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Abstract 

Conductive inks play an important role in the production of smart textiles. Among them, 

water based inks have drawn high attention because water is environmental friendly, 

harmless and easy-dried solvent. In practice, coffee ring effect is one of the problems 

which exists in water-based inks and influences the uniformity of the coating/printing 

process. Meanwhile, particle size, viscosity and surface tension of the ink are other key 

factors which should be adapted based on the substrate fabric, impregnation method 

and final application. 

This research aims at developing water-based carbon ink which is free from coffee ring 

effect for the construction of fine nonwoven polyester fabric based pressure sensors. 

Coffee ring effect leads to particles aggregation of functional particles among the edges 

of an ink drop during drying. Because of this, the functional particles are distributed 

non-uniformly on the substrate and lead to poor performance for the final application. 

This research works on the prevention of the coffee ring effect based on the Marangoni 

principle. During the research, ink was investigated with aspects to components, 

viscosity, surface tension and ink performance of the textile-based pressure sensor. In 

order to proof the elimination of coffee ring effect, scanning electron microscope 

(SEM) images were taken and analysed. The textile-based pressure sensors were 

constructed by applying inks on fine nonwoven polyester fabrics in order to evaluate 

performance of the ink. The sensors were produced with a sandwich structure and tested 

for capturing mechanical signals. 

The research results showed the elimination of coffee ring effect on the substrate 
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textiles coated with the ink produced in this research. Textile-based nonwoven polyester 

pressure sensors produced in this research showed satisfactory properties. The sensors 

with carbon take-up rate of 70.6％  were able to achieve an average electronic 

resistance of 1817Ω and sensitivity of 9.16 KPa-1. The sensors were reliable with the 

limit of 400 compression cyclic tests within its working range of 0-60g/cm2. 

Keywords: Water-based carbon ink, coffee ring effect free, textile-based pressure 

sensor, viscosity, surface tension. 
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Chapter 1 Introduction 

1.1 Background 

The term “smart-textiles” is derived from “smart materials” which was first defined in 

in 1989[1]. Smart textile products meet all criteria of high value-added technology 

which allows the transformation of traditional textile industry to a high-tech, 

knowledge-based industry[2]. Since textiles can be used as the body’s closest layer, 

they can act as an actuator and sensor integrating platform to check the physiological 

signals of the body[3]. These textiles have both good physical properties (such as good 

flexibility) and the required sensory properties. Because of these advantages, 

researchers have been working on applying these textiles on garments to monitor 

physiological signals for healthcare and military since 1998[4]. Smart-textiles are 

continuing to develop and gradually replacing many of the conventional wearable 

sensing devices. They have already received tremendous attention due to their potential 

applications. 

Because of the sensing ability of smart textiles, they can be categorised into three 

groups: passive smart textiles, active smart textiles and very smart textiles [5]. For 

example, passive smart textiles can be those textiles which can sense the environment 

[6], whereas active smart textiles can sense the stimuli from the environment and react 

on it. Very smart textiles can adapt their behaviours to the surrounding circumstances 

[7]. Because of the ability to sense by intelligent textiles, some physiological data from 

the body of humans can be measured and recorded[6]. The collected signals are 

important relating to people’s health, such as heart rate[8], body temperature[9], sweat 
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content[10] etc. Because of all the advantages and applications mentioned above, many 

efforts are being put on the development of smart-textiles. Textile pressure sensor is 

one of the capable applications  which can be used to monitor blood pressure as well 

as heart rate over a long period of time[11][12]. 

Basic electro-textile sensor structures can be produced using various traditional textile 

manufacturing methods, for example; weaving, embroidery, knitting, nonwovens and 

stitching[6]. Usually conductive yarns are available in the form of metal yarn, spun yarn 

and metal-coated yarn that can be embedded into textile to produce electrical sensor or 

actuator elements [13][14].  

With the development of coating/printing technologies and conductive inks, a range of 

processes such as dip coating, inkjet printing, screen printing are widely used to deliver 

additive patterning of ink pigments onto rigid, flexible and comfortable surfaces [15]. 

The adaptation of functional materials to perform as active pigments within ink 

formulation has gained an increasing attention over recent years. The property of the 

conductive inks have huge effects on the accuracy, sensitivity, reliability and durability 

of the textile sensors[16][17]. 

1.2 Problem definition 

There are various water-based electro-conductive inks available in the market, however, 

coffee ring effect is commonly found among them. The coffee ring is an unwanted 

effect for the end use of the inks and is caused by a range of factors, including ink 

viscosity, wettability of the substrate and solvent vapourisation uniformity [18]. With a 

low viscosity, it is hard for the ink to maintain stable dispersion and lead to the 
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undesired coffee ring effect. The most important factor leads to the coffee ring effect is 

related to the drying process. Coffee ring effect is most possibly caused by the outward 

flow arising from an unbalanced evaporation from the ink during the drying process 

[18].Because of the outward flow, the conductive particles are aggregated to the edges 

of an ink drop during drying [19]. This would lead to un-uniform distribution of the 

conductive particles on the substrate and further influence the conductivity of the coated 

fabrics. 

Metal inks such as silver and copper inks have low electric resistance, however they 

tend to be oxidized in the environment easily. It was found from previous research that 

fine melt-bond nonwoven polyester fabrics dip-coated with silver inks were suitable for 

the production of textile-based pressure sensors [20], but the oxidization of silver led 

to short lifetime. Graphene inks have gained much interest but there are still no mature 

methods to produce graphene inks with small-layered graphene particles and graphene 

with many layers are not strictly 2D materials and the electric resistance of graphene 

inks are still high [21]. Activated carbon particles have good electrical conductivity in 

creating textile-based sensors and would not be oxidized. In this research two solutions 

were proposed to avoid the coffee ring effect, i.e. increasing the viscosity of the water-

based ink and adding co-solvent to create an inward flow during drying process. It was 

expected to introduce a water-based carbon ink which is free from coffee ring effect for 

fine nonwoven polyester fabrics by using a formula of different additives such as 

binders, viscosity modifiers and surfactant in this research. 

1.3 Research aim and objectives 
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1.3.1 Research aim 

The aim of this research is to develop a water-based carbon ink, which is free from 

coffee ring effect based on the Marangoni effect principle for the production of fine 

nonwoven polyester pressure sensors. 

1.3.2 Research objectives 

The objectives of this research can be listed as follows: 

1) To obtain an optimal viscosity for water-based ink for the prevention of coffee ring 

effect. 

2) To find out a method to create an inward flow (based on the Marangoni effect 

hypothesis) during drying process to avoid coffee ring effect. 

3) To identify optimal particle size, viscosity and surface tension for the impregnation 

of fine nonwoven polyester fabrics. 

4) To figure out the influence of carbon particles distribution on the performance of 

textile-based pressure sensors. 

1.4 Thesis layout 

This thesis is composed of six chapters. The first chapter focuses on the introduction of 

background information of this research. The motivations and aims of this research are 

discussed. Chapter two regards to the literature reviews related to the conductive ink 

and wearable textiles. Chapter three describes the principles and details of carbon ink 

development. This part includes the measurement and adaptation of particle size, 

viscosity and surface tension of the ink. Chapter four introduces the coating processes 

of the electro-conductive fabrics including the distribution processes of carbon particles 
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on the substrate and mechanical behaviors of the substrate before and after coated. 

Chapter five illustrates the design and manufacture of the wearable pressure sensor. The 

evaluation of electro-conductivity, sensitivity and reliability of the ink are also 

introduced. In chapter six, the findings from this research are summarised and 

recommendations for future investigations are suggested on the results of this research. 
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Chapter 2 Literature Review 

Previous research in the area of electronic-conductive ink formulation, impregnation 

methods for textile and production of textile-based sensors were reviewed. In this 

chapter each technology and information and electronic-conductive ink formulation is 

critically scrutinised based on the aim of the research. 

2.1 Electronic-conductive ink formulation 

Coffee ring effect is an unwanted effect that should be prevented. In order to make a 

coffee ring free ink for textile-based sensors, the components must be optimised 

properly. The following section will focuses on the coffee ring effect and components 

of electronic-conductive inks, including solvents, conductive particles, binders, 

viscosity modifier, surfactant and stabilizer. All the research reviewed would be 

compared with the aim and objectives of this research. 

2.1.1 Coffee ring effect 

The coffee ring effect is a common and unwanted phenomenon related to inks [22]. The 

coffee ring effect would lead to conductive materials deposited unevenly on the 

substrate. There are many factors could cause the coffee ring effect, including ink 

viscosity, wettability of the substrate and solvent vapourisation uniformity [18]. If the 

viscosity of the ink is too low, it cannot hold stable dispersion on the substrate and 

would finally leads to coffee ring effect. However, it is widely accepted that the greatest 

contributing factor for the coffee ring effect is the solvent vapourisation during the 

drying process. According to the explanation reported by Deegan [23], when a droplet 
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is deposited onto a substrate, a contact line would be formed at the droplet-substrate 

interface. The evaporation rate is typically highest at the edge of the droplet–substrate 

interface (also known as the contact line) due to the highest surface area to volume ratio. 

As the evaporation rate at the edge of a droplet is higher than that in the middle, during 

drying, the contact lines may pin the droplet, so that an outward convection flow would 

have to be induced from the droplet center to the edges (shown in Figure 1) to replenish 

the evaporated solvents [24]. This outward convection flow thereby deposits the 

dispersed material at the droplet edges, leaving little to no material at the droplet center. 

The nonuniform deposition of functional materials would further influence the final 

applications, thus there was a need to avoid the coffee ring effect during this research. 

 

 

 

 

 

 

 

The Marangoni effect is usually caused by the surface tension gradient. As the liquid 

with high surface tension has more pull on the surrounding liquid than the liquid with 

low surface tension, the existence of surface tension gradient will naturally lead to the 

liquid flowing away from the low surface tension area [25]. When there is surface 

tension gradient shown in a droplet, it will form Marangoni flow under the effect of 

 

Figure 1. High evaporation at the droplet edges during coffee ring formation 

[23] 

 

Outward flow

Solvent evaporation
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surface tension gradient, which makes the liquid flow back to the thin surface along the 

best route. 

In summary, as this research focuses on the development of an ink free from coffee ring 

effect, the coffee ring effect could be avoid by increasing the viscosity of the ink or 

creating an inward flow based on the Marangoni effect to balance the outward flow 

during drying process. 

2.1.1 Solvents 

Solvents are the diluent to the other ink components like pigments, resins and additives. 

The primary function of the solvent is to keep the ink in a form a liquid during the 

coating/printing process before it is finally deposited onto the substrate[26][27]. 

Solvents can be ranged from variety of organic solvents to water[28]. 

It has been reported in many researches that N‐methyl‐2‐pyrrolidone (NMP) was 

widely used as solvent without any further formulations. In Xinxin’s research[29] NMP 

was used as solvent for black phosphorus (BP) ink. In Davide’s[26] and Withers’s[30] 

research, NMP was applied for the conductive inks. It has also been reported by Colman 

that NMP was used as solvent to form conductive ink for thin-film transistors[31]. 

However, all the researches show that NMP based inks have poor concentration (< 1 

g/L) and high boiling point (203℃) which lead to inefficient and time-consuming 

printing/coating process. 

Evolving from the early NMP-based dispersions, printing of solvents with lower boiling 

point such as alcohols and water emerged[32]. In Juntunen’s[33] and Hu’s[34] research, 

Isopropyl alcohol (IPA) was used as solvent to form conductive inks. More evidences 
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of IPA used as solvent of conductive ink were found from Hasan’s[35][36] and 

Ferrari’s[37] work. 

There are also some researches about using water as solvent. It was reported by Xu’s[38] 

and Tuantranont’s[39] team that water could also be used as solvent for conductive inks. 

In Torrisi’s[40] work, the formulation of conductive ink with water as solvent was 

further described. It has been proved from all these researches that water is one of the 

environmental-friendly solvents with low boiling point (100℃). Water has low 

viscosity (1 mPa.s) and high surface tension (73 mN/m) to be used as solvent for 

electronic-conductive inks, thus additives are needed. 

In summary, water is an environmental friendly solvent, it is safer for the operator 

during the formulation process. Water is more suitable for substrates with good 

absorbtion. Compared with NMP, water shows lower boiling point, which means textile 

substrate impregnated with water-based inks would be easy dried with a low 

temperature. As the ink developed in this research was aimed to be used on textile 

substrates, low temperature and less time during drying indicate that there is less 

possibility that the property of the substrate being influenced during the drying process. 

Additives would be needed to further optimise the ink. 

2.1.2 Conductive particles 

Conductive particles play an important role in the conductive inks as they can heavily 

influence the conductivity of the inks. Generally speaking, the conductive materials 

used in ink formulation can be divided into three groups: metal[41][42], carbon[43][44] 

and 2D materials[45][46]. 
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The most widely used conductive materials are metal particles such as Ag, Cu, and Au 

etc. The preparation methods of metal particles for conductive inks can be divided into 

two as top-down and bottom-up. Top-down also known as physical methods are usually 

high-energy methods, in which bulk metal, or microscopic particles are converted to 

nano-sized particles. Among the top-down methods, the most widely used are physical 

gas-phase methods based on the rapid condensation of metal vapor usually obtained by 

thermal heating or plasma excitation of metal plates, powders or wires followed by its 

transport with a stream of an inert gas (N2, Ar, He) onto a solid substrate or into a liquid 

containing a stabilizing agent in order to accumulate, stock, and handle the metal 

particles[47][48]. This technique was employed for preparation of Ag and Cu 

nanoparticles (NPs) in the size range from 4 to 80 nm[49]. In bottom-up methods, NPs 

are built up from metal atoms and nuclei, which are formed either from precursor ions 

and molecules with the use of a proper reducing agent, or from precursor molecules by 

their decomposition[50]. There are several evidences of metallic ink used in e-textile. 

Because of the high cost, gold is not widely used in the manufacture of conductive ink, 

while silver is the mostly used metal particle. Dearden reported a type of silver ink 

prepared for e-textile. Preparation of the ink involved the straightforward synthesis of 

the Ag salt followed by its dissolution in xylene. Ink viscosity for a 16% Ag ink 

formulation was reported as 4.04 mPa.s with a surface tension of 28 mN/m[51]. There 

was also a new class of silver complexes obtained by reacting silver oxide, Ag2O, with 

ammonium carbamate or carbonate derivatives. In the case of silver 2-

ethylhexylammonium 2-ethylhexylcarbamate, its solution in isopropanol was patterned 
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on a Polyester (PET) film with an inkjet printer[52]. Although silver shows high 

conductivity, the high cost of it is still a big problem. The main challenge in formulation 

metallic conductive ink is how to replace Ag by the much cheaper metals, as Cu and 

Al. There are several researches about the formulation of Cu and Al inks. In early 

research, Rozenberg adapted Cu (I) chemical vapour dispersion (CVD) precursors as a 

liquid-phase CVD process[53]. A solution of vinyltrimethylsilane Cu(I) 

hexafluoroacetylacetonate was inkjet printed directly onto a glass substrate at 

temperatures below 200 ºC. Copper-rich deposits were formed immediately on impact 

of the droplet on the heated surface. Porosity of the deposit was evident and caused by 

the volatile Cu complex as a result of the disproportionation process of the MC 

precursor. Tetravinylsilane tetrakis Cu (I) 1,1,1,5,5,5-hexafluoroacetylacetonate, 

(TVST)Cu(hfac), is a solid at room temperature and thus can be stored more easily than 

liquid copper complex precursors (Figure 2).  

 

Upon addition of tetravinylsilane, a dynamic equilibrium produces lower unclearity 

complexes, which are liquids and can be ink-jetted neatly, thereby maximizing the 

copper content of the ink[54]. Turning to Aluminum ink, Rockenberger’s research 

 

Figure 2. The dynamic equilibrium of (TVST)Cu(hfac) driven by Cu(hfac) to 

tetravinylsilane stoichiometry[53] 
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refers to a broad range of Al compounds, stabilized with donor ligands and capable of 

decomposition at temperature around 100 ºC. The process is anticipating the expected 

use of printing and curing under inert conditions[55]. Al undergoes rapid oxidation in 

air (~100 picoseconds) with formation of a dense thin amorphous Al2O3 layer (2-6 

nm)[56][57] that results in loss of electrical conductivity and makes aluminum 

inapplicable for conductive ink formulations. 

The carbon materials are another type of conductive materials and can be used to 

formulate conductive ink. The two main members of the carbon family are activated 

carbon and carbon nanotubes. Activated carbon (AC) is a type of specially treated 

carbon. Organic raw materials (shell, coal, wood, etc.) are heated under the condition 

of air isolation to reduce the non-carbon components (this process is called 

carbonization). Then, they react with the gas to make the surface get eroded, resulting 

in the structure with developed micro-pores (known as activation)[58]. In Mattmann’s 

work[59], carbon particles were used to make conductive ink for yarns. The work was 

focused on the influences of temperature and humidity on resistance. In Capineri’s 

report[60], it was noted that conductive materials like carbon were attractive and used 

for sensors. Turning to Guo’s report[61], carbon black composite dielectric was used as 

well to produce conductive ink. Activated carbon is easy-making materials with good 

conductivity and lower costs. 

Carbon nanotubes (CNTs) are one-dimensional quantum materials with special 

structures (radial size is nanometer, axial size is micron, and both ends of the tubes are 

basically sealed). They can be divided into two groups: Single-walled Carbon 
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nanotubes (SWCNTs) and Multi-walled Carbon nanotubes (MWCNT)[62]. There are 

evidences about carbon nanotubes being used for conductive inks. In Yamada’s 

research[63], conductive ink with CNTS was used to print a thin film. The carbon 

nanotube thin film presents a large measuring range up to 280%, and it achieves a 

relatively faster response speed, lower creep and higher durability. It was reported in 

Han’s[64] and Devaux’s[65] work that single-walled carbon nanotubes could be used 

to make inks with high conductivity for yarn coating. Forghoui[66] and his team used 

CNTS to make conductive ink for yarn coating and used the yarn to make a composite 

with Spandex to achieve good stretchability and electrically conductivity. It can be 

found that at the beginning of the formation of the multi walled tube, the trap centre 

between layers is easy to catch various defects, so the wall of the multi walled tube is 

usually full of small hole like defects. Compared with multi wall pipe, single wall pipe 

has smaller diameter distribution range, fewer defects and higher uniformity. However, 

the manufacture process of producing single-walled carbon nanotubes is still a big 

challenge. During the production of CNTS, the growth of tube diameter is uneven and 

the length is not well controlled. Impurities and catalysts are not easy to be removed. It 

is difficult to control the growth of specific chiral carbon nanotubes. The modification 

processes are complex, and there are still many defects after modification[67][68]. 

Among the 2D materials family, graphene based materials have the highest potential to 

achieve good conductivity for conductive inks[69][70]. Graphene is a type of two-

dimensional nano material, which is composed of carbon atoms and SP2 hybrid orbital 

and has a hexagonal honeycomb lattice[71][72].It has excellent optical, electrical and 
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mechanical properties, and has important application prospects in materials, 

micro/nano processing, energy, biomedicine and drug delivery[73][74]. In Yang’s[75] 

and Wang’s[76] work, graphene was used to produce conductive ink for the 

manufacturing of conductive yarns. The yarns were further used to produce conductive 

fabrics. The graphene-based yarns showed a linear relationship between strain and 

resistance. Boland[77] and his team soaked the rubber band in an NMP and graphene 

mixed ink, after the rubber was treated in toluene for 3.5 h to produce a graphene- 

rubber composite for body motion detection. There are also many researches based on 

reduced graphene oxide. Graphene oxide (GO) can be produced by graphite on 

oxidation; the hydrophilic functional groups can increase the intercalation of water 

molecules into the graphite; hence the GO sheet can be separated from the graphite. 

After the GO sheet is produced, the sodium borohydride or hydrazine hydrate can be 

used to produce reduced graphene oxide (RGO) which is conductive[78]. In Trung’s 

work[75], single reduction graphene oxide was used to produce conductive ink for 

fibres to manufacture the temperature sensors. Yun’s[79] team tried to produce flexible 

and durable yarns and fabrics wrapped with RGO. BSA proteins were used as the 

adhesives for increasing the absorption of GO onto yarns and fabrics. By using this 

method, they manufactured RGO materials based on nylon, cotton, nonwoven and 

polyester. Other 2D materials have their own advantages, but they are not suitable to be 

the conductive materials in inks. Hexagonal boron nitride (h-BN) is mostly used as 

lubricant[80][81] or dielectric and thermally conductive filler[82][83], the use of MOS2 

is mainly based on its low coefficient of friction[84]. The potential applications of black 
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phosphorus(BP) is in optoelectronics and photonics[85][34]. 

In summary, metallic materials have the highest electro-conductivity, however, the 

oxidization of them is a big problem. Although the oxidation of Cu NPs is less rapid 

compared to Al NPs, it still leads to a bad influence in its conductivity. Metals can avoid 

oxidization such as gold and platinum are too expensive. As this research aimed to 

develop an ink for wearable textile-based sensor, the lifetime should be put into 

consideration. As textile-based sensor would be exposed in the open environment, 

because of the oxidization and short lifetime of metal particles, they were not suitable 

choices for this research. Activated carbon is a material with good electro-conductivity 

and can be produced easily. CNTS have better electro-conductivity than activated 

carbons, but the modification processes are complex and are of high cost. Graphene is 

the material with the best electro-conductivity within the 2D materials family. The 

electro-conductivity of graphene is based on the number of its layers, the less the layers 

the better the electro-conductivity. However, due to the strong cohesive force between 

the graphene sheets in the graphite, there are still no stable methods to produce single-

layered or few-layered graphene inks. Graphene with many layers have much less 

conductivity than other electro-conductivity materials mention in this part. As the ink 

was aimed to be used to produce textile-based sensors, the electro-conductivity should 

be good, graphene was not chosen because graphene with many layers showed bad 

electro-conductivity. Activated carbon was suitable for this research because it met the 

aim of producing ink for textile-based wearable sensors. Activated carbon particles 

showed good electro-conductivity, thus they can be used to create sensors. They will 
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not be oxidized, thus they are suitable to be used on textiles-based sensors which would 

exposed to the environment in this research.  

2.1.3 Binders 

Binders (also known as binder portion) are added to the ink to “bind” the pigments 

together and provide adhesion of the pigments to the substrate. Acrylics, alkyds, 

cellulose and its derivative, and rubber resins are commonly used as binders[26]. Some 

types of binders can also contribute to the properties of the final products. The 

influences include: affecting gloss, resistance to weathering, and chemical attack or 

abrasion. Xanthen gum is a type of binder which was widely used in food and medical 

industry. It has unique rheology, good water solubility, stability to heat and acid and 

alkali, and good compatibility with a variety of salts. It has been reported that high glass 

transition temperature polymers such as polyimides allow resistance to high 

temperature[27]. Water insoluble polymers such as cellulose can provide resistance to 

moisture. It has also been further reported that cellulose can lead to a huge increase in 

the viscosity of the ink. However, cellulose-based binders required high temperature 

(300℃) drying, which would influence the property of textile-based substrates, thus it 

is not suitable for the aim of producing ink for textile-based sensors. 

In summary, Xanthan gum was a good choice to be the binder in this research. This 

research aimed to produce water-based ink, Xanthan gum shows good water 

conductivity and biocompatibility. It can also be easy dried after the impregnation 

process, which also meets the aim of producing an ink for textile-based sensors. 
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2.1.4 Viscosity modifiers 

Viscosity modifier is one of the additives that can be used to adapt the viscosity of inks. 

Ink viscosity is a key consideration in suiting the final coating/printing process[87]. 

Some processes like screen printing require viscous ink while some others like screen 

printing need high fluent, low viscosity ink. Rheology is used to describe the property 

of a fluid over time and shear stress and shear strain, viscosity refers to the interaction 

of shear, shear stress and shear strain of a fluid at a certain point of time[88][89]. An 

applied shear stress can cause influence to the rate of flow which determines the 

viscosity[90][91]. As shown in Figure 3 below, the liquid can be regarded as a cube of 

fluid. A flowing liquid will show a velocity gradient perpendicular to its rate of flow. 

The unit of the gradient in flow velocity is 
m/s

m
 = s-1 and is named as shear strain or 

shear rate[92]. 

 

Shear stress is defined as the force per unit area of liquid, unit used for it is N/m2 (=Pa). 

Formally, viscosity (represented by the symbol η "eta") is the ratio of the shearing 

stress (F/A) to the velocity gradient (Δvx/Δz or dvx/dz) in a fluid. It is represented 

(A)                                 (B) 

 

Figure 3. Laminar flow of liquid under shear (A) Shear stress and shear strain 

(B) Multi-layered liquid flow under constant shear[92] 
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as η =
𝐹̅ /𝐴

Δ𝑣𝑥/Δ𝑧
 or =

𝐹̅/𝐴

𝑑𝑣𝑥/𝑑𝑧
 . The SI unit for viscosity is pascal second [Pa s], which 

has no special name[93][94]. What should be mentioned is that there are many unit 

systems used for viscosity. One of the units that are most commonly used nowadays is 

the dyne second per square centimeter (dyne s/cm2), which is given the name poise (P) 

after the French physiologist Jean Poiseuille (1799–1869). Other units used are ‘milli 

Pascal seconds’ (mPa.s), centipoise (cP), and Stokes (S) as well as centiStokes (cS).  

Based on the rheology of an ink fluid, the flows can be generally divided into two 

groups: Newtonian fluid[95] and Non-Newtonian fluid[96]. 

Newtonian fluid also known as ideal fluid is a fluid where the viscous stress arises with 

a linear proportional to its strain rate. Because of this the viscosity of a Newtonian fluid 

will not change with its shear rates[97][98]. Newtonian fluid is the 

simplest mathematical models of fluids used for viscosity. However, in the real world 

there are no fluids fit this model perfectly, the closest ones are water and solvent or 

mineral oils, they can be considered as Newtonian fluids[99]. Figure 4 below shows the 

relationship between shear stress and viscosity and shear rate for different fluids.  

https://en.wikipedia.org/wiki/Jean_L%C3%A9onard_Marie_Poiseuille
https://en.wikipedia.org/wiki/Mathematical_model
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Most of the fluids (especially inks used for coating/printing) are Non-Newtonian fluids. 

Unlike Newtonian fluids, their viscosity can change when under force to either more 

liquid or more solid[100]. Based on how the viscosity changes under different shear 

rates, Non-Newtonian fluids can be divided into several groups which are: 

pseudoplastic (shear thinning)[101], dilatant (shear thickening)[102], viscoplastic 

(Bingham fluids)[102], thixotropic and rheopectic[103] (shown in Figure 4). The 

interactions between the components of a fluid system and the mechanical phenomena 

determine how the fluid behaves. The behavior of different fluids under different shear 

rates will be mentioned below: 

Pseudo plastic fluid is also known as the shear thinning fluid. The shear stress of the 

fluid decreases as the shear rate increasing, which represents as a drop in viscosity. 

Because of entanglement of powders and small particles in the system, shear-thinning 

liquids have a viscous and pasty structure. While shear is applied to the liquid, the 

components in the fluid can stretch and disentangle which allows them to slip past 

another. For some circumstance, shear thinning is required as it not just allows the flow 

(A)                                    (B) 

 

Figure 4. Property of different fluids(A) Relationship between shear stress and 

shear rate for different fluid systems (B)Viscosity and shear rate for different 

fluid systems[103] 
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go through some high shear elements but also prevents the ink from moving or 

smudging once it is deposited in a substrate. 

The viscosity of shear-thickening fluid increases with the increasing of shear rate. 

Generally, shear-thickening fluids are highly concentrated suspensions in colloidal 

form. The reason for shear-thickening is that the liquid components entirely wets the 

solid components in the fluid which causes a low viscosity, while the shear rate 

increases, the particles can interact readily to form a solid structure inside the fluid to 

increase the viscosity[27].  

Viscoplastic fluid does not flow as a certain threshold is reached. Some fluids with this 

property are toothpaste in a tube and tomato ketchup[104]. The reason for this is that in 

the viscoplastic fluid a certain amount of shear stress is required to overcome the inter-

particle/inter-molecular binding force to let the liquid flow. 

Bingham plastic is a certain type of viscoplastic fluid, it behaves as a rigid body at low 

stresses but flows as a viscous fluid under high stress. It is named after Eugene C. 

Bingham who proposed its mathematical form[105]. The model of Bingham plastic is 

commonly used in drilling engineering for mud flow or in the in the handling of slurries. 

One typical example of Bingham plastic is the toothpaste. 

There are several methods (like using mixers or blenders) widely used all over the world 

to measure the viscosity of inks. For shearing rheometers there are four basic shearing 

planes can be defined according to their geometry: 

 Couette drag plate flow 

 Cylindrical flow 

https://en.wikipedia.org/wiki/Viscosity
https://en.wikipedia.org/wiki/Fluid
https://en.wikipedia.org/wiki/Eugene_C._Bingham
https://en.wikipedia.org/wiki/Eugene_C._Bingham
https://en.wikipedia.org/wiki/Slurry
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 Poiseuille flow in a tube and 

 Plate-plate flow (cone-to-plate methods) 

 

Among them the most expensive ones are plate-to-plate and cone-to-plate methods. 

Although the two methods are expensive, they are the most accurate ones and can offer 

information about the rheological performance of non-Newtonian fluids with high 

quality. The plate-to-plate method is one of rotation-based rheology measurement 

methods. In this method, a controlled shear rate or shear stress is measured and 

delivered to the fluid to examine the fluid’s viscosity over a period of time.  

Cone-to-plate (CTP) and plate-to-plate (PTP) rheometers are the most complicated 

methods available to measure the viscosity of inks. The principles used for CTP and 

PTP are shown in Figure 5. In CTP, a conical top plate is used to make sure that the 

shear rate is constant across the whole plate. In PTP, a flat top plate is used. During the 

measuring process, sample fluid is added into the gap between the two plates and certain 

shear rate is added to measure the viscosity. PTP rheometer is more suitable for inks 

with large particle size. It is easy to manufacture and can operate with bigger plate gaps. 

 

Figure 5. Rotation geometries of different types of shear 

rheometers[103] 
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However, it may suffer from the inaccuracy caused by the different shear rates across 

the plate face. Turning to CTP, it requires more accurate machining of the cone. Because 

of the small gap in the center it is more suitable for inks with small particles. Both 

equipments are highly useful for the measurement and understanding of the rheological 

behavior of fluids and help a lot during the ink formulation process[106][107]. They 

can be used to analyze fluid behaviours such as shear-thinning and shear-thickening. 

In summary, as this research aimed to produce a water-based carbon ink which was free 

from coffee ring effect, viscosity modifiers were needed to adapt the viscosity of the 

ink. Guar gum could be a suitable choice for its good water solubility, it is also harmless 

to human body during the formulation of the ink or after being applied to textile 

substrates. 

2.1.5 Surfactants 

Surfactant has two main functions: control the surface tension of the ink and stabilize 

the functional particles within the conductive inks. Surfactants can adsorb onto the 

surface of conductive materials, promoting their stabilization in the solvents[108]. This 

strategy can support higher concentration of stabilized conductive particles in the liquid 

environment. There are two types of surfactant widely used nowadays, ionic surfactants 

and non-ionic surfactants. 

Among the ionic surfactants, it has been found that some of the effective surfactants are 

facial amphiphiles[109] (i.e. molecules with a quasi-flat molecular structure with 

hydrophobic and hydrophilic faces), for instance bile salts such as sodium cholate (SC) 

[110]and sodium deoxycholate[40]. When such ionic surfactants and conductive 
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particles interact in water, the surfactant molecules are adsorbed onto the surface of the 

particles, generating temporary effective charge[37]. The induced charge around can 

generate a Coulomb repulsion which further prevents re-aggregation[29]. The required 

concentration of an ionic surfactant for stabilization can be estimated by surfactant 

critical micelle concentration (CMC), which is typically determined by the critical 

surface tension of its solution against concentration. Below CMC, further addition of 

the surfactant causes a great change in the surface tension as the surfactant molecules 

assemble at the solution–air interface. Above CMC, the interface is saturated where the 

surfactant molecules spontaneously arrange into micelles, so that further addition of 

surfactant causes minimal changes. Another parameter should be mentioned is the 

Hydrophile-Lipophile Balance Number (HLB)[111]. HLB was first determined by W.C. 

Griffin in 1949. The HLB value is used to explain the equilibrium relationship between 

hydrophilic groups and lipophilic groups in surfactant molecules. The lipophilic or 

hydrophilic degree of surfactants can be determined by the size of HLB value. The 

larger the HLB value is, the stronger the hydrophilicity is. The smaller the HLB value 

is, the stronger the lipophilicity is[112]. In Griffin’s report the HLB for surfactant was 

set between 0 and 20, the HLB value of paraffin wax which is composed of saturated 

alkanes with the largest hydrophobicity was set as 0, and the HLB value of 

polyoxyethylene which is composed of hydrophilic oxyvinyl group was set as 20 [111]. 

In recent years, with the continuous emergence of new surfactants, more hydrophilic 

varieties have been used in practice, such as sodium lauryl sulfate HLB value of 40 

[112]. 
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Turing to the non-ionic surfactants, typical non-ionic surfactants include Triton-X, 

Tween and Brij series, and polymers such as sodium carboxymethylcellulose (Na-

CMC), polyvinylpyrrolidone (PVP) and ethyl cellulose. The polymers can attach onto 

or encapsulate the conductive particles and provide a physical separation between them. 

Liang et al. demonstrated the addition of ethyl cellulose in ethanol for exfoliation and 

stabilization of graphene flakes using this strategy[113]. The authors suggested that the 

cellulose created a colloidal dispersion and prevented the graphene flakes from 

aggregation. Polymers are of particular interest for subsequent ink formulation as they 

can function not only as binders but also can be used to tune the physical properties of 

the inks for relevant printing technologies[114]. In another research, 1-pyrenesulfonic 

acid sodium salt (PS1) was used as surfactant[115]. However, it has been reported in 

the same research that PS1 did not behave as a traditional surfactant as it did not 

accumulate to the surface, only very high concentrations (much more than 0.5 mg/ml) 

could cause changes in surface tension. Comparing all the surfactants reviewed, it can 

be concluded that non-ionic surfactants have high stability and are not easy to be 

affected by the presence of strong electrolytes or by the influence of acids and bases. 

As this research aimed to produce a water-based coffee ring effect free ink, many 

additives would be needed, the stability of non-ionic surfactants made them suitable for 

this research. Among the surfactants reviewed, Triton X-100 shows good solubility in 

water and ethylene glycol which made it a good choice under the aim of producing 

water-based ink. 
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2.2 Substrates  

The substrate materials used for electro-textiles are still based on traditional textile 

materials such as cotton, wool, Nylon and polyester. Textile structures include knitting, 

weaving and nonwoven are used to form the substrate. The selection of substrate 

materials and structures is based on the final applications. 

2.2.1 Substrate materials 

Materials used to produce substrate yarns/fabrics are still traditional textile materials. 

Cotton, wool, polyester and nylon are four of the mainly used textile materials. 

Unlike normal bast fibre, cotton fibre is the seed fibre formed by the elongation and 

thickening of the epidermis cells of the fertilized ovule. The main component of cotton 

fibre is cellulose which is a type of natural polymer compound. The cellulose content 

of normal mature cotton is about 94%. Because of the high content of cellulose, cotton 

shows high hygroscopicity. Under normal conditions, the cotton fibre can absorb water 

from the surrounding atmosphere with a moisture content of 8-10%[116]. Because 

cotton fibre is a bad conductor of heat and electricity, its thermal conductivity is very 

low, and because cotton fibre has the advantages of porosity, a large amount of air can 

be accumulated between fibres, air is a bad conductor of heat and electricity. Therefore, 

pure cotton fabric has good warmth preservation[117]. Because of the good 

hygroscopicity, cotton is commonly used in coating/printing. In Alex’s[118] and 

Jun’s[119] researches, cotton was coated and made into sensors. The “Moisttech 

Corp”[120] also developed a cotton-based moisture sensor. However, although cotton 

fibre can achieve a high take up rate, the wrinkle resistance and tensile property of 
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cotton are very poor, which makes cotton not suitable for mechanical force sensor. As 

this research aimed to produce pressure sensors, cotton may not be a good choice. 

Wool is mainly composed of protein. It has the advantages of good elasticity, 

hygroscopicity and warmth retention. Wool is a long and thin solid cylinder, which is 

curly. There are three layers in wool fibres, named scale layer, cortex layer and medulla 

layer. However, the scale layer makes it to get wool coated/printed. Wool is not 

commonly used to produce coated/printed conductive yarn/fabric. 

Polyamide, known as nylon in textile, is a general term for polymers containing amide 

groups in the main chain repeating unit of macromolecules. The most outstanding 

advantage of polyamide fibre is that its wear resistance is superior to other fibres, 

followed by its good elasticity. Its elastic recovery rate is comparable to that of wool, 

and its weight is light, with a specific gravity of 1.14[121]. Nylon was used in many 

textile sensors. Lee [122] and his team used nylon for a textile strain sensor. Other 

researches like Colye [4] and Tushar [123] also used nylon for strain sensors. It can be 

concluded that nylon is mainly for the production of strain sensors due to its high 

stretchability. The disadvantage of polyamide fibre is that its optical rotation resistance 

is slightly poor. If it is exposed to sunlight for a long time outdoors, it is easy to turn 

yellow and its strength is reduced. Compared with polyester fibre, its shape retention is 

poor and the fabric is easily wrinkled, as the fiber used in this research was aimed to be 

used to produce sensor the disadvantages make nylon mot a good choice for this 

research. 

Polyester (PET) fibres, is a type of synthetic fibre made of polyester by 
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polycondensation of organic binary acid and binary alcohol. Polyester fibre has a series 

of excellent properties, such as high breaking strength and elastic modulus, moderate 

resilience, excellent heat setting effect, good heat and light resistance. In Zhang’s[124] 

work, polyester was used to produce pressure sensor. It can also been found in 

Lafleur[125], Kim[126], Pan[127] and other researchers’ work that polyester was used 

for textile sensors. In Yuhua’s work, a textile-based pressure sensor was produced using 

fine polyester fabrics as substrates. Polyester fibres showed good mechanical property 

for pressure sensor and good conductive ink absorbtion which meet the goal of 

producing textile-based pressure sensor. 

2.2.2 Substrate structures 

The production of substrates for electronic textiles is still based on the commonly used 

textile structures include: knitted structure, woven structure as well as nonwoven 

structure. 

In woven fabrics, two sets of yarns (weft and warp yarns) are interlaced at right angles. 

Woven fabrics for sensors are generally produced by inserting the electronic conductive 

yarns[128]. Plain weaves, atlas weaves and twill weaves are the most common and 

simple woven patterns to manufacture sensing fabrics. Different woven structures have 

influence on the final performance of the sensing fabric, especially its mechanical 

properties. Plain [129] is the simplest and tightest weave pattern among all of the 

structures of woven fabric; the weft yarn passes through the warp yarn alternatively in 

this structure. The plain weave has the maximum number of binding points which can 

strengthen the structure and make the fabric robust and tight[130]. It also has more snag 
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resistance; however, plain-woven structures generally wrinkle more and have lower tear 

strength.  

Atlas weaving (also known as satin weaving)[131] is produced by four or more weft 

yarns floating over a warp yarn and four warp yarns floating over a weft yarn. Because 

of the floating yarns within the structure, atlas weaving is looser than the plain weaving 

structure. This structure is suitable for inserting the conductive yarns into the structure 

to produce sensing fabric. However, the floats snag easily which leads to a lower 

durability.  

The twill structure[132] is repeated in that the weft yarn passes through one or more 

warp yarns, and then under two or more warp yarns. Twill woven fabric is strong and 

durable; it has more wrinkle resistance and is more resistant to soiling, but the cost of 

the fabrics is relatively higher when compared to that of the other two woven 

structures[133]. Stoppa’s research[134] pointed that the complex network present in 

woven fabric structures can be used as elaborated electrical circuits integrated with 

significant electronic components and conductive yarns. In Rothmaier’s report[135], a 

pressure sensitive textile sensor was developed by integrating thermoplastic silicone 

fibres into atlas and plain-woven fabric. However, only a few yarns are rised from the 

bottom to the top; hence, there were few resistance changes caused by micro bends 

when the yarn moves from the bottom to the top. It can be concluded that woven fabrics 

have high elastic recovery, but the low flexibility and lower tear strength are issues that 

need to be addressed. 

Knitting technology is the fabrication process of combining the loops of yarns to create 
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the fabric[136][137]. Yarns are delivered to the needle bed and interlaced with each 

other in the knitting machine. In Li’s research[138], a knitted pressure sensor was 

produced. The electrical resistance of manufactured sensors changes when the pressure 

decreases due to the twisting of fibres in the space layer and to more conductive 

connections. In Pavelli’s work[139], another knitted sensor was manufactured to 

monitor physiological and biochemical variables. It can be found that knitted fabrics 

have high tear strength, permeability and elasticity. Meanwhile, the thickness and 

bending modulus of the knitted fabric are relatively higher and the dimensional stability 

lower than the woven fabric[140]. In summary, knitted structure is a suitable fabrication 

method to create a wearable sensor that tightly fits the body, and it can also provide a 

comfortable and elastic property for wearers, thus the knitted structure was more 

suitable for the production of strain sensor. 

Nonwoven fabric is a type of fabric which does not need spinning and weaving. It is 

made of short textile fibres or filaments arranged randomly or directionally to form a 

fibre-based net structure, and then reinforced by mechanical, thermal adhesive or 

chemical methods[141]. Nonwovens break through the traditional textile principle, and 

have the characteristics of short technological process, fast production speed, high 

output and low cost. There are four main nonwoven technologies used nowadays: spun-

bond, melt blown, wet and spun-bonded melt blown spun-bonded (SMS). 

Spun-bond nonwovens[142] are made by extruding and stretching the polymer to form 

continuous filament and then laying it into a web. The web is then made into nonwovens 

by self-bonding, thermal bonding, chemical bonding or mechanical reinforcement. In 
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spun-bond nonwovens, polypropylene (PP) spun-bond accounts for about 70% of the 

total, followed by polyester spun-bond accounts for about 18%, nylon spun-bond and a 

small number of functional spun-bond. Spun-bond nonwovens are widely used in 

household products, packaging products, decoration industry, agricultural cloth, 

waterproof materials, high-grade breathable (wet) waterproof material base cloth, filter 

materials, insulation materials, electrical appliances, reinforcement materials and other 

fields. 

Melt blown nonwoven is a type of micro-fibre nonwovens, which is made of strong hot 

air. Its diameter is about 2 microns, and it is the thinnest of all fibres. Because of its 

special structure and raw material polypropylene, melt blown nonwovens have good 

water-proof and air permeability, high filtration efficiency, bacteria collection and 

isolation, poison filtration, heat insulation, heat preservation, insulation, non-toxic, 

non-stimulation and other functions. Melt blown nonwovens can be used in air filter 

materials, blood filter materials, battery separator and filter materials, oil absorption 

materials, thermal insulation materials, other health material markets such as dishcloth 

and so on[143]. In Yuhua’s research, fine nonwoven polyester fabrics was used to 

produce textile-based pressure sensors [21].  

SMS composite nonwovens are the earliest and most active products in nonwovens 

composite products. The highlighted characteristics of these products include non-toxic, 

tasteless and highly effective bacteria isolation. Through special treatment, anti-static, 

anti-alcohol, anti-plasma, water repellent and other properties can also be provided. 

SMS composite nonwovens are mainly used for high-efficiency filtration materials, 
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high-efficiency oil absorption materials, medical and health labor protection products 

such as surgical clothing, surgical caps, surgical protective clothing, hand washing 

clothes, handbags, surgical instrument sets, as well as thermal insulation materials and 

clothing accessories[144]. 

Wet process Nonwovens Technology is to loosen the fibre materials placed in the water, 

at the same time, make different fibre materials mixed into fibre suspension slurry, the 

suspension slurry is transported to the mesh forming mechanism, and then the fibres in 

the wet state form the mesh and then reinforce into cloth. This technology is a new 

technology to produce wet nonwovens or paper cloth composites by using papermaking 

equipment and technology[145]. 

In summary, one of the goals of this research is to produce textile-based pressure sensor. 

Fine nonwoven materials could thoroughly absorb electro-conductive materials and 

induce resistive signal actively to pressure changing (even the very small 

cardiorespiratory signals) which meets the aim of producing pressure sensors being 

used on human body. Furthermore, nonwoven fabric shows isotropous mechanical 

properties which is beneficial for the end use of textile sensors after ink are coated on 

it. 

2.3 Impregnation methods 

Impregnation of the substrate materials is the essential process in the ink based micro-

electronic technology and have been widely investigated and well developed over 

decades. Five methods are mainly used nowadays to print/coat the ink on substrates. 
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2.3.1 Dip coating 

Dip coating is a type of self-metered method[146] and is commonly used for coating 

continuous objectives that are not flat, such as fibres and other irregularly shaped 

discrete objectives[147]. The substrate is usually dipped into the coating solution. In 

dip coating, the substrate passes under an applicator roll and then submerged in a tank 

full of coating fluid[148]. During the dip coating process, the prepared substrate needs 

to be immersed into the solvent/colloid bath thoroughly and withdrawn from it at a 

specific speed in order to achieve required coating concentration and thickness. 

Depending on the type of solvent and substrate, the curing process is 

necessary[149][150]. By using the method of applying electrostatic forces, drops of the 

coating at the bottom of the dip coated substrate can be removed. There are several 

researches about using dip coating to produce electro-textile materials. In three-

dimensional silver nanowire sponge structure was created using dip-coating technology, 

which combined the high electrical conductivity with the sustainable mechanical 

properties of cotton[151]; other cotton based electro-conductive fabrics were also 

developed using dip-coating technology[152][153]; wool fabrics were treated with 

electro-conductive solvent as well in order to obtain electro-conductivity[154]. Electro-

textile based interconnectors can also be produced by dip-coating[155]. The wet 

thickness is usually determined by the fluid properties as well as the coating speed[156]. 

If one tries to coat too fast, air gets entrained under the coating and the coating quality 

suffers greatly[157]. The suitable viscosity for dip coating is from 50 to 1000 mPa.s 

[24]. 
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2.3.2 Ink-jet printing 

Inkjet printing is a digital, non-contact printing technique where the ink droplets are 

jetted and deposited in a rapid succession onto the substrate to generate an image[158] 

[159]. Generally speaking, there are two prevalent droplet jetting mechanisms for inkjet: 

continuous inkjet (CIJ) and drop-on-demand inkjet (DOD)[160]. CIJ is a process where 

a stream of ink droplets is continuously generated and jetted. The droplets charged by 

the electrode are subjected to an electrostatic field and selectively deflected to deposit 

onto the substrate[161]. On the other hand, DOD is a process where the ink droplets are 

only generated when demanded through a piezoelectric or a thermal inkjet process[162]. 

Among the two methods mentioned above, the complexities in controlling of the jetting, 

deflecting and recycling of the inks have limited the widespread application of CIJ. Due 

to its simpler operation, DOD has therefore emerged as the main inkjet printing 

technology. In the DOD process, a key requirement is a stable jetting of single droplets 

under each electrical impulse without the formation of satellite droplets. The satellite 

droplets can lead to ink deposition on untargeted areas and even deviation from the 

droplet jetting trajectory[22][163]. 

Many researches of using conductive inks for inkjet printing have been carried out. 

O ḧlund[164] indicated in the thesis that the roughness of the substrate surface was the 

most important feature in terms of inkjet printed conductive materials. It has been 

reported that NMP based dispersions of graphene [78] and h-BN were already used for 

inkjet printing on paper[165]. Torrisi’s[166] work showed that self-assembling of 

bis(trimethylsilyl)amine could lead to a more uniform distribution of graphene flakes. 
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Hu demonstrated a binder-free, stable BP ink formulation using a mixture of IPA/2-

butanol solvents for inkjet printing. Hexamethyldisilazane treatment[167][168]was 

used to reduce the surface energy of the substrate, thereby reducing the roughness of 

the printed film. In this way, silver nanoparticles were deposited onto the cellulose film 

substrate in order to create an organic transistor[169]. Li introduced a flexible capacitor 

on a polyester substrate fabricated by inkjet printing technology[170]. It had been 

concluded that the particle sizes plays an important role in inkjet printing[171]. If the 

particle size is too big, nozzle of the printers could be clogged. The inks for inkjet 

printing are usually of low viscosity, the drying of low viscosity inkjet inks may lead to 

coffee ring formation if they are not optimised. How to avoid satellite droplets is 

another big challenge. As inkjet printing has many disadvantages and challenges to 

overcome, it was not the best impregnation method suitable for this research. 

2.3.3 Screen printing 

Screen printing is a stencil process whereby ink is transferred on to the substrate 

through a stencil screen made of a fine, porous mesh of fabric, silk, synthetic fibres or 

metal threads[22][172]. The pores of the mesh are closed in the non-printing areas by a 

photo-polymerised resin, while the remaining pores in the printing areas are left open 

to allow ink to flow through. Flat-bed screen printing is the most widely used screen 

printing methods. During printing, the ink is first spread over the screen mesh. A 

squeegee is then drawn across it, forcing the ink through the open pores. At the same 

time, the substrate is held in contact with the screen to receive the ink. Many flat-bed 

screen printing systems still consist of a simple hand-operated unit, which can be useful 
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for very thick or thin substrate[24][173][174]. Thread count of the screen, the thread 

diameter, the pressure, the angle that in turn defines the area of the squeegee in contact 

with the screen, and the speed of the blade in respect to the screen during ink deposition 

are the factors which influence the amount of ink used during screen 

printing[175][176][177].  

        

There are several researches about using screen printing for smart applications. In 

Zhang’s work[41], RGO terpineol/ethyl cellulose based ink was used. The authors used 

this ink to develop counter electrodes for dye-sensitised solar cells (DSSCs). However, 

this RGO screen ink required a 400℃ treatment to effectively burn off the binder, 

adversely affecting the adhesion of RGO to the substrate. Other researches  

Polyvinylpyrrolidone (PVP)/polyvinyl acetate (PVAc)[178][179], Polyaniline 

(PANI)[180][181] based conductive inks for screen printing. Inherent issues with 

alternative polymerssuch as the graphene/PVP/ polyvinyl alcohol (PVA) ink[182], 

which required highly controlled heating processes to achieve pseudoplasticity. It had 

been proved that the demonstrated pseudoplasticity, although eventually shear thinning, 

was not ideal for screen printing due to the lack of flow (i.e. too high viscosity). It was 

 

Figure 6. Principle of screen printing[225] 
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prone to damaging the screens when not under shear [183]. It was found that screen 

printing needs inks with very high viscosity (more than 1000 mPa.s under shear rate 

from 1/s to 1000/s)[184][24]. 

2.3.4 Gravure and Flexographic printing 

Gravure printing is a form of “direct” printing upon which ink is carried directly from 

the ink trough to the substrate via the gravure roller which not only meters the wet ink 

application weight but also acts as the print image carrier[185]. The printing unit of a 

gravure press consists of an ink trough in and a metal doctor. The desired pattern is 

directly engraved into the metal gravure roller in the form of cells which are designed 

to get filled with ink as the roller rotates in the ink. Ink transfer is achieved by passing 

the substrate between the gravure roller and an impression roller[186]. Gravure printing 

process can be divided into four phases: (1) the inking phase at the ink trough; (2) the 

doctoring phase where the ink is metered by the doctor blade; (3) the printing phase 

where the substrate meets the gravure roller; and (4) the setting phase when ink is 

successfully released from the cylinder cell to complete the print[187][188]. The 

principle of Flexographic is similar to that of gravure printing[189]. Flexographic 

printing uses a slightly more convoluted ink transfer process. To form an image, soft 

and flexible relief printing plates are mounted and registered on a plate cylinder. Ink is 

first applied to the surface of a screened anilox roller[190], which is rolled through an 

ink trough to fill the cells with ink. The anilox roller is a hard cylinder with engraved 

cells. Any excess ink is then screened off via a doctor blade. The ink is then transferred 

to the relief printing plate mounted on a second cylinder before the ink is deposited onto 
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the final substrate[191][192]. 

The researches about using conductive ink for gravure printing was firstly carried out 

by Secor’s team in 2014[193]. The researches exchanged graphene from ethyl 

cellulose/ethanol into ethyl cellulose/terpineol/ethanol for ink formulation, where the 

loading of graphene and ethyl cellulose was controlled to suit gravure printing. In 

Baker’s report[194], a graphene/sodium carboxymethyl cellulose (Na-CMC) ink in IPA 

solution was developed and used for flexographic printing. In a most recent research 

reported by University of Cambridge, a type of conductive carbon-graphene ink was 

produced for flexographic printing. The ink was then printed on paper and PET. The 

measured electro-resistance was 16.5 kΩ/sq and 11.5kΩ/sq for paper and PET[195]. It 

can be concluded that both methods require the conductive ink to be with medium 

viscosity (100-1000 mPa.s for gravure printing and 1000-2000 mPa.s for flexographic 

printing) and low boiling point to allow rapid ink drying[196][197]. 

Comparing with all the different impregnation methods, it can be found that screen 

printing, gravure and flexographic printing are more suitable for the applications of 

textile-based capacitors or strain sensors based on the piezo-resistive effect which could 

not meet the aim of producing pressure sensors in this research. Inkjet printing still has 

many disadvantages and challenges to overcome, which makes it not the best 

impregnation method in this research. While dip coating is a simple and efficient 

technology which has been proved to be suitable to produce fine nonwoven polyester 

textile-based pressure sensors, thus dip coating was chosen to be the impregnation 

method in this research. 
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2.4 Wearable sensors 

Wearable sensors can change their electrical properties according to the environmental 

impact. Three different types of wearable sensors are mainly used nowadays. 

2.4.1 Piezoelectric sensors 

Piezoelectric effect (Figure 7) is the principle behind this type of sensor. Piezoelectric 

effect represents the ability of certain materials which can generate an electric charge 

in response to applied mechanical stress[198]. The piezoelectric effect is unique and 

reversible, which means the materials can exhibit both direct piezoelectric effect and 

converse piezoelectric effect. The piezoelectric effect is very useful within many 

applications that involve the production and detection of sound, generation of high 

voltages, electronic frequency generation and microbalances[199].  

 

There are many materials, both natural and man-made, exhibiting a range of 

piezoelectric effects. Some naturally piezoelectric occurring materials include Berlinite 

(structurally identical to quartz), cane sugar, quartz, Rochelle salt, topaz, tourmaline, 

and bone (dry bone exhibits some piezoelectric properties due to the apatite crystals, 

 

Figure 7. Principle of piezoelectric effect[226] 
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and the piezoelectric effect is generally used to act as a biological force sensor). 

Example of man-made piezoelectric materials include barium titanate and lead 

zirconate titanate[200]. However, when it comes to flexibly sensors which should be 

portable and wearable, the focus is put on polyvinylidenefluoride (PVDF). There are 

some evidence found about PVDF used in sensing application: in Jiang’s work a PVDF 

based flexible sensor was created for cardiorespiratory sensing. It was found that extra 

encapsulation was needed to eliminate the bending artefacts[201]. Kevin Magniez and 

co-workers from Deakin University and CSIRO in Australia, and RWTH Aachen 

University in Germany[202] found that thin piezoelectric polyvinylidene fluoride fibres 

containing a high piezoelectric β‐phase content of up to 80% can be used for melt 

spinning. It was reported that after crystallization from the melt, the fibres were 

subsequently stretched uni-directionally at 120°C between 25 and 75% of their original 

length, and can be made into a stretch sensor using weaving technology [203]. However, 

one of the disadvantages of piezoelectric sensor is that it is vulnerable to noise and 

motion artifacts. There is an essentially requirement of extra shielding processing or 

data filtering algorithm for such sensors. Because this research aimed to produce ink 

for textile-based wearable sensors, there could be many noises or motion artifacts 

during real applications, as piezoelectric effect is sensitive to them, it could lead to 

inaccurate results during the research. 

2.4.2 Capacitive sensors 

Another principle used for e-textile is the capacitive sensing. Generally speaking, 

capacitive sensor contains two non-contact electrodes, both the size of the electrodes 
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and the space between the electrodes have great influences on the performance of the 

sensor. The ground plane also plays an important role. Because the parasitic 

capacitance of the sensor is related to the electric field's (e-field) path to ground, it is 

important to choose a ground plane that limits the concentration of e-field lines with no 

conductive object present[204]. Because of its property, capacitive sensor is mainly 

used in the application of touch screens[205]. Usually Capacitive sensor dimensional 

measurement requires three basic components: a probe that uses changes in capacitance 

to sense changes in distance to the target, driver electronics to convert these changes in 

capacitance into voltage changes, and a device to indicate and/or record the resulting 

voltage changes[206]. In most cases, textile based capacitive sensors are made by 

laying different functional layers together. As shown in the Figure 8 below, during the 

manufacturing process for the electrodes a simple textile pattern of alternating 

conductive and isolating strips, while the routing is achieved by soldering wires 

connecting each electrode strip with the printed circuit board(PCB) for the readout. The 

wires were bundled together and stuck to the fabric. Since the routing is achieved by 

wires the area overhead of the routing should become almost negligible, since the wire 

can be bundled to occupy less area. Finally tow isolated fabrics were added to opposite 

side of the foam layer[207]. There are several evidences about capacitive sensors used 

in textile. It was reported in González-Sánchez’s work that this sensor can be used to 

detect breathing and heart signals[208].  

https://en.wikipedia.org/wiki/Parasitic_capacitance
https://en.wikipedia.org/wiki/Parasitic_capacitance
https://en.wikipedia.org/wiki/Electric_field
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In Se Dong Min’s research[209], a single channel capacitive proximity pressure sensor 

and gait monitoring system for smart healthcare was produced. However, capacitive 

sensor also shows some disadvantages, one of which is that it is too sensible to changes 

in environmental conditions such as temperature and humidity. Furthermore, the 

measurement of capacitance is hard compare to measurement of resistance and the 

results are usually non-linearity[210]. As this research aimed to produced textile-based 

pressure sensor, those are problems that will significantly influence the accuracy of 

measurement during this research. 

2.4.3 Piezo-resistive sensors 

Piezo-resistive sensor is designed based on the principle of piezo-resistive effect. Piezo-

resistive effect was first found in 1856. It was reported that the electrical resistance 

changed as the mechanical force was applied on the sensor [211]. In conducting and 

semi-conducting materials, while their bandgaps are affected by the force (like strain) 

applied on them, the inter-atomic spacing would be changed as well. When the inter-

atomic spacing is smaller than before, it is easier for the electrons to be raised into the 

conduction band, so that the electrical resistance of the material changes. In 

 

Figure 8. Structure of capacitive sensor[207] 
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homogeneous structure, the electrical resistance (R) is influenced by its dimension and 

resistivity. The force applied on the material usually causes the change in dimension, 

thus change the electrical resistance. The electrical resistance can be calculated using 

resistance equation derived from Ohm’s law: 

                          A

L
R 

                              (2-1) 

where, 

ρ = resistivity 

L = length 

A = cross-section area of the current flow[212]. 

Several evidences can be found from literature, piezo-resistive effect is widely used in 

the production of textile sensors. In Ozgur Atalay’s paper[213], yarns were knitted in 

the way that they intermeshed with each other. To construct the intermeshed conductive 

zones, polyester-bended yarns with 20％ (weight ratio) stainless steel fibres and silver-

coated nylon were used as the sewing thread within non-conductive base structure. The 

nonconductive base structure was made of polyester yarn and 800-dtex double covered 

Lycra yarn. They also created a second design of the sensor. In this design[213], 

conductive yarns were knitted into a base structure in a series of conductive courses. 

The courses were separated from each other by non-conductive courses. At the 

beginning, the conductive courses were knitted into an elastomeric single jersey 

structure. The basic structures were interlock structures with a series of conductive 

courses in plain loop arrangement. It has also been confirmed that the piezo-resistive 

works well as compression sensor. In Lai’s research[214], the production of 



 57 / 123 
 

compression sensor was carried out. The sensor was designed to be a three-layer piezo-

resistive sensor. The middle layer of the fabric consisted of a piezo-resistive plastic 

sheet (Velostat) and it was sandwiched between two conducting layers. The conducting 

layers acted as electrodes, they consisted of either conducting fabric or conducting 

thread. While pressure force applied on the fabric sensor, the resistance of the piezo-

resistive Velostat would change so that the compression force could be measured. The 

conducting fabric was made from medical grade elastic fibre which was 76% Ag plated 

and 24% Nylon. Duct tape was used as a general adhesive and package[214].  

 

It can also be found that piezo-resistive based pressure sensor can be used to measure 

both strong and weak pressure signals. In Hamdani’s research, piezo-resistive pressure 

senor was designed to measure cardiorespiratory signal, the sensor was designed into 

three layers as well[215]. There are also evidences showed that piezo-resistive pressure 

can be used to make sensor matrix to measure at large area. In Ilaria Baldoli’s article, 

the sensors were assembled in a multilayer (or sandwich) matrix structure (Figure 10). 

The piezo-resistive textile used was a stretchable and knitted fabric which composed of 

91% of Nylon and 9% of elastane. The fibres within the fabric were coated with 

conductive polymer, so that they could provide both superficial and transversal 

electrical resistance (respectively 30–50 kΩ/100 mm and ∼0.05 MΩ through the 0.5mm 

 

Figure 9. Lai’s piezo-resistive sensor[214] 
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thickness). The electrical resistance tend to decrease as stretch and pressure force 

applied. The middle layer was the resistive sheet, and it was sandwiched by two layers 

that consisted of a non-conductive textile. Several conductive stripes which were 

parallel to each other (20mm wide) were in the non-conductive textile. The strips were 

obtained by sewing multiple copper threads (with a diameter of 110μm), in this way a 

pattern of alternate conductive and insulating bands was created. The outside layers 

with the thickness of 0.65mm were cut from pre-manufactured fabric. They were placed 

in a way that the conductive stripes on the top and the bottom layer were orthogonal to 

each other and to create a grid. The crossing of row with column produced the pressure 

sensitive element. After all the three layers were prepared, they were held together with 

stitches, which did not change the electrical properties of the fabrics. Then additional 

outer layers of felt were applied to protect the wear and tear. The overall thickness of 

the sensor was around 4.6mm. The sensor matrix included 8 rows and 8 columns with 

a total of 64 sensors[216]. 

 

In summary, piezo-resistive effect based sensors are highly valued for their high 

sensitivity and linearity[217][218], which made them suitable for the textile-based 

 

Figure 10. Piezo-resistive sensor matrix[216] 
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pressure senor in this research. Their high sensitivity and linearity could help to produce 

more accurate results during this research.  

2.5 Summary 

In this chapter, previous research on coffee ring effect, components of electro-

conductive inks, substrate and working principle for textile-based sensors as well as 

impregnation methods were critically reviewed based on the aim and objectives of this 

research. 

The literature review revealed the following gaps for the research area in concern: 

1. The coffee ring effect is undesired for the end uses of the water-based inks. How to 

avoid coffee ring effect on fine nonwoven polyester substrate is still a hot topic of 

research for the development of water-based inks. 

2. The optimal parameters, in terms of particle size, viscosity and surface tension for 

water-based carbon ink to be coated on fine nonwoven polyester fabrics for pressure 

sensors are still not fully studied and presented. 

3. The information based on previous experiments is not enough to reveal the 

influences of the carbon particle distribution and carbon take-up rate on the 

performance of the nonwoven polyester based pressure sensor, which is critical 

important for the development of textile-based sensor. 
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Chapter 3 Development of carbon ink 

Electro-conductive ink plays the key role in the development of wearable sensors. The 

challenge in this research is to produce a type of water-based carbon ink which is free 

from coffee ring effect. The ink should also have suitable particles size, viscosity and 

surface tension for the coating of fine nonwoven polyester based pressure sensors. 

3.1 Components of the carbon ink 

Electro-conductive inks should contain solvent, functional particles, binders and 

additives. Based on the purpose of developing a coffee ring effect free ink, the 

components of the ink were selected. Water was chosen as main solvent and 

polyethylene glycol was used as co-solvent. Guar gum was used as viscosity modifier 

and xanthen gum was chosen to be the binder. Triton X-100 was chosen as surfactant 

and stabliser. 

3.1.1 Solvent and co-solvent 

1) Solvent  

Solvent is the diluent to the other ink components. The main function of solvent is to 

keep the ink in a form of liquid during the coating/printing process before it is finally 

deposited onto the substrate. Traditional, inks produced for textile are polyvinyl 

chloride based chemical solvents, which are toxic and expensive. In this research, water 

was used as the solvent because it is a non-toxic environmental friendly solvent. Water 

is cheap and easy to achieve. Furthermore, no harmful solvents are required for the 

cleaning of water-based ink after coating/printing. The boiling point of water is 100℃ 

under standard atmospheric pressure, which leads to a short drying time. Additives 
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would be added to make the water-based ink suitable for dip coating. 

2) Co-solvent  

Polyethylene glycol was used as co-solvent to make up for some of solvent 

disadvantages. The first function of co-solvent was to avoid the coffee ring effect which 

can be commonly seen among water-based inks. The coffee ring effect would lead to 

the carbon particles aggregated to the edges of an ink drop during drying. This would 

lead to nonuniform distribution of the carbon particles on the substrate. In order to avoid 

the coffee ring effect, polyethylene glycol was used in this research. The hypothesis 

was that the different properties of water and polyethylene glycol would lead to a 

gradient to create an inner flow during drying process and balance the outward flow to 

avoid the coffee ring effect. The second function of co-solvent was to increase the 

viscosity of the ink. The polyethylene glycol used in this research was P3015-

polyethylene glycol (Sigma-Aldrich) with average mol weight of 200. The liner 

formula of it is (C2H4O)nH2O. With an average mol weight of 200, this type of 

polyethylene glycol was clear colorless liquid. The Brookfield viscosity of this 

polyethylene glycol was 43-57 mPa.s. It is non-toxic, non-irritant, slightly bitter, water-

soluble, and has good solubility with many organic components. It was added to 

deionized water with a ratio of 1: 10 polyethylene glycol and water by mass.  

3.1.2 Carbon particles 

Carbon particles have longer lifetime than metal particles. They have already been 

widely accepted as a type of cheap and easy-making material for conductive ink. 

However, the challenge is how to control the carbon particle size within the ink. During 
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the dispersion process carbon particles could aggregate and form larger carbon particles, 

those large particles could block the pore between fibres and influence the coating 

process. However, there are no researches determined how small conductive particles 

should be according to different pore sizes. Because of this, the size of the carbon 

particles after dispersion should be studied. In this research, it was tried to achieve the 

smallest size of carbon particles to form a uniform coating. Activated carbon was used 

as the electro-conductive particles in this research. The activated carbon particles used 

in this research is 633100-carbon (Sigma-Aldrich) which is a type of activated charcoal 

powder. Water bath ultra-sonicator would be used to study how to adapt the carbon 

particle size within the ink. 

3.1.3 Binder and viscosity modifier 

1) Binder  

The function of binder is to provide adhesion of the carbon particles to the substrate. In 

this research xanthan gum was used as the binder. Xanthan gum (xanthan gum), is a 

type of microbial extracellular polysaccharide produced from Xanthomonas campestris 

through fermentation engineering with carbohydrate as the main raw material (such as 

corn starch)[219][220]. It has unique rheology, good water solubility, stability to heat 

and acid and alkali, and good compatibility with a variety of salts. As shown in the 

Figure 11 below, it is an anionic polysaccharide composed of a β-(1→4)-D-

glucopyranose glucan backbone with side chains of (1→3)-α-D-mannopyranose-

(2→1)-β-D-glucuronic acid-(4→1)-β-D-mannopyranose on alternating residues.  
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The xanthan gum used in this research was “G1253 Xanthan gum from Xanthomonas 

campestris” (Sigma-Aldrich). The xanthan gum is in a form of powder with faint yellow 

appearance. It is harmless and is widely used in the food and medical industry. It was 

selected as binder to allow the retention of the electrical properties of the ink. The major 

advantage of xanthan gum over other binders is its biocompatibility. Another advantage 

of xanthan gum is that it can increase the viscosity of the ink. Xanthan gum can dissolve 

rapidly in water and has good water solubility. It can also be dissolved even in cold 

water, which makes it possible to leave out the complex processing process. It shows 

good stability against pH (around 2.5-11) and heat (10-80℃). 

2) Viscosity modifier  

The function of viscosity modifier is to adapt the viscosity of the ink. The challenge in 

this research is that the viscosity of water is too low (only 1 mPa.s), thus the viscosity 

of the ink should be increased to be suitable for printing/coating. The viscosity modifier 

used in this research was guar gum. Guar gum (also known as guaran) is a 

galactomannan polysaccharide extracted from guar beans and is always produced as a 

as a free-flowing powder.[221] 

 
Figure 11. Chemical structure of xanthan gum[227] 
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Chemically, guar gum is an exo-polysaccharide composed of the sugars galactose and 

mannose. Guar gum has its advantages as viscosity modifier, because of the extra 

galactose branch points it is more soluble than locust bean gum. It is nonionic and 

hydrocolloidal in water and will not be affected by the ionic strength or pH. Due to its 

high ability to flow and deform, it can influence the viscosity of solvents and is widely 

used as a thickening agent in foods and medicines for humans and animals. It has been 

found that while guar gum and xanthan gum were added between a ratio of 9:1 and 3:7, 

synergistic rheological effects occurs. The guar gum used in this research was “G4129 

Guar” (Sigma-Aldrich). It was in the form of powder with yellow colour. 

3.1.4 Surfactant 

The function of surfactant added in electro-conductive ink is to adapt the surface tension 

and stabilize the conductive particles within the ink. The challenge in this research is 

that the surface tension of water is too high (73 mN/m), thus it should be decreased. 

Another challenge is how to stabilize the carbon particles to achieve a longer shelf life. 

In this research nonionic surfactant was used. Nonionic surfactant is a type of surfactant 

whose main hydrophilic group is ether group, which is contained in the molecule and 

does not dissociate in the aqueous solution. Compared with ionic surfactants, non-ionic 

 

Figure 12. Chemical of guar gum[228] 
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surfactants do not exist in ionic state in solution, thus they have high stability and are 

not easy to be affected by the presence of strong electrolytes or by the influence of acids 

and bases. Triton X-100 was chosen to be the suitable nonionic surfactant in this 

research. Triton X-100 is a common non-ionic surfactant and emulsifier which is often 

used in biochemical applications to solubilize proteins[222]. It is considered a 

comparatively mild detergent, non-denaturing, and is reported in numerous references 

as a routinely added reagent. It has a hydrophilic polyethylene oxide chain and an 

aromatic hydrocarbon lipophilic or hydrophobic group, and the hydrophobic group is 

known as a 4-(1,1,3,3-tetramethylbutyl)-phenyl group. Because of the hydrogen 

bonding of the hydrophilic polyethylene oxide parts, Triton X-100 appears as a clear 

viscous fluid. It is soluble in water, toluene, xylene, trichloroethylene, ethylene glycol, 

ethyl ether, ethyl alcohol, isopropyl alcohol, and ethylene dichloride under a 

temperature of 25℃. The surfactant used in this research was “T9284 Triton X-100” 

(Sigma-Aldrich). The linear formula of it is t-Oct-C6H4-(OCH2CH2)xOH, where x= 

9-10. It has a CMC of 0.2-0.9 mM (20-25°C) and a HLB of 13.5.  

3.2 Experiments 

In order to produce a water-based carbon ink, the main steps were: mixing of main 

solvent and co-solvent, carbon particle dispersion, viscosity modification and surface 

tension modification, the formulation process was done within a fume cupboard as 

carbon nanoparticles were used. 

3.2.1 Dispersion of activated carbon particles 

Among all the coating/printing methods, inkjet printing is strict to the particle size 
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within the ink. According to literature review, the particle size should be 1/50 of the 

nozzle head to avoid clog of the nozzle head. It was found that for the commonly used 

Epson 4880c inkjet printer, inks with particles less than 2μm could be printed without 

nozzle clog. Because of that, the particle size analysis process was done after the 

dispersion of carbon particles. During the research about particle size, ink with 

concentration of 5mg/ml was used. The ink was diluted in order to get a clear shape of 

carbon particles and then dropped on Si/SiO2 substrate plates. The reason of using 

Si/SiO2 is that silicon is opaque and silicon dioxide is transparent, a layer of silicon 

dioxide should be coated on silicon for convenient observation. Si/SiO2 substrate plates 

are commonly used for the observation of inks under optical microscope, SEM and 

AFM. Ten samples were tested under optical microscopy and 10 positions were picked 

across each sample. After that statistical analysis of all 100 particles were done. 

Ultrasound water bath sonicator was used to adapt the carbon particle size within the 

ink. During the ultra-sonication process, carbon ink was put into a glass bottle and then 

put into a tank full of water. During the ultra-sonication process, under the effect of 

ultrasound waves, localized bubbles (commonly termed as ‘cavitation’) were generated 

in the liquid. The bubbles then collapsed and generated high shear forces to break the 

large carbon particles. Ice bags were added into the water to cool down the machine. In 

order to figure out the relationship between sonication time and the particle size, the 

ink samples were sonicated for 2h, 4h, 6h and 12h till the machine was overheated 

(more than 40℃). 
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3.2.2 Surface tension adjustment 

The surfactant in this research have two functions: reducing the surface tension of the 

ink and stabilizing the carbon particles. Although, it was found that the CMC of the 

“T9284 Triton X-100” (Sigma-Aldrich) used in this research was 0.2-0.9 mM (20％-

25％), a surface tension test was still needed to figure out how the surface tension of 

the ink changed with different amounts of surfactant added. The pendant drop tests were 

conducted to measure the surface tension of the ink. 

 

The pendant drop method is based on the Young-Laplace equation. The equation below 

demonstrates the Laplace pressure between the areas inside and outside of a curved 

liquid surface/interface (△P) with the principal radii of curvature Ri: 

）
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（
21
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RR

PPP ext               (3-1) 

Two forces determine the shape of the drop: surface tension and gravitation. The surface 

tension tends to minimize the surface area and get the drop into a spherical shape. 

Gravitation on the other hand stretches the drop from this spherical shape and the 

typical pear-like shape results. 

 

Figure 13. Young-Laplace fit on a pendant drop [108] 
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Figure 13 shows an image of a typical pendant drop. Based on Pascal's law a pressure 

difference is caused across the z-axis by gravitation. Therefore the Laplace pressure ΔP 

(z) at a distance z from an arbitrary reference plane with Laplace pressure ΔP0 is:  

                      gzPz)（P 0                         (3-2) 

For a pendant drop the principal radii of curvature at the vertex (lowest point of the 

drop) are: R1=R2=R. Thus it is convenient to place the reference plane in this point.  

For every point above it holds R2=x/sin Φ. The mentioned equations lead to: 
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where, R is the principal radii of the curvature at the vertex and △ρgz is a hydrostatic 

pressure. 

The introduction of a parametrisation using the arc length of the drop shape results in 

the following set of three first-order differential equations with three boundary values, 

which is solvable by numerical procedures: 
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The numerical fit of the theoretical drop shape to the shape recorded by the camera 

eventually yields the surface tension. The described considerations also apply when the 

surrounding phase is not air but another liquid. In this case the interfacial tension is 

evaluated. Although the principal and formula used to calculate the surface tension of 

a pendant drop is complex, with the help of modern goniometer and the software 
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supplied, computers can automatically derive the surface tension of any liquid, thus the 

complex computation process of the users are no longer needed. 

 

In this research, the DSA Drop Shape Analysis System (Krüss) was used to measure 

the surface tension of the ink. During the test progress, a drop was suspended from a 

needle, and then the image was captured by the camera. Then the image is analyzed 

with the help of the DSA software, based on the shape of the drop and the Young-

Laplace equation, the surface tension of the ink was measured. During the ink 

formulation process, ten different amounts of surfactant (from 0.02 mg/ml to 0.2 mg/ml) 

were added to figure out how the surface tension of the ink change with the amounts of 

surfactant added. In order to figure out if the amount of viscosity modifier added would 

influence the surface tension of the ink, further tests should be conducted. For samples 

with different concentrations of surfactant, 5 different amounts of viscosity modifier 

were added (0.05 mg/ml, 0.1 mg/ml, 0.15 mg/ml, 0.2 mg/ml and 0.25 mg/ml). The 

surface tension of all these samples were tested and plotted. 

 

Figure 14. DSA Drop Shape Analysis System (Krüss) 
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3.2.3 Wettability tests 

Inks should have good wettability for coating/printing. In order to figure out the 

wettability of this ink, contact angle test was carried out. If the contact angle is smaller 

than 90°, the solid surface is considered hydrophilic to the liquid. If the contact angle 

is bigger than 90°, the solid surface is considered hydrophobic. If the contact angle is 

0°, the phenomenon is called ideal spreading, which means the liquid molecules are 

strongly attracted to the solid molecules and a 100％ wetting is achieved. The method 

used to measure contact angle was based on the Young–Dupré equation. Based on the 

theory, contact angle is caused by the thermodynamic equilibrium between the 

three phases: the solid phase (s), the ink (i) and the vapour (v). Based on the Figure 15, 

solid–vapor interfacial tension is represented by γ s-v, the solid–ink interfacial tension 

is represented by γ s-i, the ink–vapour interfacial tension is represented by γ i-v, and the 

contact angle is represented by θ. Based on the Young’s equation, the angle θ can be 

calculated as:  

vi

isvs



 





cos                         (3-5) 

 

In this research the sessile drop test was done with the help of DSA Drop Shape 

 

Figure 15. Principle of contact angle test 
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Analysis System (Krüss). Ink with no surfactant added was first tested. The drop was 

dropped on glass plate which was commonly used for this experiment. 

3.2.4 Viscosity adjustment 

Viscosity is one of the important parameters in ink formulation. All inks should have 

the viscosity appropriate to the coating/printing process. Viscosity of ink is determined 

by shear, shear stress as well as the shear rate (under an applied shear stress). During 

the coating/printing process, the ink flows, which can be considered as a cube of flow 

which has a velocity gradient based on its flow rate and is known as shear rate (s-1). 

Table 1 shows that different coating/printing processes have different ranges of 

viscosity that suit them. 

Table 1. Viscosity of inks for different coating/printing methods [223] 

Coating/printing methods Viscosity (mPa.s) Shear rate (s-1) 

Dip coating 50-1000 10-500 

Ink-jet printing 4-30 10-5000 

Screen printing 1000-10000 1-1000 

Gravure printing 100-1000 10-1000 

Flexographic printing 1000-2000 10-1000 

The viscosity of water is 1mPa.s which is not suitable for any of the methods in this 

table, viscosity modification is required. In this research, two types of viscosity 

modifier were added: xanthan gum and guar gum. Xanthan gum also worked as binder 

for its biocompatibility. The two gums were added together (1:1) to increase the 

viscosity of ink. 0.05 mg/ml, 0.1 mg/ml, 0.15 mg/ml, 0.2 mg/ml and 0.5 mg/ml were 

added into the ink to figure out how much the viscosity of the ink can be increased. 
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Viscometer was used to measure the viscosity of the ink. Although several viscometers 

can be used to test the viscosity of a conductive ink as Apillary Viscometer, Zahn Cup, 

Falling Sphere Viscometer, Vibrational Viscometer and Rotational Viscometer[224]. 

Apillary Viscometer is a very early used instrument to measure viscosity. In this 

instrument, capillary tubes are used. By measuring the time it took for a volume of 

liquid to pass through the length of the tube the viscosity of the fluid can be measured. 

The Zahn Cup method is similar to the previous one, during the measuring process, a 

small container with a handle and a small hole in the bottom is used. To measure the 

time it takes to empty the cup through the hole, the viscosity can be calculated. In the 

 

 

Figure 16. (a) Apillary Viscometer (b) Zahn Cup (c) Falling Sphere 

Viscometer (d) Vibrational Viscometer 
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Falling Sphere Viscometer, a sphere of known density is dropped into the fluid sample. 

By measuring and recording the time it takes for the sphere to fall to a specified point, 

the viscosity can be calculated. This method is now mainly used on ships to monitor 

the quality of the fuel going into the ship’s engine. Vibrational Viscometers measure 

the damping of an oscillating electromechanical resonator immersed in a fluid. This 

technique is often used in-process to give continuous readings in a product stream, 

batch vessel, or in other process applications. Rotational viscometer measures the 

torque required to turn an object in a fluid as a function of that fluid’s viscosity. This 

method is frequently used in quality control and production laboratories. 

 

In this research, one of the rotational viscometer known as plate-to-plate viscometer 

was used because it can apply different shear rates to the liquid. During the test, while 

the machine was calibrated, the fluids to be tested were pulled on the bottom plate. The 

amount of fluid should be controlled to a suitable amount for the test accuracy. The 

distance between two plates was set to be 600nm. The test was done at controlled room 

temperature (25℃) with an increased shear rate from 10 (1/s) to 500 (1/s). The shear 

 

Figure 17. Plate-to-plate viscometer 
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rate of the viscometer could not be higher, as a higher shear rate could lead to 

overheating of the machine and the machine would stop by itself. In order to figure out 

if the surfactant added would influence the viscosity of the ink, all the combinations 

with different amounts of viscosity modifier and surfactant added were tested. Finally 

the viscosity would be recorded based on the equation: 

'r

T
                                  (3-6) 

where, T is the shear stress and r’ is the shear rate. 

In order to figure out if the surfactant added would have an influence on the viscosity 

of the ink, ten different amounts of surfactant (from 0.02 mg/ml to 0.2 mg/ml) were 

added to the samples with 0.1 mg/ml viscosity modifier added. The viscosities of those 

samples were measured and the testing results with different amounts of surfactant 

added were collected and plotted. 

3.3 Results and discussion 

3.3.1 Effects of sonication time on particle size 

Figure 18 shows an image the carbon particles within the ink without any sonication. 

The ink was diluted so that the shape of the carbon particles can be clearly observed. 

The size of a total number of 100 carbon particles were measured and plotted into a 

graph. 
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As can be found from Figure 19, it can be found that the carbon particles aggregated 

during the dispersion process, about 30％ of the carbon particles were even bigger than 

10μm. Based on this result, adaption of the particle size was needed. In this research, 

the water bath ultra-sonication method was used to adapt the carbon particle size. 

According to Figure 19-B, it can be found that after sonication of an hour, the size of 

the carbon particles had been significantly reduced, about 90％ of the particles are now 

smaller than 5μm. However, the size of most particles still did not match the required 

2μm. Because of that, further ultra-sonication was needed. 

Based on Figure 19-c, it can be found that after 2 hours’ sonication, 90％ of the carbon 

particles are now smaller than 2μm, however there are still about 8％ of the particles 

are between 2 to 2.5μm and some even bigger than 4μm. 2 more hours of ultra-

sonication was done to further break down the big particles, during this process ice bags 

were added to cool down the water temperature to room temperature. Figure 19-D 

shows that after 4 hours, the particle size was further reduced. The sizes of all the carbon 

particles within the ink were reduced. 

 

 

Figure 18. Carbon particles under optical microscope 
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（A）no sonication                     （B）1h sonication 

    

（C）2h sonication                     （D）4h sonication 

  

（E）6h sonication                     （F）12h sonication 

Figure 19. Particle size distribution 
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Further ultra-sonication was done and it can be found that after 6 hours of sonication 

more than 90％ of the carbon particles are now smaller than 2μm. In order to figure 

out the smallest particle size can be achieved for this ink, longer ultra-sonication was 

carried out. After 12 hours, the water bath ultra-sonicator was overheated (more 40℃) 

and even the ice bags could not efficiently cool it done, thus the sonication was finally 

stopped. It can be concluded from Figure 19-F that after sonication for 12 hours, 95％ 

of the carbon particles were smaller than 2μm. The size of all the particles were further 

reduced, about 60％ of the particles were between 500nm to 1μm. However, after 12 

hours of sonication, even with ice bags used to cool down the water temperature, the 

water within the tank was still more than 40℃. As high temperature would influence 

the property of the ink, no further sonication could be down. Thus, the particle size 

shown in Figure 19-F was the smallest could be achieved in this research. 

3.3.2 Effects of surfactant and modifier on surface tension 

At the beginning, the surface tension of ink with different concentration of activated 

carbon added was measure. It was found that the concentration of activated carbon had 

no influence in the surface tension of the ink. Thus, further tests were based on inks 

with a carbon concentration of 5 mg/ml. It can be found from Figure 20 that Triton X-

100 has a significant effect on the surface tension of the ink. The surface tension of the 

in without surfactant was about 65 mN/m, with the increasing of the surfactant added, 

the surface tension sharply decreased and finally reached the lowest point of 32 mN/m. 

That is because Triton X-100 has hydrophobic tails and uncharged hydrophilic head-

groups. While added into the ink, those hydrophilic head-groups can break the lipid-
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lipid associations thus lower the surface tension of the ink. It can be concluded that the 

CMC of Triton X-100 in this ink is 0.1 mg/ml. Although the information from Sigma-

Aldrich showed the CMC of Triton X-100 was 0.2-0.9 mM (20％-25％), this test was 

still necessary. Based on the surface test, the accurate CMC of Triton X-100 for this ink 

was measured. Furthermore, it shows how the surface tension changes with different 

amounts of surfactant added. With the help of this graph, it can be easier to control the 

surface tension of this ink for different applications. 

 

 

The 3D graph of Figure 22 shows the surfactant of ink with different concentration of 

 

Figure 20. Relationship between surface tension 

and the amount of surfactant added 

 

(A)                            (B) 

Figure 21. Pendant drop 

 (A) Without surfactant. (B) With 0.1 mg/ml surfactant 
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surfactant and viscosity modifier. The purpose of this test is to figure out if different 

concentrations of viscosity modifier will interact with the surfactant and further affect 

the surface tension of the ink. 

 

The x axis and y axis show the relationship between surface tension and the amount of 

surfactant added, which is the same as Figure 22. From the y axis and the z axis of the 

graph, it can be found that the amount of viscosity modifier chosen and added does not 

have an influence on the surface tension of the ink. 

3.3.3 Effects of viscosity modifier and surfactant on viscosity 

It can be found from Figure 23 that modifier added significant increases the viscosity 

of the ink (used to be 1 mPa.s). That is based on the property of the modifier added. 

When the modifiers dissolve in water, their macromolecular chains are distributed in 

solvents and intertwined with each other, which increases in the viscosity. At the same 

time, the interaction between macromolecular chains and solvents (e.g. hydrogen 

chains with water) makes the whole molecular chain surrounded by solvents. This so-

 

Figure 22. Relationship among surface tension, 

surfactant and viscosity modifier 
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called hydrodynamic volume increasing and thus the solution viscosity increases. As 

shown in Figure 23, the viscosity of the ink decreases as the shear rate increases. That 

is because the co-solvent and viscosity modifier added turned the ink from Newtonian 

fluid to a type of non-Newtonian fluid with shear thinning effect. The viscosity of the 

ink decreases quickly with shear rate added, that is because the status of the fluid turns 

from static to dynamic. Then the viscosity decreases as the shear rate increases and 

finally goes stable. It can be found from the figure that with 0.05 mg/ml viscosity 

modifier added, the finally stable viscosity was around 46 mPa.s. When 0.1 mg/ml 

modifier was added, the viscosity of the ink increased to about 51 mPa.s. The viscosity 

was 52 mPa.s, while 0.15 mg/ml modifier was added. It was found that with 0.2mg/ml 

or more modifier added, the viscosity would not increase anymore. The biggest 

viscosity can be achieved was 55 mPa.s under a shear rate of 500 s-1. It can be concluded 

that the viscosity of the ink in this research can be controlled between 46 to 800 mPa.s, 

under a shear rate of 10 to 500 s-1. According to Table 1, the viscosity of the ink was 

suitable for dip coating. 

Based on the purpose of adding as less viscosity modifier as possible, the concentration 

of 0.1 mg/ml was used to adapt the viscosity of the ink to around 50 mPa.s under a 

shear rate of 500 s-1. 
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However, it was still not sure if different amounts of surfactant added would interact 

with the viscosity modifier and influence the viscosity of the ink. Samples with different 

concentrations of surfactant and viscosity modifier were prepared. The viscosity of 

those samples were measured and plotted into a 3D graph in Figure 24. 

  

 

Figure 23. Relationship between viscosity and shear rate 

with different concentrations of modifier added 
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Figure 24. Influence of surfactant on viscosity of the ink 

It can be found from Figure 24, that the amounts of surfactant added would not 

influence the viscosity of the ink, only the amount of viscosity modifier can adapt the 

viscosity of this ink. Furthermore, this 3D graph can be used as an index for further 

research, as the viscosity and surface tension under different concentration of viscosity 

modifier and surfactant was plotted in this graph, any further researches based on this 

formula can use this graph to pick out the suitable concentration for their purposes 

without experiments. 

3.3.4 Wettability of the ink 

According to Figure 25, the contact angle of one drop of the ink on glass plate was 

already 35° which indicated a good wettability. Because of that, no further 

improvements on the wettability of the ink were needed. 
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3.4 Summary 

The ink developed in this research is based on the following principles: 

1) Solvent prepared with a ratio of 1: 10 polyethylene glycol and water by mass. 

2) 2, 5, 10, 15, 20, 25, 30 mg/ml activated carbon particles added to the solvent. 

3) Water bath ultra-sonication of 2 hours to break down the carbon particles. 

4) 0.1 mg/ml (CMC) Triton X-100 added as surfactant to stabilize the carbon partilces. 

5) 0.1 mg/ml mixture of guar gum and xanthan gum (1:1) added as viscosity modifier 

and binder. 

The inks with different concentrations of carbon particles were prepared for further 

coating/printing process. What should be mention is that the use of Triton X-100 as 

surfactant increased the shelf-life of the ink. The ink can be stored for 15 to 20 days 

without re-aggregation and sunk of carbon particles based on the concentration of the 

ink. 

 

  

 

Figure 25. Contact angle  

35°
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Chapter 4 Development of electro-conductive fabrics 

In order to confirm if the electro-conductive ink is suitable for the production of 

wearable sensors, impregnation of fabrics with the ink produced in this research was 

needed. Based on the electro-conductive fabric samples, their carbon take-up rates and 

electro-conductivity would be measured. SEM images would be taken to better analyze 

the distribution of carbon particles. 

4.1 Impregnation method and substrate material 

Dip coating was finally chosen as the impregnation method used in this research. 

Because dip coating is a simple and efficient method, furthermore, the range of 

viscosity can be adapted was most suitable for dip coating. The dip coater used in this 

research was the Werner Mathis CH-8155 Pad Mangle (Figure 26), which is designed 

for uniform dyeing, coating, impregnation, and finishing of short fabrics. 

 

Based on previous research [17], it has been proved that fine nonwoven polyester fabric 

was suitable for the production of textile-based pressure sensor, thus the same type of 

fabric was used in this research as the substrate. The nonwoven fabrics can be directly 

made from fibres, the thin fibres make it possible to detect weak signals. Furthermore, 

 

Figure 26. Werner Mathis CH-8155 Pad Mangle 
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the mechanical properties of nonwoven structure are the same in all directions, which 

makes it suitable to be the substrate to test the property of the electro-conductive ink. 

Polyester was chosen as the textile material used for the substrate. The high breaking 

strength and elastic modulus of polyester make it suitable for wearable sensors. It has 

been reported that spun-bond nonwoven polyester fabrics have advantages such as high 

strength, good heat resistance, good stability and breathability. Based on all the 

advantages above, a type of melt-bond nonwoven polyester fabric was used as the 

substrate in this research. 

4.2 Experiments 

4.2.1 Coating of the substrate fabrics 

The Werner Mathis CH-8155 Pad Mangle was used for dip coating. In order to make 

sure the fabric substrates can be fully immersed by the ink, the 150ml of ink were 

prepared to fully fill the space between the two rollers. During the coating process, inks 

with different concentrations of carbon particles were used. The following steps were 

carried out to produce the electro-conductive fabric materials: 

1) The fabric was measured and cut into 100mm by 100mm square. 

2) The cut fabric was put into the ink and the Werner Mathis CH-8155 Pad Mangle 

was turned on with a pressure of 2 bar and a speed of 2 m/min. In this progress the 

rollers led the fabric into the ink solution and then picked it up. The rotate of the 

two rollers can also shake the solution to achieve a uniform impregnation. The 

fabric was coated for 30 minutes in room temperature. 

3) After the coating process, the fabric was removed and put into the oven for drying. 
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The temperature of the oven was set to be 100℃ and the fabric was dried for 30 

minutes. 

4) The dried 100mm by 100mm fabric was then cut into four 50mm by 50mm pieces 

for later usage. As the four pieces were coated in the same process, they can be 

considered as identical in the carbon concentration. The pieces of coated fabrics 

will be used to create wearable sensors. 

4.2.2 Measurement of the carbon take-up rates 

The differences of the appearance of the fabrics before and after coating were quite 

obvious. The colour of the raw material was white, after coated by inks with a 

concentration of 2 mg/ml, the colour of it was white/grey. With the ink of 5 mg/ml used, 

the colour of the fabric turned into black. The higher the concentration used, the darker 

the colour of substrate fabrics became. The amount of carbon particles attached to the 

fabric can be quantified using the take-up rate: 

100%
W

W-W
R

0

01 upTake                         (4-1) 

where, W0 is the weight of substrate fabric before impregnation, W1 is the weight of the 

dried fabric coated with carbon ink. 

4.2.3 Measurement of electro-conductivity and microscopy analysis 

The electro-conductivity of the samples was tested using multimeter to figure out the 

relationship between take-up rates and electro-conductivity of the coated samples.  

To further analyze how the carbon tale-up rate influences the electro-conductivity of 

the coated fabrics, all the samples were put under SEM. SEM images were taken to 

analyze the structure of the coated fabrics. 
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4.3 Results and discussion 

4.3.1 Relationship between take-up rate and electro-conductivity of the samples 

Table 2 shows the take-up rates of different samples coated by inks with different 

concentration of carbon particles. All the samples were coated by the same coating 

machine and the coating time were also the same. It can be found that the higher 

concentration used, the higher carbon take-up rates could be achieved. It is also found 

that samples with a higher take-up rate have lower electro-resistance. The sample 

coated with ink concentration of 2 mg/ml showed no electro-conductivity during the 

test. The coated samples showed a grey and white colour, thus a possible reason was 

that the samples were not fully coated under this concentration, the uncoated fibres led 

to the breakage of the electro-conductive path within the fabric and finally made the 

fabric nonconductive. In order to verify the correction of this possible reason, fabric 

samples were put under SEM for further study of their coated structure. 

Table 2. Take-up rates of fabrics coated with different concentrations of inks 

Samples  Concentration  

(mg/ml) 

Take-up rate 

(％) 

Electro-resistance 

(Ω) 

A 2 43.6 N/A 

B 5 70.6 1817 

C 10 77.9 1623 

D 15 80.2 1478 

E 20 84.3 1224 

F 25 89.6 946 

G 30 92.1 850 
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4.3.2 Relationship between take-up rate and carbon particles distribution 

As can be seen from Table 2, the electro-resistance of sample A coated with ink with 

concentration of 2mg/ml gone beyond the limitation of the multi-meter (2mΩ) and 

could not be read. It was considered that this sample was not electro-conductive. To 

figure out the reason for this, SEM images of all the samples were analysed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
 

  
 

  
 

Figure 27. SEM images of different samples 

 

 

Figure 27. SEM images of different samples 

Uncovered places

(A) Uncoated nonwoven fabric (B) Sample A 

(D) Sample C 
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Figure 27-(A) shows an image of the uncoated nonwoven fabric. Comparing all the five 

images shown in Figure 27, it can be clearly seen that after coating, carbon particles 

covered the fibres within the nonwoven fabric. The carbon particles covered the fibres 

and made them electro-conductive. The electro-conductive fibres created several eletro-

conductive path within the nonwoven structure and finally made the fabric conductive. 

According to Figure 27-(A) and Figure 27-(B) it can be found that carbon particles were 

coated onto the fibres within sample A, but they did not fully cover the fibres. The 

uncovered parts are marked with red circles on Figure 27-(B). 

 

 

 

 

 

 

 

 

 

In order to have a clear view of sample A, a SEM image with magnification x2000 was 

taken. From Figure 28, it can be found that with a low concentration, the carbon 

particles within the ink could not totally cover the fibres’ surface, there are many parts 

(highlighted with red rectangles) which were not covered by carbon particles. In this 

case, the conductive particles on the fibre surface were not connected, thus the fibres 

 

Figure 28. Sample A with magnification x2000 

 

Figure 28. Sample A with magnification x2000 
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could not be electro-conductive and finally led to the non-conductivity of the fabric. 

The electro-conductive fibres with the coated fabric created many paths for electrons 

to move and made the fabric electro-conductive. It was also found that with a higher 

carbon take-up rate, the coated fabrics showed better electro-conductivity. Comparing 

Figure 27- (C), (D), (E) and (F), it can be seen that there are many spaces between fibres, 

in Figure 27- (C) the carbon particles just covered the fibres and still left many rooms 

between fibres. With increasing of carbon take-up rates, more and more carbon particles 

were coated onto the fibres, the carbon particles gradually gathered and filled the spaces 

between fibres. Because of this, more and more electro-conductive paths were created 

for electrons to move and this lead to a lower electro-resistance. 

4.4 Summary 

It was found that sample A was non-conductive, furthermore, fabrics with higher carbon 

rake-up rates showed better electro-conductivity. With the help of SEM images the 

reasons were found.  
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Chapter 5 Performance Evaluation of ink on wearable pressure 

sensor 

In order to evaluate the properties of the electro-conductive ink in terms of conductivity, 

sensitivity and reliability, coated fabrics were used to make wearable pressure sensors. 

The working principle of the wearable sensor was based on the piezo-resistive effect. 

5.1 Design and manufacture of the wearable pressure sensor 

The wearable sensor was designed as sandwich structure. The complete design and 

fabrication of the piezo-resistive sensor is illustrated into details based on the images 

below: 

 

As shown in the Figure 29, the sensor consists of five layers. The carbon coated layer 

 

 

 

Figure 29. Design of the wearable pressure 

sensor 
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is located in the middle, two silver coated nylon layers are used as electrodes on top 

and bottom surfaces, and two adhesive layers bond the top and bottom layers with the 

middle one. The adhesive webbing fabrics were also coated with the carbon inks, 

because of the low melting point of them (60℃), the adhesive fabrics were dried at the 

temperature of 45 °C for 1 hour. All the five layers were properly aligned and then a 

steam iron was used to apply a heat of 70℃ for 30 seconds. The webbing materials 

melt to connect the top and bottom layers to the core layer. The two silver coated fabrics 

were used as electrodes so that the whole sensor can be connected into Wheatstone half-

bridge circuit. In this way the electrical resistance of the sensor along its thickness 

direction can be measured. The carbon coated layer was designed to be bigger than the 

electrode layers so that it can avoid the electrical shorting between the top and bottom 

electrode layers. 

5.2 Property measurements 

According to the electro-conductive measurement and SEM analysis, sample A showed 

no electro-conductivity, thus sample A could not be used to produce pressure sensor. 

Fabrics with higher carbon take-up rates showed better electro-conductivity. However, 

based on the SEM images it can be found that in sample B, C, E and G, with higher 

carbon take-up rates, the carbon particles distributed in the fabrics also changed the 

structure of the fabrics as they filled some of the spaces between the fibres and 

connected nearby fibres together. In order to figure out if these changes in structure 

would further influence the performance of the pressure sensors, these four samples 

were picked out and made into pressure sensors for further tests (shown in Table 3). 
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 Table 3. Samples used to create sensors 

Sample number Take-up rate (％) Resistance(Ω) 

B 70.6 1817 

C 77.9 1623 

E 84.3 1224 

G 92.1 850 

5.2.1 Electro-resistance tests: 

There are several methods used to measure the electrical resistance. The mainly used 

methods are two-wire resistance measurement, four-wire resistance measurement and 

Wheatstone bridge circuit. Among them, two-wire measurement is the simplest (seen 

Figure 30 below), and the principle of it is based on the Ohms Law as: 

 
ammeter

voltmeter

wiresubject
L

V
R2R                        (5-1) 

In this equation, when the Rwire is small enough to be negligible, then Rsubject can 

be calculated as Vvoltmeter/IAmmeter. However, in the case that the subject is in a long 

distance away from the Ammeter and the Voltmeter, the Rwire is not negligible. The 

actual Rsubject is lower than the one calculated. 

             

In order to avoid this error, the four-wire resistance measurement (shown in Figure 31) 

is used to take the Rwire into account. As the current on the voltmeter can be ignored, 

 

Figure 30. Two-wire resistance measurement 

 

Ammeter Rwire

Voltmeter Rsubject

Rwire



 94 / 123 
 

Rsubject can be obtained from Vvolmeter/IAmmeter. The four-wire measurement setup helps 

to avoid the error caused by the extra electrical resistance of the long connection 

distance. It increases the accuracy of this research as there is a distance between the 

tensile tester and the computer. However, as the measurement range and accuracy of 

the four-wire setup are limited by the power supply, it is still not accurate enough to 

record the electrical resistance change of the textile sensors. 

    

Based on all the requirements mentioned before, the Wheatstone bridge was finally 

chosen for electrical resistance measurement. The diagram of the Wheatstone bridge 

circuit is shown in Figure 32. In the diagram, the dotted lines are the circuit built into 

the data acquisition card. 

 

Generally speaking, when the bridge is fully balanced, which means there will be no 

output voltage, thus the voltage at HI and LO will be the same, thus no current will flow 

 

Figure 31. Four-wire resistance measurement 
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Voltmeter

Rwire

Rwire

Rwire

Rsubject
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Figure 32. The Wheatstone bridge circuit diagram for the NI-9219 
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R2 R3
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through analogue-to-digital converter (ADC). The voltage at HI and LO can be 

measured based on the Ohm’s law: 
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R
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                      (5-2) 
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                      (5-3) 

when the bridge is balanced, 

EXHI UU                            (5-4) 
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                      (5-5) 

The Wheatstone bridge can be further divided in to 3 types: full-bridge, half-bridge, 

and quarter-bridge. In full-bridge the resistance of all the resistors are different, in half-

bridge two of the resistors are the same (they are usually R1 AND R2) while in quarter 

bridge three of the resistors are the same. The full-bridge is used in complicated cases 

where variable resistors exist and required to be measured. Half-bridge is usually used 

to accurately measure one single electrical resistance and the change of it. Quarter-

bridge is used to measure the electrical resistance of an unknown but constant resistor. 

In this research, the main focus is on the measuring the change in the electrical 

resistance so that half-bridge was used for measuring and recording of the electrical 

resistance in all types of tests involving electrical resistance. In order to measure the 

electrical resistance, the piezo-resistive sensor and a resistance box (RR-box) were 

connected into a half-bridge circuit as presented in Figure 33. 
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The resistance box was used to balance the bridge the bridge. When the bridge was 

balanced and stable, 

2

1
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R
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34
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boxsensor
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              (5-6) 

which can be simplified as: 

boxsensor RR                                (5-7) 

In dynamic conditions, the electrical resistances of the sensors change based on 

the variation of pressure applied on the sensor, which breaks the balance of the 

bridge. As the result, voltage difference appears between node HI and LO. Under 

this condition: 

LOHILOHI UU                                 (5-8) 
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With the help of NI-9219 data acquisition card (shown in Figure 34), the UHI-LO/UEX 

 

Figure 33. Half-bridge circuit diagram used to measure 

the resistance of the wearable sensor 

R1

R2 R3

R4
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during the tests can be measured and recorded. 

 

Several steps were taken to record a continuous resistance signal under dynamic 

conditions. 

1) The bridge was balanced using the resistance box before starting the tests and the 

reading of the resistance box was noted.  

2) The tests were carried out while UHI-LO/UEX results were recorded by NI-9219 data 

acquisition card. 

3) Equation 5-11 was applied to calculator the dynamic electrical resistance of the 

sensor. 

5.2.2 Electro-mechanical tests 

1) Test conditioning  

The test fabric materials were conditioned under the standard textile conditioning 

environment a 21 °C ± 2 °C and 65% ± 5% relative humidity for at least 24 hours based 

on ISO 139:2005. 

 

Figure 34. NI-9219 data acquisition card 
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2) Quasi-static electro-mechanical compressive test 

Quasi-static electro-mechanical test was carried out to investigate the piezo-resistivity 

of the textile based sensor while pressure was added on its surface. The results of this 

test would be used to analyze the working range of the sensor. The tests were performed 

with the help of Zwick 050 tensile tester (shown in Figure 35). The testing area of the 

sensor was set to be 40mm by 40mm with a deformation speed of 0.3 mm/min, till 

broken. During the testing process, the electrical resistance signals of the piezo-resistive 

nonwoven sensors were recorded and calculated by the NI-9219 data acquisition card 

and visualized in Signal Express 2012 software. For each samples five tests were done. 

With the help of this test, the relationship between resistance and pressure can be found. 

3) Quasi-static electro-mechanical compressive test 

Reproducibility of the fabric sensors were investigated using cyclic compressive load 

tests. By using Zwick 050 tensile tester, the sensor sample with the longest working 

range was compressed within their working range for 50 cycles, at a deformation speed 

of 0.3 mm/min for both loading and unloading cyclic. In order to analyze the reliability 

and stability of the best sample, a long term (400 cycles) test was done. The electrical 

 

Figure 35. Zwick 050 tensile tester under compressive test settings 
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resistance was recorded at the same time using the same settings as the quasi-static 

electromechanical compressive test. 

5.2.3 Scanning Electron Microscope (SEM) images 

In order to figure out the distribution of carbon particles within the fabrics with different 

take-up rates, SEM images were taken. The SEM images were taken with the help of 

HITACHI 3000 and EVO 50. Images with magnifications of x100, x200, x500, x1000, 

x2000 and x5000 were taken. 

5.3 Results and discussion 

5.3.1 Compressive working range of the sensors 

The working range of a compression sensor was determined by the change of its electro-

resistance against the change of pressure force applied on it. If the resistance of the 

sensor does not change anymore with more pressure force applied, which means the 

sensors cannot react to any bigger force, then the sensor has reached its biggest working 

range. According to Figure 36, it can be found that fabric sample B had a biggest 

working range up to 60 g/cm2. The working range decreased as the carbon take-up rates 

increased. In sample C, the biggest pressure can be sensed was decreased to 40g/cm2, 

and in sample E it was further decreased to around 30 g/cm2. While sample G with the 

biggest take-up rate, only had a working range up to around 16 g/cm2.  



 100 / 123 
 

 

Table 4. Working range and sensitivity of different samples 

Sample Take-up rate (％) Working range 

(g/cm2) 

Sensitivity (KPa-

1) 

B 70.6 0-60 9.16 

C 77.9 0-40 9.18 

E 84.3 0-30 9.14 

G 92.1 0-25 10.12 

5.3.2 Sensitivity and reliability of the sensor 

In order to test the repeatability and stability properties of the carbon-based textile 

pressure sensor, cyclic (loading and unloading) tests under its working range were done. 

As sample B showed the longest working range, it was picked out for this test. During 

the cyclic test, the sample was compressed to 8 N (within its working range). 

 

Figure 36. Resistance/pressure curve 
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Figure 37 shows the change of resistance within 30 cycles of loading and unloading. It 

can be found that there is a decrease in the resistance at the very beginning (6 cycles). 

After that the resistance of the textile-based sensor is stable and shows a stable trend 

within 30 cycles. A possible reason for the decrease of resistance in the first 6 cycles is 

that the fabric needs to be conditioned under the test environment.  

 

In order to figure out the stability of the sensor, a long-term stability test of 400 loading 

and unloading cyclic compressing test was done. It can be found from Figure 38 that 

 

Figure 37. 30 cycles of the cyclic compressing test (sample B) 

 

Figure 38. Long-term cyclic test of 400 cycles (sample B) 
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besides the first 6 cycles, the pressure sensor responded to the cyclic pressure of 400 

cycles with a stable and inconspicuous electric variation. The amplitude exhibited no 

remarkable variation. When external pressure is applied, the gaps between fibres 

decreased. After the pressure is removed, the gaps recovered to the initial state 

gradually because of the reliability of textile-based sensor, which leads to the cyclic 

change of the electro-resistance during the test. The change of the electro-resistance of 

the sensor under pressure can be up to 55％. Based on these, it can be concluded that 

the ink used to coat the sensing fabric showed good sensitivity and high reliability. 

Based on the stress/strain curve of the cyclic test, it can be found that the textile sensor 

showed a creep effect during the test. However, although the nonwoven fabric showed 

a big creep effect near the end of the test, the sensor can still detect the change of the 

pressure force applied to it, which indicate the sensor showed good reliability within 

400 cycles. 

 

 

 

 

 

 

Figure 39. Stress and strain curve fur the 400 cycles 
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5.3.3 Effect of carbon particles distribution on the performance of the sensor 

It could be found from this test that the working range of the sensors was related to the 

take-up rates of the samples. In order to figure out the relationship between them, SEM 

images of four samples were taken. Figure 40 shows the structure of the coated fabrics. 

The fibres within the fabric are coated with carbon particles which make them electro-

conductive. From Figure 40-A, it can be found that the carbon coated fibres within the 

fabric create a connected network as the paths for the electrons to go through and make 

the fabric electro-conductive. While an outside pressure force is applied on the wearable 

sensor, the fabric deforms and the fibres on top and bottom become closer each other. 

When fibres within different planes get connected to each other, more electro-

conductive paths are created which reduce the electro-conductivity of the sensor. That 

is why, with an increasing of the pressure force, the electro-resistance of the sensor 

decreases.
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Turning to samples with higher take-up rates, it can be found that more carbon particles 

are attached to the fabric. Some particles were on the surface of the fibres and others 

even filled the spaces between upper and lower (or nearby) fibres which connect them 

together. This leads to more electro-conductive paths created which makes the electro-

resistance of them lower than that of fabrics with lower take-up rates. 

As the spaces are already fully filled by carbon particles (which connects the fibres 

together), while outside compression force is applied to the sensor, there are less 

deformation space for the fibres. Because of that there are less connections between 

fibres can be made, which lead to a smaller changing range of the electro-resistance of 

the sensor. That is why sensors with a higher take-up rates show a lower working range 

 

(A) Sample B                               (B)Sample C 

 

(C) Sample E                              (D) Sample G 

Figure 40. SEM image of the four samples with magnification x100 
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against outside pressure force. 

5.3.4 Prevention of coffee ring effect 

In order to get a further view of the distribution of carbon particles on the surface of the 

fibres, pictures of sample B with bigger magnifications were taken. The pictures with 

magnifications of x500, x1000, x2000 and x5000 are shown in Figure 41. 

 

According the images in Figure 41, it can be found that the carbon particles are 

uniformly distributed on the surface on the fibres. With a magnification of x5000, no 

coffee ring effect was found. This indicates that the co-solvent used in this research 

worked and successfully avoid the coffee-ring effect. 

  

(A) X500                          (B) x1000 

  

(C) x2000                           (D) x5000 

Figure 41. SEM images of sample B with bigger magnifications. A) x500 B) 

x1000 C) x2000  D) x5000. 
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Figure 42. Working principle of Marangoni flow 

Figure 42 showed the way of avoiding coffee ring effect into details, in this research 

the coffee ring effect was prevented with the help of the Marangoni flow theory. Coffee 

ring effect was usually caused during the drying process, usually the evaporation rate 

is the highest at the edge of the ink-substrate interface due to the highest surface area 

to volume ratio, because of that an outward flow was created from the centre of the ink 

to the edge to replenish the evaporated solvents. The co-solvent (Polyethylene glycol) 

added in this research have different properties against water (including viscosity, 

surface tension, density and so on). During the drying process, the differing solvent 

properties of water and polyethylene glycol can lead to variations in the solvent 

proportions across each ink droplets. As the results, surface tension, composition and 

temperature gradient are generated to drive an overall inward Marangoni flow to 

balance the outward flow and to avoid the coffee ring effect (Figure 42), this is why no 

coffee ring effect was seen according to the SEM images. 

5.4 Summary 

The performance of the ink was evaluated based on the wearable pressure sensors. It 

can be summarised that different carbon take-up rates have influence to the working 

range of the sensors. Carbon particles are uniformly distributed in sample A and no 
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coffee ring effect was found. According to the cyclic test within working range of 

sample B, the ink showed good conductivity, sensitivity and reliability over 400 cycles.  
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Chapter 6 Conclusions and further work 

In this research, the components of electro-conductive carbon ink for wearable sensors 

were studied. According to the research in coffee ring effect, particle size, viscosity and 

surface tension, a type of water-based carbon ink free of coffee ring effect for fine 

nonwoven polyester fabrics was developed. In order to test the performance of the ink, 

it was used to coat nonwoven polyester fabrics to produce wearable pressure sensors.  

6.1 Conclusions 

Based on the work done in this research, conclusions can be summarised as follows. 

1）After optimisation of the ink, the size of carbon particles within the ink are all 

smaller than 2μm. The viscosity of the ink was adapted and increased from 1mPa.s 

to 51 mPa.s under a shear rate of 500 s-1. The surface tension of the ink was 

optimised to be 32 mN/m. With 0.1 mg/ml surfactant added to the ink, the carbon 

particles within the ink are stabilised. The ink is free from coffee ring effect. 

2）Adding co-solvent with different surface tension against main solvent helped to 

avoid the coffee ring effect. Because of Marangoni effect, the differences in surface 

tension could cause a gradient and lead to an inward flow to balance the outward 

flow during drying process and prevent the coffee ring effect. 

3）The take-up rates can affect the working range of the pressure sensor. It is found 

that if the take-up rate of the conductive fabric is too high (more than 90％). The 

fibres can be over-covered by carbon particles. The carbon particles filled the spaces 

between nearby fibres and make them connected together. This creates more 

conductive path and reduce the electro-resistance of the conductive fabric (around 
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850 Ω). However, higher take-up rates also reduce the deformation ability of the 

conductive fabric under pressure which further leads to a smaller working range 

(from 0 to less than 20g/cm2). High take-up rates can be used in applications where 

only low electro-resistance is needed. 

4）The ink coated sensor (with carbon take-up rate of 70.6％) in this research shows 

good conductivity, sensitivity and reliability under pressure of 60 g/cm2 over 400 

repeating cycles. With a concentration of 5 mg/ml, the ink successfully made fabrics 

conductive (with average electro-resistance of 1817Ω). The change of the electro-

resistance of the sensor under pressure can be up to 55％ which indicates a good 

sensitivity. The sensor showed a stable change in its resistance under a pressure of 

60 g/cm2 over 400 repeating cycles which approves that the ink has a good reliability. 

6.2 Further work 

In this research a water-based carbon ink for wearable sensor was produced. The ink 

showed good performance (conductivity, sensitivity and reliability) on wearable 

pressure sensor. However, there are still further researches needed to be done. 

In this research, the ink was only designed for fine nonwoven polyester fabrics, if the 

ink could be used on other different types of fabrics should be further tested. 

Washability is an important property for conductive inks. Further washability tests are 

needed. If the ink cannot achieve ideal washability, further researches are required. 
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Appendix 

MATLAB code for 3D graph for viscosity and surface tension 

clear all 

figure 

x=xlsread('Book_XYZ.xlsx',1);%area 

y=xlsread('Book_XYZ.xlsx',2);%pressure 

z=xlsread('Book_XYZ.xlsx',3);%resistance 

% surf(x,y,z/1000) 

Xq=0:1:3; 

Yq=0:1:3; 

[Xq,Yq] = meshgrid(Xq,Yq); 

zq=interp2(x,y,z,Xq,Yq,'cubic'); 

surf(Xq,Yq,zq/1000) 

shading interp 

hold on 
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