimens each. 

Fabric type Warp ink spreading length (mm) Weft ink spreading length (mm) 

F1 21.0 ± 1.5 12.8 ± 2.1 

F2 17.8 ± 2.3 6.6 ± 0.5 

F3 7.7 ± 0.5 6.7 ± 0.6 

F4 7.1 ± 0.4 7.2 ± 0.7 

F5 6.3 ± 0.5 6.9 ± 0.5 

F6 5.0 ± 0.1 7.7 ± 0.2 

 


