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Abstract 
 

Wearable electronic textiles are an emerging research field playing a pivotal role 

among several different technological areas such as sensing, communication, clothing, 

health monitoring, informat ion technology, and microsystems. The possibility to realise a 

fully -textile platform, endowed with various sensors directly realised with textile fibres and 

fabric, represents a new challenge for the entire research community. Integrating textile 

elements and new material with specific functionalisation procedures is crucial to develop 

non-invasive, adaptable, and comfortable textile sensor systems.    

Among several high -performing materials, the intrinsically conductive poly(3,4 -

ethylenedioxythiophene) (P EDOT), doped with poly(styrenesulfonic acid) (PSS), or 

PEDOT:PSS, is one of the most representative and utilised, having an excellent chemical and 

thermal stability, as well as reversible doping state and high conductivity. This 

semiconducting polymer has been extensively employed during this work to achieve 

conductive 1-D yarns or 2-D fabrics. 

This thesis work relies on combining specific and sensible materials integrated 

directly into textiles to design, realise, and develop textile chemical and physical sensors. 

Following an updated description of the latest wearable electronic applications, materials, 

and experimental techniques used in this work, the main findings on textile human -sweat 

and wound sensors, pressure and X-ray sensors, and textile thermoelectric generators are 

presented.  

Silver/Silver Chloride and Iridium Oxide nanoparticles synthesis, electrochemical 

deposition of new compounds as PEDOT:BTB, perovskite single-crystal growth, Bismuth 

Telluride and Antimony Telluride deposited on single pol yester thread are the principal 

proceedings employed in the fabrication of sensitive, reliable, non-invasive, and wearable 

smart textile sensors. In particular, sensors with different purposes and working principles 

are developed as chloride concentration and pH level sensors for human sweat to allow the 

continuous monitorisation of the wearer's hydration status and stress level. Additionally,  a 

prototype smart bandage detecting the moisture level and pH value of a bed wound is 

presented, which allows the remote monitorisation of the healing process of severe and 

chronic wounds. Physical sensors used to monitor the pressure distribution for 

rehabilitation, workplace safety, or sport tracking are also presented together with a novel 

fully -textile device able to measure the incident X-ray dose for medical or security 

applications where thin, comfortable, and flexible features are essential. Finally, a proof -of-

concept for an organic-inorganic textile thermoelectric generator that harvests energy 

directly from b ody heat has been proposed. Coupling these devices together would allow 
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the realisation of a self-standing, fully -textile sensor platform consisting of physical and 

chemical sensors directly powered by the textile system itself. 

Though further efforts must  be dedicated to overcome issues such as durability, 

washability, power consumption, and large -scale production, the novel, versatile, and 

widely encompassing area of electronic textiles is a promising protagonist in the upcoming 

technological revolution.  
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Introduction  
 

"Wearable electronics" identifies  an emerging category of technological devices that 

allow a passive, unobtrusive, and continuous monitoring of physiological or biometric 

parameters. Such sensors are integrated into bracelets, watches, headbands, skin patches, 

earphones, or garments and are mostly implemented on conventional substrates. 

This thesis aims to demonstrate the possibility of realising a sensing platform able to 

monitor various physical and chemical parameters directly exploiting textile elements, like 

threads or fabrics, as substrates. The flexible, comfortable, and breathable nature of fabrics 

makes these substrates ideal candidates for developing large-area wearable devices used in 

direct contact with the human body. The results collected pave the way fo r a paradigm 

change in which  wearable and flexible devices are not external elements that are worn, but 

become an intrinsic  part of the garments. This broader vision of the sensor, not just as an 

integrated and added part, but a fundamental constituent of the cloths or accessories, has 

led to the realisation of textile fib res and fabrics with intrinsic electrical and sensorial 

properties. The chapters of this thesis showcase the latest types of textile sensors along with 

their main performance purpose and examples of real-life applications.   

Recently, considerable interest in the research community has been focused on 

devices realised directly onto textile substrates1ð5. This is witnessed by electronic textile 

devices able to change their electrical and/or mechanical properties due to an external 

stimulus  designed to measure biopotentials, 6ð8 temperature,9 movements such as pressure10 

or strain,11 sweat content,12ð14 or as energy harvesting (thermoelectrics,15,16 triboelectric s,17 

biofuel cells18) and storage platforms19,20. In this framework, the examples presented in this 

thesis are valid candidates to speed up  textile devices' diffusion and  prove the feasibility of 

new sensing principles. This work has been completed at the Department of Physics and 

Astronomy of the University of Bologna , and durin g a secondment at the Department of 

Materials, Textile and Chemical Engineering at Ghent University in Belgium. Additionally,  

fruitful collaborations with the Department of Industrial Chemistry of the University of 

Bologna, and private companies from Bolog na and Treviso aided in the success of these 

studies. 

The first chapter reports an overview of wearable and textile electronics, focusing on 

the development and rise of smart textiles as a new era in wearable technology. The 

transduction mechanisms, fabrication techniques, and crucial challenges of the devices 

present in up-to-date scientific literature are described. Special attention is dedicated to 

textile physical sensors (e.g., pressure and ionising radiation), textile chemical sensors for 

sweat or wound bed analysis, and energy harvesting devices directly reali sed on fabrics.   
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Chapter two entails a complete description and explanation of textiles and chemical 

materials used to fabricate the different types of sensors. The conducting polymer, 

PEDOT:PSS, is employed in almost all  of the proposed sensors due to its high versatility and 

processability, making this material the best candidate for flexible and biocompatible 

electronics devices. Its physical and chemical properties are presented together with an 

overview of the features of all materials used. The second part of this chapter describes the 

fabrication methods and the characterisation techniques employed in the following  three 

chapters containing the results. 

Chapter three begins with the explanation of sweat sensing and the description of 

organic electrochemical transistors (OECT) often used in this area. It demonstrates the 

feasibility of realising chloride concentration and pH level sensors in human sweat by 

exploiting the  PEDOT:PSS-based OECT working principles . Proper material 

functionalization and geometry allow designing a two -terminal device based on the 

electrochemical gating effect, which directly leads to a single textile-thread sensor.  The two 

fully textile sensors are employed to reli ably and simultaneously measure the pH level or 

chloride concentration in a small volume of human sweat sample  to perform on -demand 

and point -of-care epidermal fluid analysis. The possibility to easily knit or sew the thread 

sensors into fabrics reveals a new way for a textile wearable multi -sensing platform to be 

achieved in the near future. 

In Chapter four, another example of textile -based sensors able to measure the pH 

and the moisture level of a wound bed is presented. A new mechanism exploiting metal -

oxide compounds is employed in a textile to measure the pH of exudate produced by a 

wound for the first time. In addition, to realise an extensive system for wound monitoring 

and analysation, a sensor able to measure the moisture level is also integrated into the 

bandage. A novel approach based on screen-printed PEDOT:PSS on absorbing fabric has 

been proposed to effectively detect the moisture content, which is a fundamental parameter 

in the wound healing process. The integration of the textile sensor with R FID technology 

allows performing the moisture measure wirelessly, paving the way for smart, low -cost, and 

disposable wound dressing. 

Chapter five describes the main results obtained from two different physical sensors  

employed in healthcare, medicine and sport applications : textile pressure sensors and textile 

X-ray detectors. The first part of this chapter details the effects of different piezoresistive 

formulations and different mechanical features of fabrics on the textile pressure sensors 

performance. Interesting applications in collaboration with a private company are also 

included. The second part of chapter five introduces a textile X-ray detector capable of 

measuring the impinging ionising radiation by monitoring the photocurrent signal 

generated into the sensing layer. It consists of a silk-satin fabric with perovskite single -

crystals that directly grow through the textile fibres and two textile electrodes made of 

PEDOT:PSS to collect the generated current.  
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Finally, the sixth chapter reports a recent and new example of an inorganic-organic 

textile thermoelectric generator realised on a single polyester thread coated with 

PEDOT:PSS, Bismuth Telluride, and Antimony Telluride. This work  was carried out during 

the visiting period at Ghent University. It is motivated by the great  interest of the research 

community to  achieve a wearable and textile-based thermogenerator device capable of 

directly providin g the necessary energy to power the textile sensors present in the wearable 

platform.  
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Chapter 1 

Wearable and textile devices 
 

 Internet of Things  
 

In the real world, things matter more than ideas ð with such words may be summed up 

the core of the expression Internet of Things (IoT), coined in 1999 by Kevin Asthon.21 The 

basis of his interpretation is founded on the concept that among the conventional diagrams 

of the Internet, which typically include servers, routers and so on, people still represent the 

most numerous and important routers of all. So far, computersðand, therefore, the Internetð

are almost wholly dependent on human beings for information, and the prob lems lie 

precisely on this aspect. People have limited time, accuracy and attention ð all features that 

make them not perfectly suitable at capturing data about things in the real world. According 

to Asthon,  òthe economy, society and survival are not based on ideas or information ð they 

are based on things. Yet todayõs information technology is so dependent on data originated 

by people that our computers know more about ideas than thingsó. The possibility of having 

computers that know all  there is to know about things would lead us to be able to track and 

count everything, reducing waste, loss and costs. For these reasons, empowering computers 

with their means of collecting information to let them see, hear and smell the world for 

themselves will surpass the limitation of human -entered data. This could be achieved by 

everyday objects which are readable, identifiable, locatable, controllable and addressable with 

the internet via wireless LAN, RFID or WAN. In particular, everyday objects should be 

equipped with  sensors and microprocessors, and have to communicate with each other in 
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order to create a common network and share information independent of human 

intervention. T hese everyday objects can spread from household appliances to clothing, 

including food, luxu ry items, building s, roads, etc. In this framework, three significant 

categories of the Internet of Things can be identified: automotive and transportation 

application, health and body surrounding monitoring, and tracking and controlling 

activities in homes and buildings. Due to its widespread use in industry, agriculture, 

environment, sports, food processing, entertainment, healthcare, and education, IoT is 

gaining a relevant impact on several aspects of daily life (see Figure 1.1).  

 

Its actual implementation could effectively facilitate human lives by using many 

devices such as smartphones, PCs, tablets and new-gen devices (the things) connected to 

the internet. The IoT offers flexible solutions by merging technologies such as software and 

hardware to store, process and communicate the data among groups or individuals. All of 

this is possible thanks to a well-established device architecture based on four different 

layers, as reported in Figure 1.2. The base layer consists of IoT devices and includes all 

components, like sensors, with the ability to sense, compute and detect other devices. The 

second layer is the IoT gateway, or aggregation layer. This layer significantly aggregates 

data from various sensors. These two layers form the definition engine and set the rules for 

data aggregation. The next layer is cloud-based, and is called the processing engine. It has 

numerous algorithms and data processing elements that are ultimately dis played on a 

Figure 1.1: Examples of possible applications in real -life for the IoT.  
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dashboard. This layer basically processes the data obtained from the sensors layer. The final 

layer is the application layer or API management. It acts as an interface layer between third 

party applications and infrastructure. The entire landsc ape is supported by device 

managers, and identity and access managers, which are useful for the security of the 

structure.  

 

Figure 1.2:  Four different architecture levels divided among  Identity and A ccess 

management, and Devices management. 

 

Based on this, the implementation of the concept of IoT is feasible in the real world 

with the help of low -priced and low -power consumption devices such as sensors, actuators, 

Radio Frequency Identification (RFID) tags, etc. The wearable devices sense the 

environmen t, and analyse, store, transmit and utili se the data based on the final application. 

The main target of this thesis is to present the latest research results on the development of 

novel types of IoT devices and sensors to increase the wearable device landscape as much 

as possible. Namely, it introduces a new, wide  range of wearable textile sensors that 

integrate the sensing element directly into the textile fibres, creating a union  between 

garments and sensors. 

 

 Wearable devices 
 

The broad range of IoT devices include smart sensors, actuators, and wearable sensing 

devices that can be incorporated into daily clothes, worn as accessories or implants. In the 
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last decade, wearable devices have attracted great attention from the academic community 

and industry an d have become very popular. Wearable devices are defined as òdevices that 

can be worn or mated with human skin to continuously and closely monitor an individualõs activities, 

without interrupting or limiting the userõs motionsó.22 Sensors seamlessly integrated into 

textiles, computerized watches, glasses, headbands, belts, etc. can be worn on different parts 

of the body and are designed for an extensive operational range. In general, the central idea 

shared by wearable technologies is the wear-and-forget functionality, which automatically 

reduces the relevance of other approaches with an intrusive nature like , for instance, one 

that relies on blood samples.23  

Presently, due to the fast and stressful daily routine that people are subjected to, a 

large number of individuals tend to completely ignore their health and fitness status. 

Moreover, even simple appointments with doctors in clinics can require several tests before 

having a diagnosis, prescription , and final treatment. This means that only the presence of 

major illnesses prompts people to see a doctor. Therefore, current research in healthcare is 

seeking alternative monitoring methods such as the use of wearable devices that not only 

constantly monitor the usersõ health in real time but also provide timely insights to the users 

and their doctor s in case of altered vital parameters.  

Real-time collection and sharing of information regarding body status are 

significant , not only for hospitali sation situations, but also during daily, routine activities. 

For instance, continuous monitoring of vital parameters is crucial to take precautionary 

measures during sports activity or in the wearerõs workplace, especially in the presence of 

diagnosed chronic diseases.  

In this view, wearable sensors and smart textiles can be a means to realizing the so-

called personalized-medicine, and revolutioniz ing the way healthcare is managed and 

medicine is practiced. At the same time, they represent a powerful tool in sports and fitness 

tracking that can improve the performance and safety of athletes and gain a competitive 

advantage on the field. The use of wearable devices for sports is still in an early phase, with 

the majority of the sensors currently used to monitor movement -based parameters or 

physiological conditions. 24 These devices do not allow team trainers to perform real-time 

evaluation on the biochemical profile of an athlete with the aim to prevent soft -tissue 

injuries, cramping or dehydration. However, over the last years, significant progress has 

been made to develop wearable sensors that detect biomarkers non-invasively from 

biofluids, easily accessible without impeding the athletesõ performance. 

In security applications, firefighters, police officers, and paramedics are testing 

wearable technologies to provide remote communication support and feedback with the 

ability to access information hands-free while carrying out essential tasks. Additionally, for 

personal security, lighting technologies and protective clothing are being used to enhance 

visibility and attr act attention. Wearable technologies are also increasingly influencing 

people's daily activities in terms of gaming and in the tools used to operate household 
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devices or other gadgets used to communicate. This involves applications related to 

interacting w ith computing resource, including data/media access, interactive gaming, 

responsive learning, and shared experience.  

Finally, the application of wearable technology in workplace safety is gaining a lot 

of attention. Wearable devices may be equipped with sensors to help employees track their 

behaviours that may increase the risk of injuries. In addition, by monitoring heart rate or 

other signs of fatigue, wearable devices can alert the users about detrimental practices such 

as poor posture or overwork. This  enables employees to better understand their bodies and 

possible dangerous habits when performing physically demanding tasks such as bending, 

lifting, or pushing. 25 Figure 1.3 reports the potential application s of wearable devices 

divided in three categories based on their location relative to the human body.  

1.2.1 Transduction mechanisms  

Wearable sensors rely on different transduction mechanics that can spread from a 

purely  physical to a complex chemical signal. The aim of this paragraph is to present a brief 

overview of t he main working principles on which most wearable sensors, and in particular 

Figure 1.3: Application s of wearable devices divided according the placement position.  
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the ones presented in this thesis, are based on. The majority of wearable sensors can be 

classified as piezoresistive, capacitive, electrochemical (in particular amperometric  or 

potentiometric ), chemiresistive, transistor-based, or optical.  

Piezoresistive sensors rely on the piezoresistive effect, which occurs when the 

electrical resistivity of a material changes in response to applied mechanical strain. In 

contrast to the piezoelectric effect, the piezoresistivity causes a change only in electrical 

resistance, not in the electric potential. In semi-conducting materials, the strain from the 

applied force impacts the materialõs band structure, which either makes it easier or more 

di fficult for electrons to be excited into the conduction band. Consequently, the density of 

charge carriers is altered and the materialõs resistance changes. Usually, the resistance 

change in metals is mostly due to the change of geometry resulting from applied mechanical 

stress. However, even though the piezoresistive effect is small in those cases it is often not 

negligible. Some metals display piezoresistivity that is much larger than the resistance 

changes due to geometry (e.g., platinum alloys). In the piezoresistive pressure sensors, for 

example, a combination of geometry deformation and piezoresistive intrinsic behavio ur of 

material, give information about the applied load. Traditionally, active materials for 

piezoresistive pressure sensors have mainly been based on elastomer composites that 

contain carbon nano tubes (CNTs),26ð28 metal particles29,30 and conductive polymers (CPs),31 

which are incorporated into elastomers (e.g., polydimethylsil oxane (PDMS) or polyurethane 

(PU)) to generate piezoresistive behaviour. 

Capacitive sensors can monitor the external phy sical stimuli detecting the 

capacitance change of a capacitor. A capacitor is a passive electronic component that stores 

energy in the form of an electrostatic field. It consists of two conducting plates separated by 

an insulating material , or dielectric. The practical formula to compute the capacitance (C) 

knowing only the geometrical parameters is ὅ ‐‐ὃὨϳ  where ‐ is the electric constant, 

‐ is the relative static permittivity  of the dielectric, A is the area of the two plates, and d is 

the thickness of the dielectric. Therefore, the capacitance between two conductive pads 

depends on their  size, relative position and the properties of the nonconductive material in -

between. Changes in d are commonly used for the detection of pressure in capacitive 

pressure sensors. 

Potentiometric sensors  consist of an indicator electrode and a reference electrode 

that must be immersed in the solution under investigation. The analyte is usually quantified 

by measuring the potential difference between the two electrodes in the absence of current 

flow. Therefore, the read-out electronics should be designed with a high input impedance. 

The dependence of the potential of the working electrode on the analyte concentration is 

described by the Nernst equation: 

 

Ὁ Ὁ
ὙὝ

ὲὊ
ÌÎὥ  
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where E is the potential, E0 is the standard potential, R is the gas coefficient, F is the faraday 

constant, n is the number of electrons, and ai is the activity of the principal ion. The Nernst 

equation shows that there is a linear correlation between the potential and the logarithm of 

the analyte concentration. The signal can be generated by redox reactions involving the 

analyte or through a membrane that selectively allows its adsorption or passage. More 

complex structures, such as the ion-sensitive field -effect transistor, are described in the 

literature, but have never been used to produce a textile device. 

Amperometric sensors  measure the current developed by a faradic reaction at a 

working electrode which is usually biased with respect to a reference electrode with a fixed 

potential. Both electrodes must be immersed in the analysed sample. Although the most 

rigorous measurements are carried out in a three-electrode cell endowed with a counter 

electrode, the simplest devices use a two-electrode configuration. The applied potential is 

chosen to consume all the analyte at the electrode surface, thus generating a concentration 

gradient by diffusion from the bulk of the solution. In this way, the recorded current is 

directly proportional to the concentration of the analyte in the sample.  

Chemiresistors  are a class of sensors that can detect and quantify the target 

compound due to a change in the electrical resistance of the sensing material. The interaction 

between the target analyte and sensing material can occur, for example, by creating traps, 

acting as a dopant, imposing resistive interfacial barrie rs, and changing the existing 

intermolecular interactions between molecular subunits.  

Organic electrochemical transistors  (OECTs) are composed of a channel made of a 

conductive polymer and a gate electrode both immersed in an electrolytic solution. When a 

voltage is applied to the gate electrode, it stimulates electrochemical reactions at the channel 

that change the charge carrier concentration and thus the current that flows through it. Each 

substance that changes the current flow in the channel can be detected by these devices. 

Since OECTs combine a transductor and an amplifier, the signal is enhanced.  

Optical sensors  exploit the interaction between the electromagnetic radiation and 

the chemical system. The detection occurs directly for analytes capable of absorbing the 

radiation or through the use of reagents that modify their absorption spectrum following 

the reaction with the analyte. In the simplest systems (e.g, the litmus paper for pH 

estimation) the detection and/or quantification is performed throu gh a visual investigation 

by the comparison of the resulting colours with a reference scale. More advanced systems 

use a light source, a photodetector, and a monochromator for quantitative analysis of the 

absorbed radiation. Recently, signal acquisition has been carried through with a standard 

smartphone camera for  images analysis. 
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 Smart textile s 
 

Among the huge variety of wearable devices, the textile-based sensors represent an 

excellent example of a non-invasive, low -cost, comfortable, and lightweight point -of-care 

platform. Fabrics, with their fitting features and comfort , are the best substrates and 

platforms onto which a wearable sensor device may exist. They can be sensitive to various 

external stimuli, both physical and chemical, 32 such as the changes in force,33,34 pressure,35,36 

deformation, 37,38 temperature39 and the concentration of specific compounds in body 

fluids, 40 like ion chloride 41 or sweat quantity .42 Furthermore, it i s possible to functionalize 

fabrics with organic polymers in order to utilise textile electrocardiogram electrodes for the 

detection of biopotentials. 43,44 

From the wide selection of textile materials and fibres, cotton yarns, acrylic fabrics 

or elastane-based textiles are the most common substrate to accommodate physical or 

chemical textile sensors. The choice of the proper textile materials is a relevant aspect in the 

sensor design since it could affect the sensors' response in terms of sensitivity, stability, or 

washability , correlated to the interfacing between textile and sensitive materials. The first 

step to achieving a reliable and reproducible textile sensor platform is to study and 

investigate the adherence of conductive and sensing compounds with the desired textile 

substrate. Taking into account the final scope and application of a textile sensor, the proper 

support to develop and integrate the smart sensor has to be chosen between fibres, yarns, 

and fabrics.  

Fibres are the most basic units of textile technology with a  design of flexible, elastic, 

and stretchable fibres that can be knitted or woven, essential to implement the already 

existing landscape of fibre-based electronics. According to their application, they can be 

classified into fibre-shaped energy-harvesting solar cells,45 thermoelectric46 or triboelectric 

nanogenerators;47 fibre-shaped energy storage devices like supercapacitors48 or lithium -ion 

batteries;49 fibre-shaped electroluminescent devices50 and fibre-based sensors51ð53 which 

generally work via physical or chemical pr ocesses. Presently, the two relevant strategies to 

create electronic textiles, or e-textiles, exploiting the soft, deformable and permeable features 

of fibres rely on their intera ction into textiles through  standard textile methods or to weave 

cathode and anode fibre electrodes in an interlaced configuration to realize the e -textile. 

However, even if they present  a real possibility for  the production of skin -like pressure 

sensors54 or flexible circuits, 55 the mechanical properties of e-textiles are generally lower 

than those required for automatic manufacturing processes , and the hand-made realisation 

of these new smart sensors limits their applicability and large -scale production.  

Conversely, the yarn-based textile sensors are machine-made and, since the yarns 

are made by combining different types of  fibres, it is possible to produce elastic and 

conductive yarns.56,57 Furthermore, many examples of composite structures have been 

proposed in the last decade based on graphene oxide/nylon yarns 58 and functional 
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coatings.41 Cotton yarns were transformed in to e-textiles by coating them with a 

polyelectrolyte -based layer with carbon nanotubes.59 At the same time, using the melt-

spinning method, elastic silicone tubes and stainless-steel yarns has been realised to 

manufacture stretchable triboelectric yarns.60 As previously  stated, suitable substrates have 

a vital role in the production of e -textiles.  

Different fabrics, such as 100% cotton (woven and knit), 100% polyester and blend 

substrates (polyester/cotton, cotton/wool, wool/nylon, etc .) have been extensively used. 

Depending on the sensor type, the less deformable and less porous woven fabric can be used 

instead of the more stretchable and deformable knitted fabrics. Both knitted 61 and woven 62 

fabric-based e-textile sensors are produced using various techniques like dipping, 63 drop 

casting,64 coating,40,65 pad-dry method, 66 screen printing 67,68 and in situ polymerisation .69 In 

addition, the different materi al plays a fundamental role to individuate the textile substrate . 

For instance, PEDOT:PSS-based sensors (poly(3,4-ethylenedioxythiophene) polystyrene 

sulfonate) need a hydrophilic substrate such as cotton fabrics.40,70 On the opposite side, 

Ag/ AgCl ink and carbon ink used for screen printing require a hydrophobic substrate , such 

as GORE-TEX.23 Overall, cotton fabrics show high breathability and/or air permeability, 

which make them preferred for skin -contact sensors,71 while  polyethylene terephthalate  

(PET) fabrics can be easily functionalized with metallic layers to increase electrical 

conductivity and electromagnetic shielding. 72 Finally, 100% polyester with a shallow 

moisture content compared to natural fibres, 100% wool, or a blend of different yarns to 

optimize t extile properties  for a specific application have been produced for health 

monitoring ,73 temperature sensing,74 motion monitoring 75 and for developing low -cost 

wearable energy-storage devices.76  

1.3.1 Fabrication of conductive t extile  

The first step for producing a textile sensor relies on the preparation of conductive 

filaments or fabrics mainly using polymeric materials due to their compatibility and 

flexibility. Conductive polymers (CPs) are the most used compounds to make textile fibres 

conductive and are usually mixed with proper compounds to tune the physical features of 

the conductive layer. Therefore, the preparation methods usually produce a conductive 

polymer composite (CPC) since these additives remain entrapped in the films. There are 

three main ways to realise a conductive textile based on CPs: i) the CPC can be spun in the 

form of a single fibre by we t spinning, melt spinning , or electrospinning alone or in 

combination with other polymers, ii) a thin layer of CP can be directly polymerized onto the 

textile by vapor phase polymerisation , in situ polymerisation , or electropolymerisation, iii)  

a thin layer of CPC can be deposited onto a commercial textile by printing or coating/dyeing 

a suspension/solution containing the polymer.  It is worth  noting that dyeing, coating, 

printing, and in situ polymerisation  are useful to functionalize the surface of fabrics or yarns, 
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while spinning allows the creation of  fibres to produce conductive filaments . Wet spinning 

or electrospinning are used to produce conductive fibres.  In wet spinning (Figure 1.4.a), the 

polymer is solubilized in a solvent, and the spinneret is  immersed in a bath where the 

polymer is not soluble. Injecting the solution into the  bath, the polymer precipitates in  the 

form of fibres by drying under tension. Zhang et al.  have described an interesting approach 

to wet spin a PEDOT commercial suspension using a strong acidic environment.77 During 

the fibre formation, PSS counterions are expelled from the conductive polymer  increasing 

the conductivity of the fibre. On the contrary, electrospinning ( Figure 1.4.b) takes advantage 

from electric forces to stretch the polymer droplets and make the single fibres. CPs can be 

blended with  other types of polymers to improve the mechanical features of the resulting 

CPC fibres.78 

 

The textile surface can also be coated by polymerisation , starting from the basic 

monomeric units. The first step of a polymerisation  reaction is the monomer oxidation, to 

form radical  cations. The following coupling reactions are responsible for  the formation of 

the polymeric chain.  Dur ing chemical vapor phase (CVP) polymerisation  (Figure 1.4.c), the 

monomer is in the gas phase, while the oxid ant is adsorbed on the textile.79ð81 Consequently, 

the polymerisation takes place only on the fabric surface that will be covered by the CP thin 

film. The in  situ polymerisation  is performed by submerging the fabric in the solution 

containing the oxidant  and the monomer. The reaction can be limited to the external surface 

when the impregnated  textile is removed from the reactive solution and the oxidation is 

induced by a stimulus , such as heating.82 Electrochemical polymerisation  must be 

performed on a conductive  textile soaked in a solution containing the monomer s and 

Figure 1.4: Fabrication method s for conductive textile: a) Wet spinning, b) electrospinning, 

c) chemical vapor deposition polymerisation, and d) printing deposition.  
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electrolytes.83 The application of an anodic potential between the substrate and a reference 

electrode leads to the monomer oxidation and thus to the polymer formation . 

When the conductive film is prepared by printing 40 or deposition 84 (Figure 1.4.d), a 

suspension/solution  is placed on the textile and, after the evaporation of the solvent, the CP 

precipitates on the textile. Several commercial products based on conductive polymers  are 

available on the market, but their composition has to be tuned in order to address the 

peculiarity of the different  deposition processes. For example, dip-coating and spin coating 

are needed for CP solutions with  low viscosity because they have to wet the textile to 

guarantee the continuity of the film .85 On the other hand, stencils and screen-printing 

require very viscous inks  to hinder the percolation outside the masked area with a 

consequent reduction of the pattern resolution .40 Beyond the peculiarity associated to the 

deposition techniques, auxiliary components are added to impart specific features to the 

resulting CPC film. For  example, secondary dopants enhance the conductivity by acting on 

the microstructure of  the polymer, 86 while plasticizers 87 improve  the flexibility of the film 

and increase the resiliency of electrical features after deformation.  

In the dyeing / coating process, the textile is dipped  or immersed in the CP solution/  

suspension; consequently, the conductive film is deposited all over the surface. Conversely, 

the printing processes, such as ink-jet printing and screen-printing , allow one to deposit the 

CP film on a selected area of the textile. Both printing and dyeing  processes are widely used 

by the textile industry, and thus offer the advantage of straightforward scalability . 

1.3.2 Electrical connections in textile sensors  

In addition, textile devices require that the electronic and data communication 

systems be flexible and lightweight to allow the ir integrability into the textiles themselves. 

A complete textile system includes not only the textile sensor, but also connections, readout 

electronics, and power supply. A common way to connect sensors with electronics includes 

soldering of metallic wire s. Buechley et al.88 tested solder joints as connectors on a metallic 

fabric circuit. However, this process is limited by the high temperature required (up to 

280°C) which damages most of the commercial fabrics. An alternative option includes a 

mechanical gripping between sensor connectors and rigid connectors or metallic wires of 

circuits. For example, LeŢnikowski89 et al. integrated rigid poppers on fabr ic as electronic 

connectors. Li and Tao explored unique structures to wrap the conductive track around a 

stainless-steel needle with a diameter of about 1 mm to form a circular helix and achieve a 

helical connection between knitted interconnect and wire. 90 As opposed to soldering, 

mechanical gripping could be applied to almost all conductive textiles, but the main 

drawback is that rigid connections cannot keep stability and may break under extensive 

deformation.  A more flexible solution involves the  conductive adhesives. Siegel et al.91 

applied a commercially conductive adhesive on metallic wires on fibre -based substrate and 
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bonded electronic devices to the metallic pathways attaching sensor electrodes on the 

adhesive. Finally, non -rigid read-out board systems or wireless communications, such as 

RFID92,92 and NFC, are still being researched in order to create fully textile devices and reach 

the much desired goal of òwear and forgetó.93  

In order to provide a general overview of the current innovations in the field of e -

textile sensors, the following sections describe some of the latest examples of physical and 

chemical textile sensors similar to those mentioned previously in greater detail. The focus 

will be on those sensors that I have further developed in my PhD research activity and that 

will be further discussed in detail in the next chapters.  

1.3.3 Sweat monitoring sensors 

Sweat, saliva, interstitial fl uids, tears, and exudate are biological fluids that contain 

abundant information about health status , and are readily accessible and easil y sampled for 

non-invasive monitoring. 94,95 Among all of them, the investigation of chemical compounds 

in human sweat dates back to the 19th century, with the aim to identify a correlation 

between physiological states, diseases, and the use of drugs. For instance, the analysis of 

chloride content in human perspiration is performed for the diagnosis of cystic fibrosis and 

is the most important application for routine analysis. Doping control is another field 

wherein sweat tests are employed because they offer some advantages, such as less 

opportunity for sample adulteration and non -invasive sampling as compared to blood. 

Finally, the quantification of some toxic metals, such as Cd, Pb, Hg, and As, is important 

because the rates of their excretion were reported to match or even exceed urinary 

excretion.96 The main constraints that hinder a straightforw ard realisation of a reliable 

wearable chemical sensor are related to the low analyte concentration, small sampling 

volumes and fluid stagnation, mechanical resiliency, signal stability, biofouling and 

biocompatibility issues, together with the need to ope rate in physiological conditions, adapt 

to the human body without causing discomfort , and work with low power consumption, 

thus requiring simple electronic components.  

Sweat sensors are attracting increasing interest thanks to the development of new 

wearable technologies that are overcoming the previous constraints by achieving a real-time 

sweat collection and analysis.22 Innovative wearable sensors are placed outside of the body 

but in close proximity of the eccrine sweat glands that produce a very low, but continuous, 

amount of biofluids. Its analysis could provide an overview of the chemical composition of 

the surrounding cells at the time of sweat secretion but i t is worthy to note that the sweat 

analysis cannot reach the medical relevance of blood test, because the human bodies closely 

control only the blood composition while the sweat can be subjected to multiple variations. 

In addition, sweat composition is aff ected by the body region, gender, age, ethnicity, diet, 

activity level, and acclimation. Liquid human perspiration could be monitored in real time 
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by wearable sensors in an easily and non-invasive procedure that cannot be accomplished 

for blood because of the impossibility of taking samples with this time resolution. 97 Table 

1.1 shows the typical concentration of metabolites in human sweat. Among the huge variety 

of wearable biosensors, the textile-based sweat sensors represent an excellent example for a 

non-invasive, low -cost, comfortable, and lightweight p oint -of-care platform.  

Table 1.1: Typical concentration of met abolites in human sweat. ** in µM  

Biomarker  
Concentration   

range (mM)  
Ref 

Ca2+ 0,07 ð 12 

7 ð 9 (non-healing) 

98 

K+ 4 ð 24 99 

Cl- 10 ð 100 100 

Na+ 10 - 100 101 

Ammonium  0.5 ð 8 100 

Lactate 5 ð 60 102 

Urea 14.2 ð 30.2 103 

Glucose 0.01 ð 1 104 

Ethanol 2.25 ð 22.5 105 

Pyruvic acid  0.06 ð 1.6 106 

Amino acids*  303 106 

Ascorbic Acid  1.4 ð 62.5 ** 106 

 

 Textile glucose sensors 

Diabetes is a widely spread disease affecting hundreds of millions of people. This 

health issue drives technology to develop new glucose sensors for self-testing and 

monitoring. Commercial portable devices consist of disposable strips with a screen-printed 

electrochemical sensor and a pocket-size reader.32 Even if this technology is common and 

mass-produced, self-testing of blood glucose still suffers from  irregular testing frequency ; 

moreover, the knowledge of daily changes of glucose concentration allow s for the efficient 

treatment and improve ment of the quality of life for people with diabetes. For this reason, 

many research groups proposed innovative wearable devices for continuous 

monitori sation, exploiting other body fluid s in place of blood. Among them, sweat has been 

the most studied by far. The main issue still under review , which must be overcome to 

effectively use this new technology, is the assessment of the correlation between glucose 

concentration variations in sweat and in blood. With only this fundamental information, it 

is possible to monitor the glucose concentration directly from the sweat in a non -invasive 

way. For instance, it is known that the concentration of glucose in sweat ranges between 10 
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µM and 1 mM, 3 orders of magnit ude lower than  the concentration in blood .94 A specific 

clinical procedure called  a òglucose tolerance testó107 is used to find the direct correlation 

between the glucose concentration present in blood and in sweat.  Mimicking a 

hyperglycemia event in healthy subjects, the concentration of glucose is simultaneously 

monitored in both fluids and, as a result, a variation in the range between 50  µM and 120 

µM represents an alteration from the normal state to a potentially high glucose level.   

Many research groups are working on the development of wearable sweat sensors 

for glucose concentration108, mainly using two different approaches: enzymatic and non -

enzymatic sensors. In the first case, the sensors functionalized with enzyme are called 

òbiosensorsó, and the presence of GOx catalyzes the oxidation of  glucose to gluconic acid as 

reported in scheme 1:  

 

ὋὰόὧέίὩὕ ᴼὫὰόὧέὲὭὧ ὥὧὭὨὌὕ  

 

The detection is an indirect evaluation of oxygen consumption, and  the sensing 

element detects the presence of H2O2 as a product of oxidation reaction , which is directly 

proportional to the glucose concentration. Most of the textile glucose sensors using this 

working principle are based on amperometric electrochemical sensors,109,110 organic 

electrochemical transistor111 and, furthermore, on colour imetric sensors.112 As an example, 

Wang et al.111 proposed a fibre-based OECT formed by in situ polymerized polypyrrole  

(PPy) nanowires and reduced graphene oxide (rGO) (Figure 1.5.a). The gate electrode fibre 

is functionalized with GOx and Nafion. T he large surface area of PPy nanowires increases 

GOx amount leading  to a fast electron transfer and high sensitivity.  When glucose is 

dissolved in the LiClO 4 gel electrolyte, it  oxidizes at the GOx-modified gate electrode and, 

concurrently, the H 2O2 releases as a side-product reacting with LiClO 4, enhancing the 

channel conductivity of the fibre -based OECT. As a consequence, glucose is detected as an 

increment in the drain current. The intrinsic am plification of the fibre -based OECT 

configuration  allows it to reach a sensitivity of up to 0.773 decade-1 and a limit of detection 

(LOD) down to the nanomolar range.  

In the second case, the non-enzymatic sensors approach exploiting the 

electrocatalytic behaviour of the functionalized working electrode. Several 

functionali sations have been reported, but just a few of them have been translated 

successfully on textiles.113,114 For instance, Peng et al.,115 proposed an amperometric sensor 

based on AuNS fibre microelectrode, a fibre of platinum, and a fib re cover with Ag/AgCl 

to achieve a very low LOD and high sensibility.   
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 Textile lactate sensors 

The concentration of lactate in blood is correlated with the healthy state of cells. This 

occurs when  an insufficient amount of  nutrient s or oxygen reach a tissue and cells start to 

generate energy through an anaerobic metabolic pathway leading to an increase in the 

production of lactic acid. Several factors can determine this condition, including  an 

excessive physical exertion during endurance sports such as running, cycling , or boxing. In 

a persistent state of anaerobic effort, the accumulation of lactate in the muscles generates 

muscle fatigue and, monitoring lactate concentration , can help to improve performance in 

sports activities. Commercial portable devic es for lactate detection are already available and 

are based on standard electrochemical methods116 while the textile -based technology that 

continuously detects lactate from human perspiration still represents a forefront 

application. The typical reference level of lactate in sweat is 25 mM , but this value is strictly 

dependent on several factors such as age, gender, and area of bodily perspiration. 117  

For such sensors, the functionalisation of the sensing element is always enzyme-

based employing mostly l actate oxidase (LOx). The enzyme catalyzes the lactate oxidation 

to pyruvate  and releasing hydrogen peroxide (H 2O2). 

 

ὒ ὒὥὧὸὥὸὩὒὕὼ O ὴώὶόὺὥὸὩ ὒὕὼ 

ὒὕὼ ὕ ᴼὒὕὼ Ὄὕ 

 

This mechanism is at the basis of optical and electrochemical textile-based lactate 

sensors as highlighted in the Biotex European project,118 as well as Prompet et al.,119 Jia et 

al.,120 and Baysal et al.121  Alternatively, Zhang et al. 122 reported a novel approach to fabricate 

a fibre-based OECT biosensor (Figure 1.5.b). A nylon fibre is first dip -coated with multi -

walled carbon nanotubes (MWCNTs) followed by PPy with in -situ polymerisati on, leading 

to a composite material (e.g., PPy/MWCNTs). The PPy-MWCNTs fibre has been used as 

the OECT channel, while a Pt wire coated with LOx immobilized in a Nafion matrix serves 

as a gate electrode. The OECT biosensor is biased with a gate voltage equal to 1.0 V and the 

electrons released at the gate electrode generate a Faradaic current that change the effective 

gate voltage, which directly affects the channel conductivity. The wide linear response range 

of 1 nM ð 1 mM is suitable for sweat analysis. 

 

 Textile pH sensors  

An import parameter that can provide information about the overall body status as 

well as particular physiological conditions and disorders  is represented by the pH in human 

sweat. For instance, while sweat pH typically ranges from 4.5 to 6.5, a more alkaline sweat 

(up to pH 9) has been found in patients affected by cystic fibrosis due to impaired 
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bicarbonate reabsorption.123 Sweat pH has been correlated to blood glucose levels,124 the 

intensity of physical exercise, and metabolic alkalosis during sport activity 125,126 and due to 

skin diseases.127  

The route of optical transduction for the realisation of textile pH sensors has been 

widely explored in literature with an emphasis on the use of halochromic materials. A 

halochromic textile changes its colour upon pH variations due to the presence of a pH dye 

whose reversible acid-base chemistry leads to bathochromic or hypsochromic shifts 

resulting in visible colour changes. The pH-sensing abilities of dye-functionalised textiles 

obtained by fibres activation and soaking,128 layer-by-layer method,129 electrospinning, 130 

sol-gel technique,131 and photo-grafting 132 have been investigated in relation to the physico-

chemical properties of a library of natural and synthetic dyes and fabrics.  

 

 

Among textile optical sensors for pH det ection in sweat, one of the first examples of 

textile platforms for on -body trials was reported by Coyle et al .,133 who developed a smart 

waistband capable of pH and sweat rate monitoring comprising a sensing area with 

immobilised Bromocresol Purple and a fabric fluidic channel for passive sweat pumping.  

More recently, Rosaceõs group has thoroughly reported on the encapsulation of 

Litmusand 134,135 Methyl Red 136 into cotton fabrics by sol -gel method, and equipped the 

halochromic fabric with miniatur ized readout electronics including LED optical detector s 

and wireless connectivity. Contrary  to optical devices, the realisation of textile pH sensors 

Figure 1.5: Fibre-based OECT formed by in situ polymerized po lypyrrole  (PPy) nanowires 

and reduced graphene oxide (rGO),111 and b) nylon fibre -based OECT biosensor based on 

PPy for lactate concentration detection.122 
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for sweat analysis based on potentiometric transduction has been introduced only in recent 

years.  

The first example was reported by Zamora et al. with the electrodeposition of an 

Iridium Oxide film on Nylon -based conducting fabrics and stainless-steel mesh fabric.137 In 

the last two years, only one potentiometric sensor for sweat pH detection has been achieved 

by printing both electrodes (i.e. thick film graphite -polyurethane composite ) and the 

reference electrode on a cellulose-polyester blend cloth showing sub -Nernstian 

performances,138 while most works in literature are based on PAN I electrodeposition to 

impart pH sensitivity to the working electrode.  Among CPs, polyaniline (PANi ) stands out 

as the most common example of non-redox doping caused by base/acid  equilibria between 

deprotonated (e.g., base, dedoped) and protonated (e.g., salt, doped) forms and has been 

exploited for the realisation  of textile potentiometric sensors. For example, PANi  

electropolymerisation  has been used on wet-spun PEDOT:PSS fibres139 and elastomeric gold 

fibres woven into a textile matrix 53 (Figure 1.6.a), both showing good resiliency of the 

sensing performance during elongation tests. In the first case, treatment with the organic 

solvent dim ethyl sulfoxide (DMSO) increases the conductivity of the PEDOT:P SS fibre, thus 

facilitating PANi  electrodeposition, with the sensor response covering  the pH range 3.0 ð 

7.0 with Nernstian sensitivity (ĭ56 Ñ 7 mVpHĭ1). In the latter, a 60.6 mV pHĭ1 sensitivity is 

achieved in the pH range 4 ð 8 with good selectivity in the presence of Ca2+, NH4+, Mg2+ and 

Na+, while only a slight decrease in the woven sensor performance is reported during pH 

detection in artificial sweat.  Also worth mentioning is the work  by Yoon et al.140 where a 

self-healable textile sensor is utilised  on PANI -coated carbon fibre threads (Figure 1.6.b), 

which are eventually sewn into a sport headband for proof -of-concept pH monit oring 

during physical exercise. The thread-based sensor exhibits Nernstian behaviour (with a 

sensitivity of 58.28 mVpH ĭ1) with in the pH range 3.89 ð 10.09 and independent healing 

capability during four cutting/healing cycles, with no loss in the sensing performance 

during pH detection in artificial sweat samples. Despite the evident advancements in sensor 

fabrication and material engineering, the production of stable reference electrode analogues 

on textile substrates remains a crucial bottleneck in the realisation of potentiometric 

chemical sensors. 

In the next chapters, in congruence with the work of Gualandi et al .,41 a new two -

terminal potentiometric pH tran sducer made of PEDOT doped with a pH dye  will be 

described, thus demonstrating the possibility to integrate a chemical sensor within a 

bioactive and elastic textile substrate.  

https://www.mdpi.com/2073-4360/13/6/894/htm#fig_body_display_polymers-13-00894-f004
https://www.mdpi.com/2073-4360/13/6/894/htm#fig_body_display_polymers-13-00894-f004
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Figure 1.6: a) Wet-spunning fibers of PEDOT:PSS fibres139 and elastomeric gold fibres covered 

with electropolymerised PANi  for pH sensing, 53 and b) self-healable carbon fiber coated with 

PANi  for  pH monit oring during physical exercise. 140 

 

 Textile electrolytes sensors  

Some of the most important components of human perspiration secreted by the 

eccrine glands are electrolytes (Na+, Cl-, K+, NH 4+). Numerous clinical - and health-correlated 

information can be extracted from the electrolyteõs analysis. Although the measurement of 

Na+ and Cl- concentration in sweat offers limited correlation with the corresponding values 

in blood, there is ample evidence regarding the connection between Cl- level and medical 

status. This evidence is utilised  to predict hormonal changes141 and to non-invasively 

diagnose cystic fibrosis when the concentration is abnormally high. Moreover, Na + and Cl- 

concentration can be used to assess hydration level,142 hyponatremia, and indirect ly 

measure the sweat rate. Conversely, potassium ions concentration in sweat is directly 

related to the concentration in blood and is independent of sweat rate.143 Since its 

concentration in plasma can foretell muscle activity ,144 as well as a vast number of conditions 

related to hyper- or hypo -kelemia,145 a huge variety of wearable and textile ion sensors have 

been studied. Most are based on standard electrochemical techniques, such as 

potentiometric and amperometric sensors, or they exploit the amplification effect of the 

organic electrochemical transistor (OECT).  

The most common approach concerns the use of ion-selective membranes (ISM), 

which exclude all ions except for the ion of interest. Although some ISMs are polymeric and 

do not require other chemical species to sense and immobilize cations, the most used ISMs 
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are composites formed by matrix/supporting material, anion or cation excluder component, 

plasticizer, and ionophore. The ability to rapidly and accurately monitor sodium in human 

sweat using a textile device was first  presented by Parilla et al.146 They reported a carbon 

fibre-based sodium ion sensor using commercial carbon fibre (CCF) substrate opportunely 

modified to realize a p otentiometric device in a conventional two -electrode configuration. 

The ionophore composite is the sensing element of the membrane and is responsible for ion 

immobili sation producing, in most of the cases, a logarithmic response with a change in 

analyte-ions activity mediated by the Nernst equation .  

Additionally , Parrilla et al.147 also proposed a variation for the ion -selective 

membrane cocktail replacing the common PVC matrix with polyurethane (PU) to provide 

further resistance to mechanical stress and the necessary biocompatibility. These materials 

can provide exceptional analytical performance when potentiometric techniques are 

involved and simultaneously  minimize adverse physiological effects , such as unwanted 

inflammation or fouling. 148 Due to the attractive mechanical properties of PU, highly 

stretchable textile-based sensors able to detect the sodium and potassium concentration in 

human sweat, even during extreme mechanical stress, were produced. 

A breakthrough in the functionali sation of textile fibres was made by Guinovart et 

al.149 turning  cotton yarns in an ion-selective sensor using CNTs and ISMs. They exploited 

the good ion-to-electron transduction features of CNTs as potentiometric devices150 coupled 

with the excellent electrical conductivity. In their work, they proposed a cotton fibre, 

properly dipped in an ion -selective membrane solution, able to monitor, in a potentiometric 

way, pH as well as potassium (K+) and ammonium (NH4) concentration in the liquid.  

Following these pioneering works on textile sensors using the ion selective 

membrane (ISM) as a sensing element to realize textile sensors for ion concentration, Yoon 

et al.151 reported high -sensitive wearable sensors endowed with self -healing features based 

on CNTs, ISMs, PEDOT:PSS, and Poly(1,4-cyclohexanedimethanol succinate-cocitrate) 

(PCSC). The wearable sweat-sensing device is formed by an indicator and a reference 

electrode sewn into the textile substrate with Bluetooth communication technology (Figure 

1.7.a i). After coating CNTs with the conductive polymer PEDOT:PSS by electrochemical 

deposition, K + and Na+ ISMs were deposited onto the carbon fibre thread (CFT) electrode by 

dip -coating the thread in the membrane cocktail. The reference electrode was obtained by 

coating the CFT electrode with Ag/AgCl ink and polyvinyl butyral (PVB). Both working 

and reference CFT electrodes were then covered with the self-healing polymer, leading to 

an electrical healing ability enhancing mechanical properties. The thread-based sensors for 

Na+ and K+ (Figure 1.7.a ii)  were tested separately in buffer solution containing the 

respective ion in the physiologically relevant concentration range (0.1 mM ð 100 mM). The 

thread sensors were stable in a temperature range of 20 ð 40 °C under bending or crumpling, 

and showed good selectivity. Finally, the sensing threads were knitted onto a smart  



1.3  Smart textiles  

20 
 

headband and connected to a flexible PCB, which acquired and transmitted data wirelessly 

to perform real -time sensing during physical activity.  

 Besides the great interest inspired by the potentiometric textile sensors, the textile 

OECT represents a novel class of wearable and portable sensors able to monitor specific 

analytes in biofluids  exploiting the  very low operating voltage and absorbed power, 

coupled with the highest trans -conductance among the transistor-based sensors.  

The ground-breaking work of  Tarabella et al.152 in 2012 presented, for the first  time, a textile 

chemical sensor based on an OECT with a single PEDOT:PSS-coated cotton yarn as the 

transistor channel. The thread was interfaced with a liquid electrolyte , and a silver metal 

wire was employed as the gate electrode (Figure 1.7.b i), the latter inducing a stable and 

reproducible modulation of the channel current. The low -cost and simple method was used 

to effectively sense the NaCl concentration in a liquid electrolyte . The drain current could 

be modulated in the mA range by  gate bias (Figure 1.7.b ii) and the relative current variation  

directly tuned by the NaCl  concentration in the liquid. However , it could not  detect the 

presence of Na+ and Cl- alone. 

Recently, Coppedè et al.153 utilised  the remarkable performance of OECTs to achieve 

a wearable textile device able to selectively detect the concentration of potassium, sodium, 

and calcium in human sweat. The textile-OECT is composed of a conductive channel made 

of an acrylic textile covered with the stable, biocompatible, and semiconducting polymer 

PEDOT:PSS and a gate made with a silver wire  (Figure 1.7.c i). The textile threads were 

made conductive, as previously reported by Mattana et al., 84 by immersing the yarns in a 

semiconducting solution formed by PEDOT:PSS, ethylene glycol (EG), and dodecyl benzene 

sulfonic acid (DBSA). The ion selectivity was achieved by exploiting ISM based on 

potassium ionophore  and calcium ionophore (II).  Na+ is the most abundant electrolyte in 

human sweat and was employed as the interfering agent to evaluate potassium and calcium 

sensorsõ selectivity (Figure 1.7.c ii). Despite the promising results achieved by the transistor 

configuration based on PEDOT:PSS-functionalized fibres, the requirement of an external 

and metal gate electrode reduced the flexibility and the wearability of these devices. To 

overcome such a problem, Gualandi et al.41 reported a novel and breakthrough approach to 

fabricate textile sensors inspired by the OECT. They synthesized and achieved a newly 

composed material based on PEDOT:PSS and Ag/AgCl Nanoparticles integrated into the 

semiconducting polymer that behave, in a way, as nanogate electrodes (Figure 1.7.d i). The 

textile sensor is made by a cotton thread coated via a roll-to-roll -like process by a 

PEDOT:PSS based solution. Consequently, the sensor showed the intrinsic amplification 

response of a transistor with a simple two -terminal configuration. The sensor behaviour is 

based on the electronic coupling between the ionic charge and the electrochemically active 

nanoparticles. The spontaneous and reversible redox reaction between chloride and silver 

allows wireless monitor atisation of the chloride ion concentration in the sample solution 

with th e expected Nernstian behaviour (Figure 1.7.d ii).  The real-time electrolytes 
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monitoring  in sweat, using textile sensors technology, introduces a wide  variety of 

possibilities and new paths to achieve fully -textile multi -sensing platforms for health and 

sport application.  

 

 

 

 

Figure 1.7: a.i) Structure of carbon fiber thread covered with PEDOT:PSS and ion selective 

membranes with  a.ii) potential variation according to K + concentration changes.151 b.i)  

Organic electrochemical transistor based on a cotton thread coated with conducting polymer 

PEDOT:PSS as channel and a silver wire as gate electrode. b.ii) current modulation after the 

variation of NaCl concentration in t he electrolyte.152 c.i) Textile OECT configuration with 

textile thread and metal wire immersed in electrolyte, and c.ii) detection of CaCl 2 and KCl 

concentration using NaCl as interfering agent. 153 d.i) Cotton thread functionalised by 

PEDOT:PSS and Ag/AgCl nanoparticles for two -terminals device architecture for Cl - 

concentration.84 
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1.3.4 Multi -sensing platforms   

The capacity to analyse and measure critical health-related features non-invasively 

in real-time opens up new scenarios and alternatives to obtain selective, flexible, and highly 

sensitive multi -sensor platforms. Unconventional substrates such as fibres and fabrics have 

been used in numerous studies to manufacture flexible and unique wearable biosensors. 

Examples of textile platforms that combine the possibility to detect various analytes and 

biomarkers in human sweat with the well -known comfortability of  textiles are reported 

here. 

Exploiting the multiple advantag es of CPs, together with carbon-based material and 

enzymes, it is possible to realize textile platforms that are able to monitor numerous 

parameters such as pH, electrolytes, and metabolites. Incorporating several sensors in the 

same textile-sensing apparatus makes it possible to perform simultaneous detections from 

a single sample. 

Wang et al.154 reported the first examples of a multi -analyte platform, exploiting a 

new approach to produce an electrochemical fabric from a single sensing yarn. Biologically 

relevant compounds, such as Ca2+, Na+, K+, glucose or pH, were efficiently detected directly 

from human sweat exploiting a set of textile fibre sensor s, which were stitched into the same 

fabric, as shown in Figure 1.8.a i. The sensors were set in a coaxial fashion, with the internal 

core of CNT fibres coated by the sensing layer: PEDOT:PSS or PANI. The electroplating 

technique was used to fabricate the pH-sensing fibre depositing PANI onto the external 

surface of CNTs. The glucose-sensitive yarn was made by a drop-casted layer of 

chitosan/SWCNTs/GOx  deposited onto the CNTs and a layer of Prussian Blue (PB) was 

employed as a redox mediator to increase sensitivity. The ion-sensing fibres were produced 

utilizing the galvanostatic polymerisation  of PEDOT:PSS film and an ion-selective 

ionophore drop -casted to work as a specific ion detector. Sodium, potassium, and calcium 

ion-sensing fibres were integrated into the multiplex -sensing electrochemical fabric to 

monitor the electrolyte concentration in liquids. Reference electrodes made by CNT fibres 

coated with Ag/PVB layer, were twisted together with pH and ions sensing fibres to allow 

the potentiometric yarn system to be weaved into a fabric.  

The sensors were tested in the respective electrolyte solutions showing a linear and 

reproducible relationship betwe en the acquired signal and the analyte concentration. 

Figures 1.9.a iiðiii  report two examples of the fibre sensorsõ response. 

He et al.155 provided an important example of a soft and flexible silk fabric , nitrogen 

(N)-doped carbon textile (silkNCT), able to measure and detect the level of six different 

health-related biomarkers in human biofluids. SilkNCT fabric, shaped in circles, was used 

as the sensing substrate to achieve sensors-array to simultaneously and selectively detect K + 

and Na+, lactate, glucose, ascorbic acid (AA) , and uric acid (UA). For the biomolecules, an 

amperometric approach was employed with the silkNCT pieces as working electrodes, 
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silkNCT part as a counter electrode, and Ag/AgCl ink -modified conductive tape as a 

reference. A two-electrode system was adopted for ion detection while enzyme -based 

amperometric sensors were employed for lactate and glucose detection. The silkNCT fabrics 

were coated with Pt Nanoparticles by electrochemical deposition and then functionalized 

by drop -casting with LOx and  GOx. The ion sensors were fabricated exploiting ISM 

solutions drop -casted onto the corresponding electrode of silkNCT previously coated with 

PEDOT:PSS. Figure 1.8.b i reports the wearable and flexible patch, while Figures 1.9.b iiðiii  

show the responses to sodium and glucose, respectively. In all cases, a linear relationship 

between the electrical signal, either potemtiometric or amperometric, and the analytes 

concentration has been found in the physiologically relevant range for humans.  

Additionally, Ter se-Thakoor et al.156 reported a thread-based multiplex sensor patch 

for real-time sweat monitoring ( Figure 1.8.c i). In particular, such textile threads can be 

conveniently integrated in fabric or adhesive patches to perform on -body and real-time 

monitoring of essential biomarkers present in human perspiration, such as lactate, sodium 

or ammonium ions, and pH. The flexible yarns were coated with Ag/AgCl and carbon ink 

to realize reference and working electrodes, respectively. Na+ and NH 4+ sensors were 

fabricated by dip -coating a carbon/polyethylene (PE) yarn in ISM cocktails and integrated 

with of a solid -state reference electrode for potentiometric measures. The pH sensing thread 

was fabricated by potentiostatic deposition of PAN I onto the surface of a carbon-coated 

stainless-steel wire. The lactate sensor was produced with a Prussian Blue-coated PE thread 

and successively modified with LOx  and chitosan by drop-casting. Figures 1.9.c iiðiii  report 

lactate and sodium sensorsõ responses after separated evaluation in standard solutions. All  

of the thread-sensors showed good selectivity, reproducibility, wide dynamic range , and 

low hysteresis. Finally, the sensor patch was coupled with an electronic read-out board for 

a wireless data acquisition and data processing essential to achieve a wearable sweat 

monitor platform.  Chapter 3 reports the results of the textile sensors developed for chloride 

concentration and pH.  
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1.3.5 Wound monitoring sensors  

Wound exudate is another biofluid that is currently attracting interest in the field of 

wearable sensing technologies targeting the realisation of smart woun d dressings. Upon 

integration of chemical sensors that are able to non-invasively monitor the wound site, these 

tools would dramatically impact the current treatment approaches with the potential to 

improve significantly the wound management and decrease t he healing time. Wound 

healing is the essential physiological process by which damaged tissues repair themselves. 

If progression through the normal healing phases is delayed or incomplete, the wound 

enters a state of pathologic inflammation characterised by impaired healing and even 

eventual chronicity. 157ð159 In order to adopt the most appropriate ther apeutic strategy, 

Figure 1.8: a.ii)  Schematic illustration for the fabrication of the  electrochemical fabric 

by weaving sensing fibers, that are made by depositing active materials on CNT fiber 

substrates; a.ii) The open-circuit potential responses of the K+ fibers, and a.iii)  the 

chronoamperometric response of the glucose-sensing fiber in PBS solution154. b.i) 

Schematic illustration of multiplex electrochemical  SilkNCT -based sensor array 

integrated in a patch for wearable sweat analysis. b.ii ) OCP responses of the Na+ sensor. 

b.ii ) Chronoamperometry responses of the glucose sensor. Insets show the corresponding 

calibration plots  of the sensors.155 c.i)  Photograph of the patch sensor prototype. c.ii) 

Chronoamperometric response of lactate and c.iii) potentiometric response of sodium 

using filter paper soaked in different concentration of respective analyte solution. Inset 

show the calibrati on plot of the respective thread sensors.156 
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wound management implicates both wound assessment and evaluation of the healing 

process. Traditional methods for wound assessment are often based on visual inspection or 

qualitative systems that may lead to subjective interpretations and biased results.160ð162 

However, despite several steps having been taken towards the understanding of normal 

tissue repair stages and influence of physicochemical parameters, the evaluation of the 

healing process remains challenging due to its dynamism and complexity, as well as the 

lack of firmly established and quantitative tools for wound monitoring over time.  

In this regard, the choice of the appropriate  dressing is crucial to provide moisture, 

absorb excess wound fluid, and protect the wound site from further trauma, thus 

accelerating tissue regeneration.163ð166 Dressings can be tailored to the specific healing case 

and are classified as passive, interactive, advance, and bioactive.166 However, the need to 

periodically view  the wound site for evaluation of the wound status and therapy efficacy 

imposes a frequent dressing renewal that is often completed unnecessarily,167,168 with a risk 

of disturbing or interrupting the wound healing process, provoking a physiological stress 

response or even causing a second injury.169  

In this scenario, point -of-care (POC) and wearable sensing technologies are 

attracting growi ng interest with potential to revolutionise wound care practice. In 

particular, the utilisation  of smart dressings comprising chemical and physical sensors, 

which are specially designed to detect relevant parameters of wound biochemistry, may 

provide quant itative and real -time information with both diagnostic and theranostic value, 

thus allowing timely intervention, improved wound management , and decreased healing 

time.157,167,168,170 Among the assayable biomarkers, the crucial role of pH, exudate 

composition, moisture, and temperature in wound healing is largely documented , and are 

commonly identified as potential indicators of healing rate and wound bed state. 171ð174 The 

exudate is the fluid secreted by the wound and has the function of a healing agent in 

delivering essential nutrients to the wound bed a nd providing the moist environment 

essential to the healing process.159,174 Relevant exudate biomarkers in wound monitoring are 

reported in Table 1.2. In this application , monitoring the level of hydration can help to 

identify whether redr essing is due, and assess if the optimal healing condition is present at 

the wound bed as too little moisture hinders tissue repair and fluid excess leads to skin 

maceration.175,176 Due to the relevance of these parameters, the following paragraphs will 

present the latest example of wearable and textile pH and moisture wound s ensors. 

 

 Textile pH wound sensors  

One of the most straightforward methods for the preparation of halochromic textiles 

is electrospinning. pH -sensitive dyes can be directly loaded into the electrospinning solution 

to generate electrospun nanofibrous materials combining the high porosity and 

permeability of ultrathin polymer fibres with the pH colour responsiveness of the dye 
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molecule. Interestingly, halochromic nanofibrous composites have been obtained by mixing 

hydrophobic and hydrophilic polymers, 177 as well as natural and synthetic polymers 178 

leading to smart and highly tailored textiles. De Clerk õs group has reported on electrospun 

nanofibrous blends where different pH dyes were covalently immobilised on a synthetic 

copolymer 179 and chitosan180 showing remarkable stability after leac hing, migration , and 

water fastness tests. Focusing on covalent immobilisation of dyes, Mohrõs group has 

significantly contributed to the field by studying the functionalisation of cellulose -based 

textiles. In particular, covalent immobilisation of synthet ic azo-dyes was demonstrated in 

textiles and non-wovens, including T -shirts, facecloths,181 and cotton swabs,182 achieving 

remarkable stability to washing cycles and sterili sation procedures. In addition, t he use of 

fluorescent dyes has been reported for the preparation of halochromic textiles, including 

synthetic dyes for covalent functionalisation of cellulose dyes validated for in vitro and in 

vivo sensing incorporated in electrospun fibres,183 and a fluorescent hydrogel coating for 

wound pads functionalisation. 184 Among optical textile sensors, real-time on-site pH 

monitoring using a smartphone camera has been demonstrated for halochromic hydrog el 

microfibres obtained through microfluidic spinning 185 and halochromic polycaprolactone 

electrospun fibres. Finally , Kassal et al.186 recently reported on a commercial wound 

dressing modified with a pH -sensitive hydrogel incorporating dye -functionalised cellulose 

particles and equipped with non -contact, flexible electronics enabling real-time monitoring 

using international wireless standards  RFID and NFC. 

Table 1.2: Relevant exudate biomarkers  concentration important for  wound monitoring . 

 

 

 

 

 

 

 

 

 

 

Electrochemical texti le sensors for pH detection in the wound environment mainly 

rely on potentiometric sensing. With the combination of lightweight, flexibility, and pH 

Biomarker  Relevant range Ref 

pH  
4 ð 6 (healing) 

7 ð 9 (non-healing) 
163,169,187,188 

K+, Na+, Cl - urea, 
creatinine 

Similar to serum 171,172 

Glucose 
1.1 ð 5.9 mM (healing) 
0.6 ð 3.7 mM (non-healing) 

172,184 

Lactate 
5.4 ð 16.7 mM 
above ~10 mM (possible inflammation)  
above ~30 mM (possible infection) 

172,189 

Uric acid 221 ð 751 µM 172 

Oxygen 5 -20 mm Hg (persistent inflammation)  163,190 

Interleukin -6 1.3 pg/ȋg protein (inflammation) 163,191 
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sensing properties, the conjugated polymer polyaniline (PANI) currently stands out as the 

gold standard in the realisation of textile, solid -state potentiometric probes. The first work 

describing a potentiometric pH sensor incorporated into medical textile was reported by 

Guinovart et al.. 192 Screen-pri nting and electrochemical deposition were used to fabricate 

reference and working electrodes directly on a commercial adhesive bandage, obtaining 

Nernstian sensitivity over the 4.35 ð 8.00 pH range and excellent resiliency in bending tests. 

More recently, the electrochemical deposition of PANI has been utilised  for the 

functionalisation of PEDOT:PSS/MWCNTs  coated cotton fibres showing antibacterial 

properties and Nernstian response over a wide pH range (2 ð 12) in complex media.193 

Alternative to electrodeposition, textiles can be modified by a simple dip -and-dry process 

using PANI commercial inks. In this regard, both cotton and polyester threads have been 

coated with PANI to act as working electrodes and the textile potentiometric systems have 

been sewn into commercial bandages. In particular, Punja et al. have constructed a pH 

sensing smart bandage for chronic wound monitoring, which integrates a C/PANI and 

Ag/AgCl coated cotton threads and is equipped with a  wireless data acquisition and 

transmission setup.194 Also based on C/PANI coated cotton threads, a smart wound 

dressing has been reported with an Arduino wireless interface and wireless data 

transmission that detects bacterial infections by monitoring the wound pH and allows the 

topical delivery of antibiotics to the wound bed. 195  

 

 Textile moisture wound sensors  

Wound moisture is a crucial parameter to the healing process. Indeed, a low 

moisture level can desiccate the wound, while too much will lead to its maceration. 196 

Maintaining an optimal  level of moisture allow s wound healing in a shorter time. 

Commonly, clinicians observe the moisture status by removing the dressing, thus disturbing 

the healing process. A significant improvement  would be the ability to monitor the humidity 

at the wound bed without remov ing the dressing and remove only when needed. Several 

examples of wearable technologies have been developed for this purpose. The first example 

of a smart bandage integrating a moisture sensor was presented by McColl et al. in 2007.197 

The proposed sensor consists of two Ag/AgCl electrodes insulated with silicon and inserted 

into a commercial dressing. Exploiting the ionic nature of exudate, they measured the 

impedance variation across the two electrodes with an AC measurement. They obtained a 

correlation between the change in impedance and moisture loss, thus enabling a direct 

comparison among different fabric properties on retained moisture. Following this fi rst 

approach, various bandage fabrics have been developed with different absorption and 

retention properties in the last decade,163 and in 2016, a commercial moisture sensor for 

wound care was developed called άWound Senseέ 198. The sensor is based on two wires of 

silver chloride. The wound exudate is an electrolyte that affects the impedance between the 
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two electrodes. A low level of moisture  generates a high impedance, while a wet wound is 

responsible for an impedance decrease. An i ntermediate value between two extremes 

indicates the optimal environment for the healing process. Other wearable humidity sensors 

are reported in the literature, and most are fabricated on fabrics due to their intrinsic 

hydrophilicity that help s to sample moisture.   

A r ecent example of capacitive sensors is based on a polyamide fibre covered with 

copper threads.199 Polymer works as dielectric material , and copper as the conductive 

electrode. The humidity alters the whole capacit ance of the yarn shaped sensor showing a 

3.5 s response and 4 s of recovery. The main advantage regards the connection of humi dity 

sensors with a fibre inductor coil which allows a RFID monitoring. Another approach 

enabling wireless connection involves humidity colo urimetric  sensors.200 Gong et al. 

reported a sensor based on structural colourimetric  materials which change colour due to 

alteration of the periodic crystalline structure.  

 Despite the presence of several examples of textile humidity sensors in literature, 

only  a few of them have been applied to wound monitoring . A relevant example is reported 

by Zhou et al.,52 who fabricated fibres based on SWCNT dispersed in a matrix of PVA 

Poly(vinyl alcohol) (PVA) in which the presence of water molecules, through the presence 

of the polymer, modifies  the conductive network of CNT s with a consequent increment in 

the fibresõ resistivity.  Chapter 4 presents a new example of textile sensors for pH level and 

moisture content using metal -oxide material, and PEDOT:PSS.  

1.3.6 Physical sensors 

The landscape of textile sensors has greatly increased within the last 10 years due to 

advanced academic and industry studies pursued in this field. The area of appl ication, as 

already mentioned, is vast and covers a wide range of situations characterizing everyday 

life. This section reports some of the most relevant examples of physical textile sensors that 

are nearing actual commercialisation. 

 

 Textile e lectrocardiogram electrodes  

Early detection of human diseases and health monitoring are the principal aspects 

of healthcare system research.201 The long-term monitoring of electrocardiographic (ECG) 

signals, by the acquisition of biopotentials, is the firs t stage for a more effective diagnostic 

procedure able to promptly detect arrhythmias or ischemia episodes. A biopotential is an 

electrical signal produced by various physiological activities and able to propagate through 

the whole human body acting as a volumetric conductor. The alteration of the cell resting 

potential, due to a transient and overwhelming influx and efflux of ions, is well known as 

the cell action potential. It is the source of the electric activity and when this activity is 
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correlated to the cell of the heart, the biosignal connected is known as ECG. Achieving an 

unobtrusive, long -term, and precise ECG biopotential monitoring through a full textile 

electrode can overcome the main limitation of the extensively used Ag/AgCl disposable 

electrodes, which require a gel electrolyte to correctly work. This aspect makes them less 

suitable for long -term recordings, which may result in uncomfortable side effects like 

irritation or skin rashes. In the case of dry ECG electrodes, the textile-based versions have 

attracted increased interest in order to create intelligent biomedical clothing to be utilised 

for elderly monitoring 202 to telehealth,203 including sports activities 203 and infant 

monitoring. 204  

Figure 1.9.a shows the screen printing deposition technique of a high conductive 

silver ink on knitted c otton and polyester fabric for ECG monitoring. 205 The surface 

resistance, between 1.64 Ý/sq and 1.78 Ý/sq for the textile electrodes, reveals the feasibility 

of the electrodes to be used as an ECG electrode. Placing three electrodes around the wrist 

of a volunteer, the ECG signal collected shows a comparable waveform to those acquired 

with standard Ag/AgCl ECG electrodes and, increasing the tightness of the electrode 

against the skin, the response quality reaches the level of the standard ones. Additionally, 

even after ten washing cycles, the electrodes response was not affected. In the same vein, 

using silver as the main transduction material, Arquilla et al. 206 demonstrated the possibility 

to perform an electrocardiogram monitoring with sewn t extile electrodes in a 3-lead, chest-

mounted configuration. As reported in Figure 1.9.b, the electrodes are sewn with silver-

coated thread in an overlapping zig zag pattern into  a woven fabric. The sensors were tested 

by eight volunteers where categories tested include comfort, stretch , and washing 

validation, with a further comparison to standard electrodes. No statistically significant 

difference was found between the traditional and textile electrodes in terms of R peak 

detectability. Another ECG textile  electrode, using a conductive polymer as transduction 

material, is presented in Figure 1.9.c in which a raw woven cotton fabric is soaked in a high -

conductive PEDOT:PSS.43 The biopotentials recording ability, in terms of both skin contact 

impedance and quality of ECG signal ,at rest and during physical activity, has been tested 

on human volunteers. Dry electrodes show an acceptable quality signal at rest that greatly 

increases in w et (saline) electrodes presenting a stable and reproducible behaviour. These 

PEDOT:PSS electrodes represent an important milestone in wearable technology based on 

the fact that they can work without the electrolyte, providing a valuable interface with the 

skin due to its mixed electronic and ionic conductivity.  
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 Textile pressure sensors 

Within the last year, many efforts have been devoted to developing healthcare 

monitoring devices, sport garments, and accessories to reduce injuries,207 increase the 

athleteõs performance208 and comfort, 209 or to improve safety in the workplace. 210 Data on 

body motion is among the most effective information in order to achieve a comprehensive 

overview of the user. In this context, the textile pressure sensors play a vital role in achieving 

the best functionality and sensing performance in a wearable device. During the last decade, 

the development of textile -based pressure sensors has been aided by their numerous 

advantages such as low cost, high flexibility, and ease of embedding sensors into wearables 

objects like garments or accessories. Depending on the specific area of application, the 

pressure sensors have to show a reasonable sensitivity in their application range. Those with 

high sensitivity in the low -pressure range (<10 kPa) allow touch detection in human-

computer interfaces or to develop, for instance, artificial hands for handling objects. In the 

same way, sensors working in a high-pressure range (>10 kPa) can be used to monitor the 

body pressure distribution in standing or sitting positions.  

 

 

 

Figure 1.9: a) Screen printing deposition technique of high conductive silver ink on knitted 

cotton for ECG monitoring, 205 b) sewn texti le electrodes in a 3-lead, chest-mounted 

configuration ,206 and c) ECG electrode based on conductive polymer.43 
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The main working principles of textile -based pressure sensors can be grouped into 

piezoresistive, capacitive and piezoelectric211ð213 sensors which produce an electric signal 

when an external mechanical force is applied. These sensors are usually made from fabrics 

knitted with conductive yarns or coated with conductive polymers. 214 

On the one hand, the piezoresistive sensor changes its shape when compressed, resulting in 

a change in the contact area between the conductive materials, which lead s in a resistance 

variation . Compared with other wearable pressure sensors, the ones based on the 

piezoresistance effect have been widely studied due to their simple structure and 

manufacturing process. Since these sensors consume less power, they have a wide range of 

applications from medical 215 to sports.216 On the other hand, the capacitive textile pressure 

sensor displays the change in capacitance when a mechanical stress is applied. These sensors 

are based on the principle of parallel plate capacitors with a dielectric material  sandwiched 

between plates. A change in capacitance is observed when an external force varies the 

distance between the plates. Usually, the textile capacitive-based pressure sensors have high 

sensitivity and wide dynamic range with the further possibility of enhancing their 

performance, tuning the surface area, thickness, or the intrinsic properties of the dielectric 

material. Table 1.3 shows a collection of some recent textile pressure sensors based on 

piezoresistive and capacitive effect with the ir  major outlining characteristics . Furthermore, 

piezoelectric pressure sensors represent another important class in the pressure monitoring 

due to their flexibility, easy electrical signal acquisition, and low -cost fabrication. The 

piezoelectric sensitive materials rely on the physical piezoelectric effect based on the 

material polarisation able to generate a potential difference when subjected to a mechanical 

deformation. The material's positive and negative chargesõ separation due to the external 

stress is responsible for the potential difference, and its value determines the magnitude of 

the pressure applied. Recently, several examples of piezoelectric pressure sensors have been 

developed based on carbon or composite materials for different types of applications. For 

instance, Yang et al. integrated217 polydopamine film modified with barium titane (BaTiO 3) 

and polyvinylidene fluoride (PVDF) in shoe in sole to detect the impact from running or 

walking. In addition, piezoelectric material can also be used to implement self-powered and 

multi -functional wearable  sensors by electrospinning of PVDF nanofibre with excellent 

sensing, mechanical, and thermal properties to monitor the biomechanical movements in a 

human finger, elbow, or foot. 218 In the same vein, Li et al.219 proposed MWCNTs  coating on 

PVDF nanofibre to improve fibreõs conductivity and mechanical properties. They created 

nanofibres with high bending stability,  washability, and breathability to monitor human 

motion, including tactile stimulation, finger joint, and wrist bending. Exp loiting MWCNTs 

conductive filler ability, Kim et al. 220 enhanced the electrical conductivity, dielectric, and 

piezoelectric properties of ceramic-epoxy nanocomposite films to obtain an i ncrease in the 

sensitivity and in the output voltage of the piezoelectric pressure sensors 
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1.3.7 Ionizing radiation sensors  

The flexible, comfortable, and breathable nature of fabrics makes these substrates 

ideal candidates for developing large -area wearable devices in direct contact with the 

human body. As previously  stated, such textile wearable sensors can be placed directly onto 

textile substrates,228ð230 as witnessed by electronic textile devices that can change their 

electrical and/or mechani cal properties due to an external stimulus. These textile devices 

are designed to measure biopotential,70,231 temperature,232 movements such as pressure233 or 

strain,231 sweat content,83,154 or can serve as energy harvesting (thermoelectrics,234,235 

triboelectrics,236 biofuel cells237) and storage platforms .76,238 

Table 1.3: Recent examples of textile pressure sensors based on resistive and capacitive 

principles.  

Mechanism  Fabric Material  Fabrication  Range Sensitivity  Application  

 

Ref 

R
e

s
is

ti
v
e

 

polyester 
Thiolated 
Graphene 

Oxide 

Multilayer 
stacked 

structure 

0 - 200 kPa 
8.36 kPa-1 (0-8 kPa) 

0.028 kPa-1 (30-200 kPa) 
wr ist pulses, 
body motion,  

voice recognition 

on 

 
221 

Polypropylene 
fibres, 

spandex-
knitted fabric  

Silver-coated 
fabric 

 

Thermal 
bonding of 

fabrics 
0 ð 8 kPa 3.5 ð 1.5 kPa-1 

Sleeping quality 
monitoring  

 
               
222 

Cotton 
Alluminium  
Card paper 

Stainless steel 
threads 

Sewing 0 ð 14 kPa 0.06 kPa-1 
Breathing rate  
Muscle activity  
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Polyester Graphene 
films  

Dip coating  0 ð 800 kPa 0.012 kPa-1 
In-shoe wireless 
plantar pressure 

system 
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p
a

c
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Kevlar fibre 
SBS 

Ag NPs 
PDMS 

Dip coating  0 ð 20 kPa 

0.21 kPa-1 < 2kPa 
 

0.064 kPa-1 > 2kPa 
 

Into gl oves for 
human-machine 

interfaces 
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Twaron fibre 
SBS 

Ag NPs 
PDMS 

Dip coating  0 ð 50 kPa 

0.278 kPa-1 0-2kPa 
 

0.0186 kPa-1 15ð50 kPa 

Touch panels in 
robot arms. 
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Woven 
fabric 

Nickel  
Copper 
PDMS 

Electroplating  >200 kPa 0.023 kPa-1 
Finger grabbing 
Plantar Pressure 

 

227 



1.3  Smart textiles  

33 
 

Despite the high number of different textile sensors created thus far, textile ionizing 

radiation detectors have not yet been proposed, mostly due to the incompatibility between 

conventional materials for radiation sensing and fabric substrates. In Chapter 5 of this thesis, 

a novel approach for the implementation of a wearable and flexible X-ray detector 

implanted onto s ilk -satin and cotton fabrics will be reported. However, the scope of this 

introductory paragraph is to offer an overview on the latest results about the x -ray detection, 

spanning from materials to new sensorsõ concept.  

 The development of innovative funct ional materials and low -cost technologies for 

the detection of ionizing radiations has become an urgent need in the last years due to the 

relevant increase in the use of ionizing radiation in many aspects of modern society, from 

medical applications to civ il security. In particular, flexible and wearable innovative 

dosimeters are highly requested in hazardous environments, such as for personnel and 

patients in medical therapy and for space mission crew. Commercially available personal 

dosimeters and diagnostic detectors, based on inorganic materials (e.g. silicon-based solid-

state devices for dosimeters, a-Si, a-Se, or poly-CZT for large-area flat panels) are heavy, 

bulky, rigid and uncomfortable to wear. Furthermore, they are difficult to implement in 

large, pixelated matrices by means of low-cost and low-tech fabrication techniques.  

In the last years, a new generation of X-ray detectors has been explored, based on 

organic semiconductors239ð241 and perovskites242ð244, two classes of materials that allow for 

liquid phase deposition methods, enabling an easy device scalability to large areas and the 

implementation on unconventional flexible substrates, such as thin plastic foils 245,246 and 

fabrics.247 The possibility of conforming ionizing radiation detectors and dosimeters onto a 

non-flat object is one of the primary desired features needed, for example, when detectors 

have to be integrated inside specific probes during radiation therapy, 248 or in easy-wearable 

objects (e.g., bracelets, belts) and for potential vignetting limitation s. Recently, Zhao et al. 

proposed a highly sensitive and flexible direct X -ray detector based on a porous nylon 

membrane with metal halide perovskite loaded by infiltration method. A perovskite-filled 

membrane such as this has good stability and high sensitivity to X -rays, comparable to those 

of perovskite single crystals. Excellent results were also presented by Demchyshyn et al.249 

with an ultra -flexible, conformable, and lightweight X -ray detector based on a photodiode 

architecture, able to stably operate in passive mode (at 0 V) with a sensitivity of 9.3 µC Gy-1 

cm-2 and a limit of detection of 0.58 µG s-1. Despite these remarkable detection performances, 

both these flexible devices, together with others in recent literature, 250,251 envisage complex 

multi -layered structures and fabrication techniques requiring several steps and often 

oxygen-free environment.  In addition, perovskite nanocrystals, polycrystals , or thin films 

have been proposed for textile photovoltaic applications, such as fibre-shaped perovskite 

solar cells around Ti wires,252 carbon nanotubes,253 or stainless steel wires254 that may be 

woven into electronic textile for energy harvesting applications. Perovskite solar cells 

adopting planar heterojunction configuration were integrated onto textile by Jung et al., 247 
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and Lam et al.,255 but both examples use the fabric only as a support for the device bottom-

up fabrication. Considering the lack of such technology in the broad a rea of textile sensing, 

a new solution for intrinsic textile X -ray detector exploiting perovskite nanocrystals  will be 

presented, paving the way for an entirely new class of wearable and textile sensors. Chapter 

5 shows the results of the textile pressure and X-ray sensors realized directly integrating the 

sensing materials into the fabrics. 

 

 Energy harvesting  
 

In the past decade, the field of wearable electronics have triggered enormous 

attention as a novel, revolutionary, and forefront technology for the future of portable 

electronic devices. Health or medical assistance, together with fitness applications, represent 

the main fields meeting the highest request for wearable biosensors. The recent trend in 

personalized healthcare and the great interest to overcome the physical limits in sport 

disciplines, are leading fast advancements in wearable sensor technology. Such devices 

usually require energy over extended periods of time for multiparameter detection, complex 

data processing, and real-time wireless data transmission. Producing  high -performance 

wearable electronic devices always requires the judicious integration  of powerful energy 

sources onto conformal platforms. Despite the accelerated growth of wearable devices, the 

progress of wearable energy devices has not been fast enough to cope with this rapidly 

growing power demand of wearable sensing devices. Most of these devices have relied 

upon rigid and bulky batteries to provide power. Therefore, f lexible and stretchable energy-

harvesting and energy-storage batteries or supercapacitors have been developed to provide 

stable and efficient performance for various uses.256ð258 In additi on to producing energy from 

sunlight or  from body motion,  new alternative energy sources based on thermoelectric 

materials or epiderma biofuel cells  have stimulated considerable interest. 

Textile-based energy harvesting and storage devices have been recently developed, 

representing an astonishing demonstration  for a self-powered wearable and textile 

platform . Different physical and chemical principles can be used in order to create such  

technology. The following paragraphs present the novel result regarding biofuel cells , and 

thermoelectric-based devices. 

1.4.1 Textile biofuel cells  

The use of BFCs for producing electric power using body fluids of animals was 

envisioned first in the 1970õs in connection with the use of blood glucose as biofuel.259 

During this half century, enzymatic fuel cells have evolved from large and rigid 

compartment cells to membrane-less systems, miniaturized implantable devi ces, and now, 
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into flexible wearable energy harvesters. The design and operation of an enzymatic BFC are 

similar to that of a conventional fuel cell, consisting of the anode and the cathode, as shown 

in Figure 1.10.a. Initially, the fuel (e.g., glucose) un dergoes an enzyme-catalysed oxidation 

at the bioanode, generating electrons that flow through an external circuit and reach the 

cathode. Next, when electrons reach the cathode, an oxidantñusually oxygen, present in 

natural fluids ðreceives those electrons, leading to a net electrical current. 

The Wangõs Laboratory of Nanobioelectronics recently developed highly stretchable 

textile-based BFCs that extract the electrical power from perspiration for probing the sensing 

events of sweat metabolites (Figure 1.10.b i).237 The bioanode of the membrane-less BFC was 

functionalized with a single enzyme (e.g., LOx) and NQ as a redox mediator for the 

biocatalytic oxidation of biofuels and increase of power density, respectively. Alternatively, 

as reported on Figure 1.10.b ii, the cathode was realised by a silver oxide/silver (Ag 2O/Ag) 

redox couple electrode. Upon adding a biofuel (e.g., lactate), the biochemical fuel is 

enzymatically oxidized on the anode and releases electrons. On the cathode compartment, 

silver oxide accepts those electrons to complete the power circuit. With this approach, they 

could obtain a printable electronic array on stretchable fabrics with a power density linearly 

dependent to the lactate concentration in the sweat. The open circuit voltage of the cell is 

assessed to be 0.46 V. The maximum power density of 250 ȋW cm-2 was obtained in the 

presence of 20 mM lactate (Figure 1.10.b iii). Such a power density is sufficient to power 

electronic devices. Moreover, epidermal BFC can generate and deliver power only in the 

presence of sweat, and since its rate and lactate biofuel level can be variable, this limits a 

constant power output. To address this issue, an effective storage method based on textile 

supercapacitor was presented by Lv et al.76 They used a screen printing approach to 

fabricate the textile-based SC with a serpentine-shape based on a MnO2-

CNT/CNT/ PEDOT:PSS ink, reported in (Figure 1.10.c i - ii). The rectangular shape of the 

Cyclic Voltammetry test, shown in Figure 1.10.c iii, suggests the excellent capacitive 

behaviour of the SC which has an energy density and power density of 17.5 ȋW h cm-2 and 

0.4 mW cm-2, respectively. These novel results have a strong relevance and present the 

possibility to supply textile wearables that require a low operational voltage, paving the  

way to a possible integration between the textile biosensors and the textile-based energy 

harvesting and storage. 
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1.4.2 Textile thermoelectric devices  

Thermoelectric energy conversion has emerged as a promising green technology due 

to its attractive, efficient, and environmentally friendly way to recover energy from 

industrial waste heat or natural heat . It has numerous advantages, such as solid-state 

operation, lack of moving parts or chemical reactions, absence of gas emission, silence and 

durability . Furthermore, a thermoelectric device is versatile since it can be used in the 

opposite mode, acting as a cooling or heating device when an electric current is applied to 

the circuit. Exploiting the thermoelectric principle to harvest energy by converting thermal 

energy, especially from human body heat, has attracted many researchers to investigate this 

field as an electrical energy source for wearable electronics. There have been many attempts 

to integrate thermoelectric generators into textiles ranging from non -flexible to flexible 

materials and through different methods. The thermoelectric generator (TEG) offers a 

potential applic ation in the direct conversion of temperature difference into electrical power 

Figure 1.10:  a) A scheme of the composition and operation of a typical gloucose/oxygen 

BFC consisting of a glucose oxidase (GOx)-mediated bioanode and bilirubin oxidase (BOx) 

biocathode. b.i) Photograph of the stretchable BFC printed on textile ; b.ii) : Components of 

lactate BFC and the redox reaction occur on the anode and cathode; b.iii) Power density vs 

potential plots of  the stretchable nylon-spandex textile-based lactate BFC at varying lactate 

concentrations (0, 5, 10, 15, and 20 mM).237 c. i-ii ) Schematic illustration of the energy 

storage mechanism in textile SC; c.iii)  CV curves of the SC at different scan rates (2, 5, 10, 

20 and 50 mV sĭ1).76 
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via the Seebeck effect. The Seebeck coefficient is an essential indicator of thermoelectric 

conversion efficiency and is the most widely measured feature from thermoelectric 

materials. Furthermore, TE materials' performance is expressed as a dimensionless 

thermoelectric figure of merit, Z= S 2ȒT k-1, where S is the Seebeck coefficient, Ȓ is the 

electrical conductivity, k is the  thermal conductivity, and T is the absolute temperature. 

Organic and inorganic materials , such as hybrid or composite materials, have been 

considered a competitive candi date for solution -based thermoelectric materials due to their 

high thermoelectric performance and  easy manufacturing process. In addition, the 

individual thermoelectric properties of both organic and inorganic materials can be 

controlled to reali se the optimum thermoelectric properties. This is an attractive  and 

fundamental  feature since materials for thermoelectric applications must have a significant  

Seebeck coefficient as well as high electrical conductivity.  

In this framework, the textile thermoelectri c generator represents a new class of 

energy harvesting system that is attracting a lot of attention due to its flexibility, intrinsic 

wearability, comfortability, and promising performance. However, several efforts are still 

needed to achieve an output power high enough to drive a wearable device. In this view, a 

novel and outstanding idea proposed first by Hardianto et al .234,260 is to realise a fibre-like 

thermopile directly on a textile yarn that can be directly sewn into cloth exploiting  the 

temperature difference between the body and the surrounding environment . With the out -

of-plane configuration, the textile -based thermoelectric generator will be physically seen as 

a standard fabric, and can be placed directly onto the skin to convert human body heat into 

electricity. However, it is challenging to fabricate th is kind of thermopile pattern on a piece 

of fabric. For example, metal wires have the disadvantage of being stiff, and therefore, a 

multifilament yarn with better -bending propertie s and flexibility is required. A possible 

solution to alleviate the problem is to use a conductive yarn that is alternately metal -coated 

at specific areas forming a thermopile. Hardianto et al. reported the first result of a fibre-

based thermopile's output  power realised with a carbon yarn periodically coated with 

nickel.46  

Semiconducting materials show remarkable thermoelectric properties and are 

widely utilised to fabricate thermoelectric devices on fabric substrates. Kim et al. 261ð263 and 

Lu et al.264 used the well-know Bismuth Telluride and Antimony Tellurite, n -type and p-

type thermoelectic material respectively, to create thermopile on textile substrate, such as 

silk or glass fabric. Connecting up to 20 couples of n- and p- type material, a Seebeck 

coefficient of 0.98 mV K-1 has been extracted. Similarly, organic conductive polymers 

represent another class of materials for producing thermoelectric device. Polymers such as 

polyacetylene,265,266 PEDOT:PSS,267ð271 poly aniline,268 polypyrrole, 272,273 and poly(3-

hexylthiophene), 274ð276 have been used in this framework. Du et al.277 used PEDOT:PSS 

mixed with dimethyl sulfoxide (DMSO) to dip -coat strips of polyester fabric. The strips were 

fixed on the untreated polyester fabric with an interval of 5 ð 6 mm using silver pain t and 
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the Seebeck coefficient of the PEDOT:PSS coated polyester fabric was measured to be 15.3 ð 

16.3 µV K-1 at 300 K.  

In addition, CNTs represent another example for developing a flexible 

thermoelectric generator (f-TEG). Choi et al.278 doped CNT with polyethylenimine and FeCl 3 

to obtain n- and p-type elements for a yarn-based thermoelectric generator. The p-doped 

coat was on one region and the n-doped was on the successive part of the yarn, and this 

structure is periodically reproduced. The f -TEG consisted of 60 p-n pairs with a generated 

output volta ge of 0.15 V g-1 and 1.2 V g-1 at a temperature difference of 5 K and 40 K, 

respectively. Another carbon-based thermoelectric generator was reported by Ito et al.279 

They made the thermoelectric generator from carbon nanotube composite threads. Coating 

the CNT yarn with polyethylene glycol (PEG) exhibits a p -type Seebeck coefficient, while 

doping the CNT threads with 1 -butyl -3-methylimidazolium hexafluorophosphate 

([BMIM]PF6) results in an n-type Seebeck value. The stitched n-type/p -type thread on fabric 

reached a thermo-voltage of around 60 µV K-1 per cell. Finally, Ryan et al.280 reported a 

thermoelectric generator from organic materials covering a PET thread with multiwalled 

carbon nanotube and Poly(N-vinylpyrrolidone) (PV P) to fabricate the n-type element, and 

PEDOT:PSS dyed silk thread for the p-type element. The textile-based thermoelectric 

generator was fabricated by the embroidery technique and could generate a thermo-voltage 

of 26 µV K-1 per couple and total output ma ximum power of 7 nW with a modulus of 38 

elements. 

All these cases represent a valid reason to fabricate a new generation of energy-

harvesting devi ces based on the thermoelectric effect, however, further research and studies 

are needed to improve the outcome performance. Chapter 6 of this thesis reports a proof-of-

concept of a new textile-based thermoelectric generator that integrate various fabrication 

techniques, materials, and device geometry for potential use as a flexible, non-invasive, and 

efficient w earable energy-scavenging device.  
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Chapter 2 

Materials and Methods  
 

This Chapter presents and discusses the details of the materials and the experimental 

technique employed for device fabrication and characterisation.. In the first section are 

reported the textile materials used as device substrates both in yarns and in fabrics structure. 

Section 2 gives an overview of all the chemicals and compouds used to develop the desired 

sensors with a special focus on the conducting polymers PEDOT:PSS that it is always 

present in the proposed devices. Section 3 discuss the fabrication methods and the 

characterisation procedures to realise and study the textile-based sensors. Due to the high 

number of developed devices present in this thesis, the descriptions here proposed do not 

pretend to be completely exhaustive, and for further and more specific details, the reader 

should refer to the corresponding paragraph . 

 

2.1 Textile materials  

The textile sensors developed in this work are mainly realised on unconventional 

substrate made of textile single-threads and yarns, or on textile fabrics. From its beginning 

in mid -18th century up to now, the textile industry has made great strides both in the 

production and in quality domain, allowing the realisation of dif ferent kind of products. 

Exploiting the well -established knowledge in this field, its world -wide diffusion and the 

intrinsic  importance in our society,  the textile now have the possibility to mak e another step 
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forward realising what i s called smart textile. This new way of conceiving fabrics and 

exploiting their properties represents a further growing possibility for a sector that has been 

stable for a long time. The new sensors presented in this thesis to realise wearable devices 

are intrinsically dependen t on textile substrates. The following paragraphs provide a 

description of yarns and fabrics that represent the most common ways to use textile 

materials in textile electronics. 

2.1.1 Yarns 

A yarn is a strand composed of fibres, filaments (individual fibres of e xtreme length), 

or other materials, either natural or synthetic, suitable for use in the construction of 

interlaced fabrics, such as woven or knitted types. The properties of the yarn employed 

greatly influence the appearance, texture, and performance of the completed fabric. The 

yarns can be classified according to the number of strands and can be describe as single, 

plied or cord.  

Single, or one-ply, yarns are single strands composed of fibres held together by at 

least a small amount of twist; or of fila ments grouped together either with or without twist; 

or of single synthetic filaments extruded in sufficient thickness for use alone as yarn 

(monofilaments)  (see Figure 2.1.a). Single yarns of the spun type, composed of many short 

fibres, require twist to hold them together and may be made with either S-twist or Z -twist 

(Figure 2.1.b).  

Plied, or ply, yarns are composed of two or more single yarns twisted together. Two -

ply yarn, for example, is composed of two single strands (Figure 2.1.c); three-ply yarn i s 

composed of three single strands. In making ply yarns from spun strands , the individual 

strands are usually each twisted in one direction and are then combined and twisted in the 

opposite direction. When both the single strands and the final ply yarns ar e twisted in the 

same direction, the fibre is firmer, producing harder texture and reducing flexibility. Ply 

yarns provide strength for heavy industrial fabrics but  are also used for delicate-looking 

sheer fabrics.  

Cord yarns are produced by twisting ply yarns together, with the final twist usually 

applied in the opposite direction of the ply twist (Figure 2.1.d). Cable cords  may follow an 

SZS form, with S-twisted singles made into Z -twisted plies that are then combined with an 

S-twist, or may follow a ZSZ  form.  

Alt hough the yarns are the macro component in fabric structure, fibre s are the 

building blocks of textile materials and there is a strong correlation between the fibre 

properties and properties of resultant textile products. A single yarn is usuall y made by 

hundreds of single fibres that represent the smaller part in an extended fabric. The following 

paragraphs show an overview on the main fibres, both natural and synthetic, used in this 

work.  
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Figure 2.1: Schematic examples of a) single  (one-ply ) yarn composed by twisted fibres, b) S 

and Z twisted type to better hold the fibres together, c) two -ply yarn composed by two single 

strands, and d) cord yarn which requires several twisting steps.  

 

2.1.1.1 Cotton and silk fibres  

Cotton is the most widely used natural fibre, with over 25 million tons produced 

annually.  The combination of strength and good absorbency makes it the most used material 

for textile production and applications. Cotton is a linear cellulose polymer consisting of 

glucose (C6H 12O6) linked t ogether to form the cellulose chain molecule. The structural 

formula of the cellulose chain molecule is shown in Figure 2.2.a with the repeati ng unit 

called cellobiose.281 The number of glucose monomers C6H 12O6 in the cellulose chain is called 

the degree of the polymerisation and in cotton it is about 5000.282  Less than 10% of the 

weight of the raw fibres consist of waxes, protein, pectate and minerals (see Figure 2.2.b). 

Cotton fibres have a multilayer str ucture which consist of a primary wall, a secondary wall 

and a lumen. The outer surface layer (cuticle) of a cotton fibre has a major influence on fibre 

properties, processing and use, and it is composed by most of the non-cellulosic materials. 

Figure 2.2.c shows the cross-section and the schematic structure of a dry cotton fibre.  
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Figure 2.2: a) Structural formula of the cellulose chai n molecule. b) Specific composition, c) 

cross-section with schematic structure, 283 and d) SEM image of cotton fibres.284  

 

Cotton fibres are moderately strong fibres, with a tenacity of 3 - 5 gm/d en and an 

average fibre diameter of 12.2 µm. It is one of the few fibres which gains strength when wet 

because the polymer chains in the amorphous regions temporary improve their alignment. 

This effect increases the number of hydrogen bonds, with  an approximate 5% increase in 

fibre tenacity. The hygroscopic nature of cotton fibre is due to countless polar OH groups 

present in its polymers and water molecule can only enter the polymer system through its 

amorphous regions. The cotton fibres appear as collapsed and twisted tubes that do  not 

stress easily. They have an elongation at break of just 5 - 10 % but show excellent resistance 

to heat degradation as well as high thermal conductivity. They  begin to turn yellow after  

several hours at 120°C and decomposition happens at 150°C. In this thesis, the cotton are 

heated at temperatures low enough to avoid this effect.  Figure 2.2.d shows a SEM images 

of typical cotton fibres.  

Silk fibres represent the oldest natural fibres known to human produced by different 

worms  to build their cocoons and webs. Silk fibres spun out from silkworm cocoons and 

they consist of two different proteins: fibroin in the inner layer and sericin in the outer layer. 

Each raw silk thread has a lengthwise striation, consisting of two fibroin f ilaments of 10ð14 

µm each embedded in sericin (Figure 2.3.a-b). The average chemical composition in weight 

of silk fibres is: 75ð83% of fibroin, 17ð25% of sericin, about 1.5% of waxes, and 1.0% of other 
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compounds. They show an irregular triangular cross -section (Figure 2.3.c) and a smooth 

longitudinal surface (Figure 2.3.d).  

Silk fibres are biodegradable and highly crystalline with a well -aligned structure 

displaying unusual mechanical properties: s trength , extensible, and mechanically 

compressible. It is known that they also have higher tensile strength than glass fibre or 

synthetic organic fibres, good elasticity and excellent resilience. They also display 

interesting thermal and electromagnetic responses, particularly in the ultraviolet (UV) range 

and form crystalline phases related to processing. Silk fibres usually are stable up to 140 °C, 

and the thermal decomposition starts at a temperature greater than 150 °C. The densities of 

silk fibres are in the range of 1320ð1400 kg m-3.  

 

 

Figure 2.3: a) SEM image of silk fibre highlighting the presence of Sericin and Fibroin 

proteins. b) Schematic cross section of a silk fibre. SEM images of c) irregular triangular 

cross-section  and d) smooth longitudinal surface .285 
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Another type of natural occurring fibre used in this thesis is the Rayon fibre. It is 

composed by the pure cellulose present in cotton or in the cell walls of woody plants. The 

main characteristic of these fibres is that they are made from cellulose that has been 

reformed or regenerated, and consequently, Rayon is a manufactured regenerated cellulosic 

fibre based on wood pulp  and cotton lint. Mostly, it õs referred with the commercial name of 

Viscose. As many spinned fibres, variation during the fabrication can provide a wide variety 

of fibres with different properties. These fibres have a serrated round shape with smoo th 

surface and lose 30ð50% of their strength when they are wet. Even direct exposure to 

sunlight causes loss of strength due to the degradation of cellulose chains. Elongation-at-

break is seen to decrease with an increase in the degree of crystallinity and orientation. 

Rayon fibres are biodegradable, renewable and hygroscope. Dry and wet tenacity extend 

over a range depending on the degree of polymerisation and crystallinity, and  the higher 

the crystallinity and orientation of rayon,  the lower is the drop in tenacity upon wetting.  

They exhibit a fair abrasion resistance and lose strength above 149°C and start 

decomposition between 177 to 204°C. Finally, Rayon fibres are very resistant to bases, while 

hot dilute acid, bleaches and mildew  attack them.  

 

2.1.1.2 Synthetic fibres  

The presence of synthetic fibres in the textile industry has a stable and leading impact 

due to the large, fast, low-cost and easy manufacture. Since 1920s, the polymer synthesis, 

represent one of the biggest achievement in the chemical research. The attention was first 

settled on several polyvinyl and  polyvinylidene fibres but the major breakthrough in 

synthetic polymer fibres was the synthesis of both polyesters and polyamides. The 

introduction of melt -spinning h as made giant strides in polymer synthesis  and up to now, 

polyester and polyamides represent the most used, versatile and convenient synthetic fibres. 

Among the polycondensation polymers, polyester is the most important and widely used 

today. However, this term refe rrers to a huge family of different polymers widely used as 

packaging materials, film, fibre, filament, fabrics  and in photographic applications. The 

most commercially important thermoplastic and linear aromatic polyester i s poly(ethylene 

terephthalate) and it is the most produced textile fibre, used in a wide variety of 

applications . Figure 2.4.a reports the chemical structure. The polyester fibres, in particular 

PETs, have good resistance to weak alkalies and only a moderate resistance to strong alkalies 

while both weak and strong acid at room temperature do not affect the fibres. In addition, 

they are generally resistant to organic solvent, synthetic detergents, abrasion as well as 

sunlight. The moisture regain of polyester fibres is low and the y do not have wicking ability, 

so the moisture can be carried on the surface of the fibres without absorption. These fibres 

have a density greater than polyamide fibres and lower than rayon.  The external surface is 

usually smoother that the one of natural fabric li ke cotton (Figure 2.4.b). The melting point 
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of polyester is close to that of polyamide, ranging from 250 to 300°C. Polyester fibres shrink 

from flame and melt, leaving a hard black residue. The fabric burns with a strong, pungent 

odour. Heat setting of pol yester fibres, not only stabilises size and shape but also enhances 

wrinkle resistance of the fibres. It is worth to note that a wide  range of polyester fibres 

properties depends on the methods of manufacture like tensile strength and initial Youngõs 

modul us. However, poly(ethylene terephthalate) shows nonlinear and time -dependent 

elastic behaviour. Creep occurs under load with a subsequent delay in recovery on the 

removal of the load, but compared to that of other melt -spun fibres, creep is small.  

Polyamide refers to family of polymers called linear polyamides made from 

petroleum. The generic name polyamide fibre has the same meaning as nylon fibre first 

synthesised by DuPont Company in 1931. The polyamide fibres are usually produced from 

linear aliphatic polyamides, like polycapromide and polyhexamethylane adipamide. The 

two main polyamide fibres are, indeed, Nylon 6 and Nylon 6,6  which have different 

performance characteristics and chemical structure (Figure 2.4.c). Furthermore, Nylon 6,6 

has highly dense structure whereas polyamide 6 is an open molecular structure as shown in 

Figure 2.4.e. Figure 2.4.d shows the nylon fibres surface without ruffles and with low 

roughness compared to cotton fibres. These fibres are characterised by high tensile strength, 

excellent elastic recovery behaviour, and great resistance to wear and impact. Further, 

nylons have large extensions to break combined with relatively high strength and thus result 

in high work of rupture. They are stable to the action on many chemical rea gents and 

biochemical agents, and they have affinity to many dyes. Melting of nylon fibres occur in a 

range of temperatures. The melting range of nylon 6 is in the temperature range of 215ěð

228ěC, while the nylon 6,6 melting range is between 250ě and 265ěC.  

These fibres dissolve in concentrated mineral acid, chloroform, phenol and cresol. 

The polyamide fibres present a low hygroscopicity, poor resistance to thermal oxidation and 

the action of light, and they easily tend to become electrically charged. Due to good elastic 

recovery, low initial modulus, excellent abrasion resistance and high resistance to rupture, 

nylon has been used in a very large number of applications both in apparel and industrial 

sectors. Light weight and sheer garments are produced from nylon 6 and nylon 66, where 

low modulus, high strength and good abrasion resistance are of particular importance. 

Nylon filaments are used in ladiesõ stockings, socks, technical textiles, carpets, safety belts 

in cars, hoses, light weight canvas for luggage, tires and ropes just to name a few. Figure 

2.4.f resumes the main features of polyester and polyamide fibres relevant in textile 

applications. 
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Figure 2.4: a) Chemical structure of PET. b) Comparison between external surface of 

polyester and cotton f ibres.286 c) Chemical structure of Nylon fibre and d) SEM image to 

comparison the surface rougthness with cotton fibres. 287 e) Comparision between molecular 

structure density  of Polyamide 6.6 and Polyamide 6. 288 f) Main features of polyester and 

polyamide fibres.  

2.1.2 Fabrics 

The natural and synthetic fibres presented above represent the main based material 

for the fabric used in this work. Examples of textile single-thread sensors will be presented 

in the following chapter but a lot of attention will be dedicated even to textile sensors based 

on cotton, polyester, silk, polyamide and rayon ex tended fabrics. The fabric construction 

involves the conversion of yarns, and sometimes fibres, into a fabric having characteristics 

determined by the materials and methods employed . Most fabrics are now realised by some 

method of interlacing, such as weaving or  knitting . Weaving includes the basic weaves, 

plain,  twill , and satin wh ile knitted fabrics include  weft  types and warp types .  

 

2.1.2.1 Woven fabrics  

Woven fabrics are made of yarns interlaced in a regular order called a binding 

system, or weave. Usually, two components, called warp and weft are combined together 

in a regular, repetitive manner and, generally, they overlap forming right angles. Woven 

fabrics are normally much longer in one direction than the other. The lengthwise threads 

are called the warp, and the other threads, which are combined with the warp and lie width 

https://www.britannica.com/technology/knitting
https://www.britannica.com/technology/twill
https://www.britannica.com/topic/satin
https://www.britannica.com/technology/filling-weaving
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wise, are called the weft. The warp and weft are held in position not by rigid bonding but 

by friction set up at the areas where they make contact. It is noteworthy that weaving is  a 

completely separated process from warp and weft knitting that use only one set of elements. 

In addition, there are geometrical differences, one of the most significant being the small 

angles through which the components of a woven structure are, in general, bent, in contrast 

with the components of other structure s. The binding system, or weave, however, is the 

basic factor in determining the character of a woven fabric. The three basic systems are plain 

or tabby, twill, and satin.   
Plain weave is the simplest and most common of all weaves and requires only two 

harnesses and has two warp and  weft  yarns in each weave unit. To produce it, the warp 

yarns are held parallel under tension while a crosswise weft  yarn is shot over and under 

alternate warps across the width of the web. The weave unit is completed at the end of the 

second row, when the weft has been inserted over and under the opposite set of warps, thus 

locking the previous weft in place  as shown in Figure 2.5.a.  

Twill weave is distinguished by diagonal lines (Figure 2.5.b).  The simplest twill is 

that created by the weft crossing over two warp yarns, then under one, the sequence being 

repeated in each succeeding shot, but stepped over, one warp either to the left or right. 

Twills with more warps than wefts floating on the fabric õs face are called warp faced; those 

with weft s predominating, weft faced . 

Satin weave does not have the regular step in each successive weft that is 

characteristic of twills. Thus, there is no strong diagonal line, and the fabric is smooth faced, 

with an unbroken surface made up of lo ng floating warp yarns  (see Figure 2.5.c). A true 

satin must have at least five warp and weft yarns in each complete weave repeat and thus 

requires at least five harnesses. Most satin fabrics are made of smooth, lightly twisted yarns 

that heighten the effect of light unbroken by visible crosswise bindings. Examples of 

complex weaves fabrics include multiple plane, inlaid, Jacquard, pile, dobby and gauze 

weaves.  
 

2.1.2.2 Knitted fabrics  

Knitted fabrics are constructed by interlocking a series of loops made from one or 

more yarns, with each row of loops caught into the preceding row. There are two main ways 

in which yarns can be subjected to the needles for fabric formation: weft and warp knitting.  

Weft knitting is accomplished by a loops formed in a horizontal mann er by adjacent 

needles. However, in weft knitting, needles placed next to each other horizontally knit one 

after another in sequence to produce one row of loops from the same yarn. The Figure 2.5.d 

shows loops arranged in rows and columns. The horizontal l oops produced by adjacent 

needle during the same knitting cycle is known as a course. The course count measures by 

the number of courses per linear unit. The vertical loops produced by the same needle 

https://www.merriam-webster.com/dictionary/differentiated
https://www.merriam-webster.com/dictionary/differentiated
https://www.britannica.com/technology/filling-weaving
https://www.britannica.com/technology/yarn-fibre


2.1  Textile materials  

48 
 

knitting at successive knitting cycles is referred to as wale, and also the wale count is 

measured by the number of  wales per linear length. The standard machines used for weft 

knitting are the circular knitting machine, that create a tube of fabric in a spiral configuration 

around a cylinder, and the bed fla t machine, with all the needles placed on a flat bed.  

Figure 2.5.e shows the structure of a warp knitting fabric. It is accomplished by 

forming loops in vertical direction. The yarn is intermeshed vertically with two wales. With 

warp knitting, individual  needles knit simultaneously across the width of the machine and 

the loops are formed by needle knitting a series of warp yarns fed vertically and parallel to 

the direction of the fabric formation.  Compared to woven fabric , knitted fabrics are much 

more elastic. They can stretch, depending on their material and knitting pattern, up to 500 

percent of their original size.  

 

 

For comparison, woven fabrics typically deform only along their bias direction ð for 

example at 45° to the warp and weft directions  ð and only by a small amount; only exploiting 

stretchable material such as elastan, can lead to elastic woven fabric. Knitted fabric s are used 

in this thesis as deformable and stretchable substrate for textile pressure sensors. 

Figure 2.5: Different examples of woven (a -c) and knitted (e-f) structure. a) Plain woven 

structure with a SEM image that shows the sim ple interlacing of the yarns. Woven b) twill 

and c) satin structures. Structure and SEM images of knitted d) weft and e) warp structures . 
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2.1.2.3 Special fabr ics 

Net, or mesh fabric, are an open fabric having geometrically shaped, open meshes, 

and it is realised with meshes ranging from fine to large. There are a few different versions 

of mesh fabric, but this type of fabric is typified by its lightweight and permeable texture. 

Unlike most types of fabric, which feature closely -woven textures, mesh is woven loosely, 

which results in thousands of tiny holes being present in each mesh fabric. They are now 

made by knitting machines, and popular types  include tulle , made with hexagonal-shaped 

mesh (Figure 2.6.a) and fishnet, a coarse type with knots in four corners forming the mesh . 

In nonwoven fabric, individ ual fibres are bound together not by weaving or knitting 

but by other chemical, thermal or mechanical means by varying the processes and the raw 

material used. These carefully engineered fabric can create some pretty remarkable 

advantages. The term is used in the textile manufacturing industry to denote  fabrics, such 

as felt, which are neither woven nor knitted. Non -wovens are flexible, porous, products 

consisting of one or more fibre layers. The separate fibres may either be preferentially 

oriented in one direction or may be deposited in a random manner , and they are mainly 

planar structures. SEM image in Figure 2.6.b shows the random pattern of fibres that 

Figure 2.6: a) Tulle mesh fabric structure made with hexagonal -shaped fishnet. b) SEM 

image that shows the random pattern in non -woven fabric ,289 and c) an optical photograph 

of a medical dressing realized by non-woven structure.  

https://www.britannica.com/technology/netting
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compose the fabric. Nonwovens may be classified as either disposable or durable goods. 

Disposable nonwovens include such one-time use products as diapers, household wipes, 

disposable protective clothing and medical dressings (Figure 2.6.c), as the one used in this 

thesis. 

2.2 Materials  

This section reports a summary about the main chemical materials used in this work 

highlighting their physical -chemical properties and main features. Chemical agents and 

compounds employed for fabrication and characterisation that do not participate into the 

sensing itself, will be describe later as needed.   

2.2.1 Conductive polymers  

Conducting polymers  (also called synthetic metals or conjugated polymers) are 

organic polymers, typically containing a linear backbone with repeated units of conjugated 

monomers, with highly reversible redox behaviour and prop erties resembling both metal 

and plastic ones. Polyaniline (PANI), polypirrole (PPy), poly(ethylenedioxithiophene) 

(PEDOT), polythiophene (PTh) and polyfuran (PFu) represent the most common conductive 

polymers. The great interest and popularity gained in w earable electronic field in last years 

is also due to the powerfull electrical and optical features owned by this class of materials. 

Among the different properties, one of the most remarkable is their ability to be 

nanostructurally tailored depending on t he required application, using innovative synthetic 

transformations or deposition techniques. Other interesting features are their 

biocompatibility and òsoftó nature, in contrast with the òhardó one for standard inorganic 

material for electronic applicatio ns, easy and low temperature processability, the possibility 

to control chemical structures and film morphology, together with their tunable 

conductivity and the corrosion resistance.290ð292 These features enable conducting polymers 

to have a better mechanical compatibility and structural tunability with unconventional 

substrate, as fabrics, an easy and wide range control over physical or chemical properties, 

using surface functionali sations and doping techniques. This resulted in the replacement of 

traditional inorganic electronic materials with conducting polymers, having a variety of 

remediation, medical and biomedical applications 293,294 in which they are used as 

biosensors.295ð297 Table 2.1 summarises the main properties of conducting meaningful 

applications in a broad range of fields, including energy storage, environmental polymers.   
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2.2.1.1 Doping in  conjugated polymers  

A primary dopant for a conducting polymer is a substa nce, a relatively small 

quantity of which drastically changes the electronic, optical, magnetic and structural  

properties of the polymer and is accompanied by a large increase in conductivity.  This can 

be brought about by a redox agent that either oxidi ses (p doping) or reduces (n doping) the 

polymer chain. Conjugated polymers are composed by organic molecules and there are 

various approaches to introduce charges into these materials and to radically change their 

electronic properties. As summarised in Figure 2.7, reversible charge injection by doping 

can be accomplished in different manners :298  

  

Table 2.1: M ain properties of conducting polymers . 
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¶ chemical doping  by charge transfer: it is obtained with a chemical reaction - 

oxidation or reduction. With this process a semiconducting material bec omes 

conductive thanks to the creation of new electronic states. Both electron donating 

(n-type) and electron accepting (p-type) dopants, respectively reducing  agents 

and oxidants, have been used to introduce charges into conjugated polymers and 

render them conductive. In practice, most organic conductors are doped 

oxidatively to give p -type materials.  

¶ electrochemical doping : it attempts to obtain intermediate doping levels using  

an electrolytic solution (that is a substance that produces an electrically 

conducting  solution when dissolved in a polar sol vent, such as water) in which 

a thin film is dip ped. The electrolytic solution contains free ions and with the  

application of an electric field the electrons could diffuse into the polymer 

structure. The doping level is determined by the voltage between the conducting  

polymer and the counter electrode (which is used to close the current circuit  in 

the electrochemical cell); at electrochemical equilibrium the doping level is  

precisely defined by that voltage. Thus, doping at any level can be achieved by 

setting the electrochemical cell at a fixed applied voltage and simply waiting  as 

long as necessary for the system to come to electrochemical equilibrium. 

¶ photo -doping : the polymer is locally oxidi sed and (nearby) reduced by 

photoabsorption  and charge separation (electron-hole pair creation and 

separation into free carriers). 

Figure 2.7: Different types of doping methods in conjugated polymers.  
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2.2.2 PEDOT:PSS 

Since in the early 1980s, the Bayerõs Central Research Department attempts to 

stabili se polyacetylene in its highly doped form and to achieve processability ultimately 

failed, several projects were started on polyheterocycles, like polypyrrole, poly(3 -alkyl -

thiophenes),299 etc, but without much success. It was only in the second half of 1980s that 

the synthesis of 3,4-ethylenedioxythio phene (EDOT) monomer led to a technical 

breakthrough, particularly due to its polymeri sed form poly(3,4-ethylenedioxythiophene) 

(PEDOT), which exhibited high conductivity and stability in the doped state (the only state 

available at the time).300 PEDOT is an intrinsically conductive conjugated polymer, formed 

by a chain of its EDOT monomers, that are visible in Figure 2.8.a, and it can be prepared 

using standard oxidative chemical or electrochemical polymeri sation methods. Several 

electrolyte can be used for EDOT polymerisation, including polyelectrolytes, as proved by 

Yamato and co-workers,301ð303 that can lead to the formation of PEDOT:PSS. 

 

2.2.2.1 Features of EDOT monomer   

EDOT chemistry started in 1930s, after the synthesis of the corresponding 2,5-

dicarboxylic acid esters.304 Gogte et al.305, introduced the actual synthesis method for pure 

distilled EDOT monomer that appear a nearly colorless liquid with unpleasant odor. A small 

change to pale yellow is possible after long storage time (especially in daylight), without 

significantly affecting its purity. On the contrary, air and light exposure makes it turn dark 

due to partial oxidation. 306 The main physical EDOT properties are reported in Figure 2.8.b. 

The purification procedure for EDOT is vacuum distillation. Moreover, t he melting point at 

10.5 °C permits a very efficient low temperature recrystalli sation from solvents like 

methanol, ethanol and their mixtures. Regarding the chemical properties, EDOT main 

reactions are its oxidation, that typically result in conductive ol igomeric to polymeric 

materials when charge balancing is possible, i.e. when there are doping counterions 

(anions). These reactions are at the basis of the one needed to realise PEDOT:PSS.307 

 

2.2.2.2 Polymerisation of PEDOT  

The synthesis of PEDOT derivatives can be divided into three main types of 

polymeri sation reactions:306 oxidative chemical polymeri sation of EDOT-based 

monomers,308,309 transition metal -mediated coupling of dihalo derivatives of  EDOT310,311 and 

electrochemical polymerisation of EDOT derivatives. The latter method is based on 

electrochemical oxidation of the electron-rich EDOT-based monomers and requires low 

amounts of monomer, short polymeri sation times and can give electrode-supported or free-

standing films, according to the required application/ purpose. For EDOT, this method 
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results in a highly transmissive sky -blue and doped PEDOT film at the anode.312,313 Several 

electrolyte can be used for EDOT polymerisation, including polyelectrolytes, a s proved by 

Wernet and co-workers 301ð303, and even aqueous micellar medium.314ð316  

Even though PEDOT is an insoluble polymer, it exhibits some very interesting 

properties that justify its wide -spread use in industry and academic research.317 PEDOT 

can be reversibly and repeatedly doped and undoped. A PEDOT thin film is almost 

transparent and light blue in its oxidised state, while it can be turned into opaque and 

dark blue upon switching it to the neutral state. The color variation according to its 

doped state may be used as a suitable property for optical applications, such as 

electrochromic displays.318 It has good chemical and thermal stability: thermal studies 

proved that a continuous degradation only occurs over 150 °C and a complete 

decomposition above 390 °C. Moreover, electrical conducting properties seem to be 

unaltered after aging in environmental conditions. PEDOT low band gap (1.5 -1.6 eV) is 

thought to originate from the influence of the electron -donor ethylene dioxy groups on 

the energies of the frontier levels of the ȏ system.319 Thus, PEDOT presents high 

electrical conductivity (up to 550 S/cm) in the doped state. Synthesised PEDOT films 

have low redox potential and excellent stability in the doped s tate, when compared to 

other conducting polymers.    

 

2.2.2.3 PEDOT:PSS dispersion and properties  

One of the main reason for PEDOT success as conducting polymer is its availability 

in aqueous dispersion. Although PEDOT is an insoluble polymer, combined with 

poly(styrenesulfonic acid) (PSS) as a counterion, it creates a polyelectrolyte complex (PEC), 

that can be prepared in stable aqueous dispersions, produced on industrial scale and used 

through several deposition techniques. PEDOT:PSS chemical structure is reported in Figure 

2.8.c: it must be noted that PEDOT chains are much shorter compared to PSS ones (Figure 

2.8a): the molecular weight of PEDOT molecules is between 1000 and 2500 Da (for 6 to 18 

repeating units), resembling an oligomer nature of these segments,321 while PSS average 

molecular weight is usually 70 kDa at least.  

Polyelectrolyte complexes are typically formed mixing aqueous solutions of 

polyanions and polycations, resulting in a compound that can be either water -soluble or 

insoluble, depending  on the parameters.300 PSS was the first polyelectrolyte to be used with 

PEDOT in 1990, creating a water-soluble PEC and remaining an industrial standard ever 

since. PSS is commercially available with different molecular weight s and polydispersities. 

It is soluble in water and forms durable and transparent films. 306 As PEDOT counterion, PSS 

is always used in excess, thus as host polyelectrolyte (HPE). In standard PEDOT:PSS 

dispersions the molar ratio between thiophene groups and sulfonic acid groups is in the 

range of 1:1.9 to 1:15.2 (weight ratio range 1:2.5 up to 1:20). Since there is one charge every 
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three to four thiophene rings, 322ð324 the charge excess of PSS is between 6-fold and 46-fold. 300 

According to the delocali sation of positive charges in PEDOT, the weak polar groups and 

the different spacing of PEDOT charges compared to PSS ones, there is no molecular or 

supramolecular order in PEDOT:PSS, but only a random interaction between polymer 

chains giving the so-called pancake-like structure, as shown in Figure 2.8.d.325 PSS is thus 

used in combination with PEDOT for two main reasons: first, it is used as counterion, 

balancing the positive PEDOT charges; second, it is used to keep PEDOT segments 

dispersed in water owing to its high hydrophilicity. 321 Indeed, water is the solvent chosen 

for PEDOT:PSS synthesis, due to the fact that it is inert to most oxidation or reducing agents, 

it is highly polar and a good PSS solvent. Even though EDOT presents poor solubility in 

water (at 20 °C only 0.21 g of EDOT can be dissolved in 100mL of water), it increases with 

PSS presence and with increasing temperature. As shown in Figure 2.8.d, PEDOT:PSS final 

structure is a cross-linked and highly swollen polymer gel, composed of gel particles with 

90-95% of water content, with the maximum solid content that grows with decreasing 

PEDOT to PSS ratio. This ratio also influences other physical parameters of the polymeric 

film, such as bulk conductivity, sheet resistance and surface roughness. For example, higher 

relative concentrations of PSS give less conductive and flatter films because of a size 

reduction of PEDOT particles in the PEDOT:PSS dispersion.326,327  

Figure 2.8: a) Chemical structure of EDOT and PEDOT with b) the main physical and 

chemical properties.306 c) Representation of PEDOT:PSS chemical structure. d) PEDOT:PSS 

microstructure with PSS in grey and PEDOT in blue: I) synthesis onto PSS template; II) 

colloidal gel particle formation in dispersion; II I) PEDOT:PSS films with PEDOT-PSS-rich 

(blue) and PSS-rich (grey) phases; IV) aggregates/crystallites supporting enhanced 

electronic transport. 325,328   
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This is in accordance with the observation that films with smaller particles present 

lower conductivities. 321The average particle size in a PEDOT:PSS dispersion is typically in 

the range between 10 and 100 nm. 

PEDOT:PSS dispersion in water can be deposited using all the main common 

techniques employed for depositing waterborne coatings, namely slit coating, drop -casting, 

bar coating, spin coating, electrospinning and spraying. If there is the need of a structured 

deposition, other techniques, such as screen printing, nozzle printing, inkjet and several 

forms of contact printing, are employed. 329 Other structured depositi on methods for 

PEDOT:PSS relied on a modification of the surface wetting properties, depositing of water 

repellants330 or employing photo -lithographical 331 techniques. PEDOT:PSS, like other 

polymers with sulfonic acid groups, is hygroscopic and takes up moisture in ambient 

conditions. Flexibility is another important PEDOT:PSS film properties which is highly 

advantageous since PEDOT:PSS films do not crack upon bending, 332 differently from their 

inorganic metal oxide counterpart.  

As already stated before, PEDOT represents a conductive polymer that can 

experience a modification of its property following a doping process. Unlike primary 

doping,  which consists of the addition of small nonstoichiometric quantities of material to 

conducting polymers, secondary doping refers to additive further enhancing the 

conductivity of a primary -doped polymer .333 The secondary dopant substances are widely 

refer as conductivity enhancement agents (CEA). PEDOT:PSS films after secondary doping 

with some organic inert solvents, sugars, polyols, ionic li quids, surfactants and salts such as 

sorbitol, 334,335 (poly) -ethylene glycol,336 dimethyl sulfoxide (DMSO)  and tetrahydrofuran 337 

undergo a conductivity increase of 2-3 orders of magnitudes. Charge hopping through  the 

polymer ch ain is believed to be the dominant conduction mechanism in almost all 

conducting polymers and,  increasing the inter -chain interaction facilitate the charge 

hopping.  One of the main observations that needs to be done is that the conductivity 

increase is not proportional to the additive concentration, as proved by Crispin et al .338 and 

by Zhang et al.339 works. As can be seen in Figure 2.9.a, after a certain concentration, the 

further addition of secondary dopant does not enhance the conductivity of the film, but 

either it  remains constant, or it could be even reduced.339 Moreover, as shown in Figure 2.9.a, 

under a certain concentration, there is no effect of the CEA on the conductivity. Thus, it can 

be noted that there are small concentration ranges, depending on the conductivity 

enhancing agent itself, where their effect on the conductivity is almost linear with the 

concentration. Worth note is the work of Kim et al. 337 that reported the conductivity trend 

with temperature for pristine film compared to those films prepared with THF 

(tetrahydrofuran), DMF (dimethylformamide) and DMSO (dimethyl sulfoxide) as 

additives. The plot of the conductivity shows its increment  with the temperature 

highlighting the different behaviour with or without additives. The pristine sample follows 

a quasi-one-dimensional variable range hopping (VRH) model while the sample prepared 
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with DMSO, THF and DMF follow the power law. Figure 2.9 b reports the measured trend 

with the model equations.337 In addition, if PEDOT:PSS with solvents receives a post-coating 

heat treatment, called annealing, an increase in electrical conductivity is obtained due to an 

increment in the orientation of the domains which promote an ordered structure.  The 

morphological model of the PEDOT:PSS films before and after the addition of solvents is 

reported in Figure 2.9 c.340 In the film without any solvent, the oblate ellipsoidal -shaped 

PEDOT nanocrystals, surrounded by PSS chains, are embedded in the PSS matrix with the 

PSS chain network largely aligned along the surface. The cores of PEDOT nanocrystal are 

composed of linear chain network of quionoid components and near the grain boundary 

regions are enclosed by randmoly oriented coil-like benziod components. When a contact is 

realised on the film, the higher number of PSS chains on the surface reduces the ohmic 

contact points to the top electrode which reduces the front surface carrier collection. 

Addition of a solvent enhances the packing density of PEDOT and produces clustering with 

reduced PSS content at the surface.  

 

Figure 2.9: a) Plot of PEDOT:PSS film conductivity as a function of dyethylene glycol 

introduced in the water emulsion. 338  b) Temperature dependence of ȒDC(T ) of PEDOT:PSS 

films prepared from various organic solvents. 337 c) Schematic model of structural 

modification in PEDOT:PSS with the  addition of co -solvents.340 d) Thickness (left y scale) 

and conductivity (right y scale) changes for films made with mixtures containing 94.5 v/v% 

of CleviosTM PH1000, 5 v/v% glycerol an d 0.5 v/v% DBSA with increasing GOPS 

concentration.339 
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The defect generation is also suppressed at the interface because the PSS chain 

network is r earranged to form closely packed domains of PEDOT nanocrystal. The increase 

in the PEDOT nanocrystal size upon the addition of the solvent suggests an internal re-

ordering inside the nanocrystals, which is likely mediated by hydrogen bond formation 

between the solvent and PSS. This solvent mediation stabilises the PSS chains and realigns 

them along the PEDOT grain boundaries to form an intermediate connection with PEDOT 

nanocrystals.340 The solvent effects appear to saturate after the addition of a sufficient 

amount of solvent (i.e. upon reaching a certain wt%). Further addition of solvent s does not 

contribute significantly to the internal structural re -ordering of the PEDOT:PSS, possibly 

because of saturation of all the available bonding sites. A confir mation of this is reported by 

Crispin et al.338, which found that the conductivity increase is not proportional to the 

additive concentration. As shown in Figure 2.9.a, no effect is observed at concentrations 

below 0.2% diethylene glycol in the dispersion.  For concentrations between 0.2% and 0.8%, 

the doping effect becomes stronger and finally reaches a plateau for concentrations above 

0.8%. Therefore, the conductivity increase is the combination of different factors such as: 

high solubility in water, high boiling point and a high dielectric constant that leads to a good 

secondary dopant for PEDOT:PSS. A combination of all the aspects shown above can give a 

conductivity greater than 900-1000 S/cm for the Clevios PH 1000 when DMSO or ethylene 

glycol are used as a conductivity enhancement agent. 

A different class of additives are the cross-linkers, which increase the formation of 

covalent bonds between the polymer chains, thus changing their physical features.  

Since PSS is highly hydrophilic , PEDOT:PSS films exposed to water usually delaminates. 

The addition to the mixture solution of the cross -linking agent 3 -

glycidoxypropyltrimethoxysilane (GOPS) has proved to enhance the PEDOT:PSS film 

stability in aqueous solutions, 339,341 as reported in Figure 2.9.d. Even though GOPS addition 

induces good mechanical and electrical stability, it gives  thicker films with lower 

conductivities: thicker films have a larger amount of PSS units, not removed by the water, 

due to the GOPS cross-linking effect. The PSS excess absorbs larger water amounts and 

causes irreversible morphological changes in the film, resul ting in decreased 

conductivity. 339,342 

2.2.3 PEDOT:BTB  

Different doping agents ar e used to changing the main properties of PEDOT, such 

as metallocarborane,343 heteropolyacids,344 and iron oxalate.345 The composite PEDOT with 

organic counterions has been reported in various application s as sensitive electrodes and, 

exploiting the electrochemical doping of PEDOT with electroactive anions during the 

polymeri sation, can lead to novel classes of materials.  
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Bromo-thymol blue is a pH-sensitive material used as a pH indicator. It is typically 

in solid form and acts as a weak acid in a solution. It can thus be in protonated or 

deprotonated form, appearing yellow or blue, respectively. Acidĭbase equilibria involving 

BTB and correspondent UVĭvis spectra of the dye dissolved in different pH buffers are 

shown in Figure 2.10.a. pKa value for BTB is equal to 7.1 ± 0.1, whose acidic (yellow) and 

basic (blue) forms present maximum absorbance peaks at 435 and 616 nm, respectively. The 

BTB dye can be exploited to synthesise PEDOT:BTB material on glassy carbon electrodes346 

by linearly scanning the potential with the substrate in an aqueous solution containing the 

precursor in a three-electrode cell. The polymerisation solution (PS) needed for PEDOT: BTB 

electrodeposition contains EDOT monomers, BTB dyes power, PBS (pH 7.0) and KNO3 

dissolved in water. Example of a deposition curve for PEDOT:BTB from Mariani et al. 347 

work is  reported in Figure 2.10.b. The figure shows that in the range 0ĭ0.8 V, the recorded 

current is mainly due to the redox process involving  the conductive polymer because its 

increase after consecutive cycles is ascribed to the polymer growth at the electrode surface, 

demonstrating that the dye can act as a counterion for PEDOT. Indeed, the film -forming 

process is driven by the oxidative polymeri sation of EDOT, which is in turn allowed and 

assisted by the electrostatic interaction established between the available negatively charged 

sulfonate group of the dyes and the growing polycationic chains of PEDOT, as depicted in 

Figure 2.10.c. As further proof of dyes intercalation within the polymer matrix is given by 

FTIR-ATR spectroscopy (Figure 2.10.d). Looking at the fingerprint region of BTB, the bands 

at 1190 and 1051 cm-1 are attributed to the stretching of the sulfonate group 348, and 

corresponding signals at 1183 and 1047 cm-1 are found in PEDOT:BTB. Since none of these 

diagnostic bands is present in the spectrum of a PEDOT:PSS electrode, the new 

spectroscopic features of the composite films are originated from the functionalities 

belonging to the embedded dye. As further demonstrated, 347 the absorbance spectra of 

PEDOT:BTB is pH-dependent, changing its behaviour from acidic to basic, according to the 

pH buffers solution. It is worth mentioning that if PEDOT is doped with counterio ns 

involved in weak acidĭbase equilibria as BTB, this leads to the formation of a new HOMOĭ1 

level. As confirmation of this statement, Figure 2.11.a shows a CV under two different pH 

conditions (pH 2.2 black; pH 8.6 red) of a PEDOT:PSS and PEDOT:BTB electrode. From a 

careful analysis of the shape of this curve, the energy of frontier  orbital levels can be 

estimated. On the one hand, PEDOT:PSS films are dominated by a capacitive behaviour 

while the PEDOT:BTB film presents evident faradaic features highlighte d by the presence 

of one or more well -defined peaks. In addition, the synthesised PEDOT:BTB materials 

exhibit considerable pH-induced changes in their electrochemical response, and no redox 

processes occur for BTB in the scanning range. 

 On the other hand, the faradaic features are correlated to in-situ rearrangements of 

PEDOT electronic bands. Indeed, it is well -known that PEDOT has three fundamental redox 

states,349 that are neutral, polaronic, and bip olaronic forms, the last two originating from 
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electrons extraction/holes injection into the highest occupied molecular orbital (HOMO) of 

PEDOT. Polaron and bipolaron formation induces a local relaxation of the polymer lattice 

and creates new electronic states within the energy gap due to local upward or downward 

shifts of the HOMO and LUMO (lowest unoccupied molecul ar orbital) levels, 

respectively.350 

 

 

The HOMO energy level, EHOMO,  extracted from the onset oxidation potential, EOXonset 

(circled in blue)  is reported in Figure 2.11.b. HOMO levels of PEDOT:PSS do not change 

significantly upon pH buffer var iation while PEDOT:BTB display additional HOMOĭ1 

levels, that is, ĭ4.4 eV at pH 2.2 and ĭ3.7 eV at pH 8.6. Indeed, the dye is deprotonated at a 

different extent upon pH variation and consequently interact in a pH -susceptible fashion 

with PEDOT. At high pH (red curve) the dye is deprotonated at its maximum extent, that 

is, BTB-2, consequently making electron extraction easier. On the other hand, when the pH 

is low (black line), BTBĭ is monoanionic, thus providing an energetic barrier to further 

Figure 2.10: a) Absorption spectra of 0.02 mM BTB dissolved in different pH buffers and 

correspondent acidĭbase equilibrium. b) Electrodeposition curve of PEDOT:BTB at a GCE. 

c) Proposed interaction between the doping dye and the polymer.  d) FTIR-ATR Spectra of 

PEDOT:BTB  with the fingerprint regions between 2000 and 5000 cm-1.347 
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oxidise PEDOT. However, since the couple of HOMOĭ1 levels shows a variation of 0.7 eV 

in PEDOT:BTB depending on the electrolyte pH, the BTB shows a strong interaction with 

PEDOT (Figure 2.11.c).  Since the energy of the HOMOĭ1 level in PEDOT:BTB is strongly 

affected by the pH of the electrolyte solution , this material is used as pH-sensitive coating 

to develop textile sensors both in plain fabric, and in a single-texti le thread to monitor the 

pH level in human sweat and wounds.  

Figure 2.11: Cyclic voltammograms obtaine d at 50 mV sĭ1 in buffers at pH 2.2 (black) and 

8.6 (red) for the a) PEDOT:PSS and b) PEDOT:BTB films deposited on GCEs. c) Energy 

diagram of the HOMO levels calculated from the CV of each film at the two pH values.  

2.2.4 Iridium o xide 

Iridium oxide is a highly insoluble a nd thermally stable source of iridium, suitable 

for applications in optics and ceramics. IrOx is the only well -characterised iridium oxide 

and occurs as a black powder. Like other metal-oxide compounds, IrOx is a basic anhydride 

capable of reacting with acids and strong reducing agents in redox reactions. Nanoscale 

elemental powders and suspensions are used in various applications in both industry and 

research.  
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The first example of the synthesis of a stable, blue-coloured colloidal suspension of 

IrOx -nH2O nanoparticles dates back to 1908.351 This process was based on thermally 

assisted basic hydrolysis of the IrIV complex [IrCl 6]2-. Subsequently, various techniques for 

synthesis of both capped352 and ligand -free353ð355 NPs of IrOxnH 2O were reported, which 

were eventually combined with  spin coating,355 self-assembly,356 and inkjet printing 357 

techniques to obtain functional electrochemical interfaces for water splitting and pH 

sensing. It is this feature that will be exploited in the present work to reali se a pH sensor on 

fabric.  Figure 2.12.a shows as an example a (UV-vis) spectrum of a dark blue aqueous 

suspension containing IrOxnH 2O particles attenuated by basic hydrolysis and subsequent 

acidification of Ir IV solution. An isosbestic point around 370 nm highlights the coexistence 

of two species, namely [Ir(OH) 6]2- and IrOxnH 2O colloid, which absorbs at 304 and 574 nm, 

respectively, and are in equilibrium depending on the pH of the solution. The absorption 

band at 574 nm increases in intensity with acidification due to the promoted formation of 

IrOx nH 2O colloids.358 In such acidic suspension solution containing ligand -free IrOx 

particles, it is possible to measure the particle size by dynamic light scattering (DLS) 

showing, in general, an average diameter of (1.1 ± 0.5) µm (Figure 2.12.b). 

Figure 2.12: a) UVðvis characterisation of the IrOx Ps suspension at different pH values. b) 

IrOx particles diameter distribution (N = 3)  obtained by DLS characterisation. Average 

diameter, polydispersity index (PDI) and Z potential are reported in the table. 358 

2.2.5 Silver/ silver c hloride  

Silver chloride is a white chemical compound known for its low solubili ty in water 

with the chemical formula AgCl ( Figure 2.13.a).  When exposed to light or a heat source, 

silver chloride converts to silver (and chlorine), changing to a grey -black or purple 

coloration. It also occurs naturally in the form of the mineral chlor argyrite. Unlike most 

chloride salts, AgCl has low solubility, making it easy to synthesi se by metathesis: a 

chemical reaction based on the exchange of two or more ions between elements and groups 

having the same valence. By combining an aqueous solution of silver nitrate with a soluble 

chloride salt, such as sodium chloride or potassium chloride, silver chloride can be formed 
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by precipitation. In recent years, great interest has been aroused in the production of silver-

based composites. Its ions can inhibit bacterial multiplication by binding and denaturing 

bacterial DNA, thus stopping bacterial cellsõ growth. 359,360 Thus, the use of silver ions as a 

broad-spectrum antibacterial agent has enabled its wide-spread use in disinfectants and 

wound healing, medical implants and instrument sterili sation. Expressly, these antibacterial 

abilities are conferred by the silver ion, and as a result, silver chloride (AgCl) is  a potentially 

sustainable ions silver resource. In addition, AgCl in the form of nanoparticles, given their 

smaller size, is more effective in penetrating through cell membranes, thus leading to greater 

accumulation of silver in the cells. 361  

The term nanoparticle usually identifies a class of particles of different shapes 

(spherical, cubic, and so on), made of atomic or molecular aggregates with a size ranging 

from 1 to 100 nm. Various materials, including biopolymers and metals (nickel, chromium, 

gold, silver) can be exploited to make NPs used in bandages,362 food containers,363 

disinfectants, and makeup/cosmetics. 364  While having various applications, the 

preparation of AgCl nanoparticles with controlled size is limited to methods such as 

microemulsion technique, ultrasonic irradiation, matrix -based technique, or mixing silver 

nitrate (AgNO3) with hydrochloric aci d in the presence of Poly (vinylpyrrolidone). 365,366 

Figure 2.12.b shows a SEM image of AgCl nanoparticles formed via the biogenic synthesis 

of metallic nanoparticles, a bioredox mechanism using cellular enzymes, secondary 

metabolities and other cellular components for NPs synthesis.367 Furthermore, Ag/AgCl 

NPs are another silver-based compound that can be prepared exploiting the standard 

electrodeposition method using a three-electrode cell configuration.  Ag NPs are first 

deposited using an AgNO 3 solution , and then a KCl solution is used to cover the Ag NPs 

surface with an AgCl layer. Figure 2.13.c shows the atomic force microscopy image of 

Ag/AgCl nanoparticle electrodeposited on a conductive polymer with an average size of 

300 ± 80 um. The electrodeposition method can be exploited to realise particles with a bigger 

size changing the deposition time. The so-realised particles are able to react with chloride  

present in the surrounding s and are presented later in this thesis to develop wearable and 

textile sensors for monitorin g the chloride concentration in human biofluids.  
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Figure 2.13: Silver Chloride powder. b) SEM image of synthesized silver chloride 

nanoparticles.1 c) AFM image of Silve/SilverChloride nanoparticles deposited on 

conducting polymer PEDOT:PSS:41 

2.2.6 Perovskites 

The term perovskite refers to a calcium titanium  oxide mineral  composed of calcium 

titanate (chemical formula  CaTiO but more in general, a perovskite is any material with a 

crystal structure similar to the mineral itself. Many different cations can be embedded and 

arranged according to a perovskite structure, allowing the development of diverse 

engineered materials. The general chemical formula for perovskite compounds is ABX 3, 

where A and B are two  cations, often of very different sizes (A atoms are generally bigger 

than the B atoms), and X is an anion (frequently  oxide) that bonds to both cations.  

As one of the most abundant structural families, perovskites are found in many 

compounds with wide -ranging properties, applications,  and importance. The organic-

inor ganic Methylammonium hybrid MAB X3 (MA = CH3NH 3+) (B = Sn, Pb, X = Clĭ, Brĭ or Iĭ) 

materials with perovskite crystal structures have attracted great interest in the 

optoelectronic device fields, such as solar cells, light-emitting diodes, photoelectric dete ctors 

and X/gamma -ray detectors. Figure 2.14.a report a schematic representation of the 

Methylammonium halides family. The general crystal structure of these materials is shown 

in Figure 2.14.b. The main physical properties of this novel kind of synthesised material 

include superconductivity , magnetoresistance, ionic conductivity , and a multitude of 

dielectric properties, which are of great importance in microelectronics 

and telecommunication . The most studied application areas for perovskite structure are the 

photovoltaic cells and the X-ray dosimeters thanks to the large optical absorption coefficient, 

high carrier mobility, long carrie r lifetimes, tunable resistivity and large X -ray attenuation 

coefficient, they could reach a theoretical peak efficiency of 31%.368 Figure 2.14.c reports 

examples of two stacked structures for perovskite photovoltaic cell and x -ray detectors 

using the two most common Methylammonium halide structures.  

In the growing perovskite photovoltaic cells field, Methylammonium  lead iodide 

(CH 3NH3PbI 3) represents the most studied Methylammonium halides material 369,370 since 

their first appearance in 2009 by Kojima.371 Spin-coating technique can be used to deposit 
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thin films at low temperature (usually < 100°C) or vapour deposition can be exploited for 

planar heterojunction perovskite solar cells. 372 Methylammonium lead iodide is a 

semiconducting pigment with a direct bandgap of 1.55 eV corresponding to an absorption 

onset of 800 nm.373 The weak binding energy of about 0.03 eV of the produced excitons is 

responsible for their rapid dissociation into free carriers at room temperature.374 The 

mobilities of electrons and holes produced in this material range from 7.5 cm2  Vð1 s-1 for 

electrons375 to 12.5 ð 66 cm2  Vð1 s-1 for holes.376 MAPbI 3  presents a long carrier -diffusion 

length ranging between 100 nm and 1000 nm.377 

Figure 2.14: a) Schematic representation of the Methylammonium halides family. b) G eneral 

crystal structu re of cubic metal halide perovskites with the generic chemical formula ABX 3. 

Organic or inorganic cations occupy position A (green) , whereas metal cations and halides 

occupy the B (grey) and X (purple) positions, respectively .378 c) Schematic of the MAPbI3 PSC 

structure with Parylene -C encapsulation and the chemical structure of Parylene-C (left),379 and 

single-crystal radiation detector structure. The charge generation regions are located close to 

the surface for visible light excitation and deeper inside the single crystal for X -ray excitation, 

respectively (right). 380 

 

Another popular application of perovskites is the reali sation of ioni sing radiation 

sensors. In this thesis, another popular class of perovski tes, methylammonium lead bromide 
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(MAPbBr 3) will be used to realise textile x-ray sensors using single crystals directly grown 

through the fibres of the fabric. The use of MAPbBr3 single crystal for X-ray detection relies 

on the strong stopping power of hal ide perovskite (high atomic number of Pb 2+ on Br- of 82 

and 35, respectively) and the relatively high resistivity of about 1000 Ý cm that is responsible 

for small dark current and noise . The better defect tolerance than other semiconducting 

materials give at this class of detectors a greater radiation tolerance.  

Figure 2.15.a shows the typical XRD spectrum of MAPbBr3 single crystals with the 

main four diffraction  peaks, corresponding to (100), (200), (300) and (400) crystal planes, 

respectively. The schematic diagram of MAPbBr 3 crystal structure shows the cubic 

symmetry and the space group Pmσm with a lattice constant of 0.59062 nm. The band gap 

for a MAPbBr3 single crystal is approximately 2.23 eV.381,382 It is usually estimated using a 

UV-Vis-NIR transmittance spectra of MA PbBr3 and the absorption law as reported in  Figure 

2.15.b. 

2.2.7 Thermoelectric materials  

Thermoelectric materials convert thermal energy into electrical energy based on the 

Seebeck and Peltier effect. They can be applied in energy recovery, highly efficient cooling 

and refrigeration, sensing and thermo-power systems.  This leads to re-use the wasted 

thermal energy in production applications in the most efficient way. Since most energy from 

fossil sources is lost as heat in engines or industrial processes, the use of thermoelectric 

materials that can recover this energy can make considerable contributions to helping solve 

the global energy crisis. Thermoelectric generators (TEGs) enjoy the advantage of being able 

Figure 2.15:  a) XRD results and UVðVisðNIR transmittance spectra of MAPbBr 3 single 

crystals.382 
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to recover waste heat over a wide range of temperatures while operating without producing  

noise, vibration or gas emissions. They also do not require refuelling or maintenance over a 

long period of time. The only limitation is related to the modest heat conversion efficiency, 

which is characterised by the figure of merit ZT expressed as: ὤὝ Ὓ„ὝὯϳ  with Seebeck 

coefficient S, thermal conductivity k, electrical conductivity Ȓ and absolute temperature.  

Therefore, materials with low thermal conductivity and high electrical conductivity 

are required to achieve high ZT or higher material efficiency. Bismuth compounds with 

tellurium and antimo ny represent the best room temperature thermoelectric materials 

known today. This thesis used organic and inorganic thermoelectric materials to develop 

textile thermoelectric generators using single polyester strands. A power generator able to 

supply the energy without the use of external batteries in a textile sensors platform remains 

the main goal to spread the use of textile wearable technologies massively. 

 

2.2.7.1 Bismuth Telluride  

Bismuth telluride (Bi 2Te3) is a compound of bismuth and tellurium, which occurs as 

a gray-colored powder. It is a semiconductor and an efficient thermoelectric material for 

refrigeration or portable power generation. Bismuth telluride crystalli ses in the tetradymite 

crystal structure shown in Figure 2.16.a. Bi2Te3 has a hexagonal HCP arrangement of Te 

layers. The Te - Bi bonds are polar-covalent while only weak van der Waals type bonding 

exists between the neighboring, Te(1) - Te(1) planes. 

The lattice thermal conductivity along t he basal planes is almost double that in the 

perpendicular directi on.383 The Seebeck coefficient for both n- and p-type Bi2Te3 is nearly 

isotropic. However, it should be considered that the Seebeck coefficient and electrical 

conductivity have a trade -off: a higher Seebeck coefficient corresponds to decreased carrier 

concentration and decreased electrical conductivity.  

Coupled with its inherently low lattice thermal conductivity, Bi 2Te3 is an excellent 

thermoelectric material because of its complex electronic band structure. Bismuth telluride 

has a narrow indirect gap of 0.14 eV that decreases with temperature like most covalent 

semiconductors384,385 at a rate of 0.95 10ĭ4 eV/ K. The electronic transport of Bi2Te3 can be 

generally described as that of a small bandgap semiconductor where the conduction band 

has a higher mobility than the valence.  When the electrical conductivity is low, Ȓ below å 

500 S cm-1, there is a sharp reduction of thermopower S  and change in sign which 

corresponds to the intrinsic regime where carriers in both conduction and valence bands 

contribute significantly to transport (Figure 2.16.b). Recently , it has been reported that 

materials with one or m ore dimensions reduced, as nanowires or thin film, can improve the 

overall material efficiency. 386 Thin film of bismuth telluride deposited by radio frequency 

magnetron sputtering can lead to an n-type thermoelectric material with a Seebeck 

coefficient of -287 ȋV/K at 54 °C.387 



2.2  Materials  

68 
 

 

Figure 2.16: a) Layered structure of Bi2Te3. Bismuth atoms are octahedrally coordinated by 

tellurium atoms residing on two inequivalent sites, distinguished here by tone and 

notation. Each quintuple layer lamella is separated by weak van der Waals bonding 

between adjacent Te(1) layers. b) Room temperature trend of Seebeck coefficient varying 

the materials conductivity. The two -band effective mass models (solid line) describe the 

data well and illustrate the limiting effec t of minority carriers at low conductivity values. 
383 

 

2.2.7.2 Antimony Telluride  

Antimony telluride  is an inorganic compound  with the  chemical formula  Sb2Te3. It 

is a grey crystalline solid  with layere d tetradymite crystal structure. Layers consist of two 

atomic sheets of antimony and three atomic sheets of tellurium  and are held together by 

weak van der Waals forces. Sb2Te3 has a rhombohedral crystalline structure with space 

group R3m. The lattice constants for the hexagonal cell at 29°C are: a= 4.264 and c= 30.458 

for Sb2Te3. Schematic atomic structures of Sb2Te3 depicting mixed ionic -covalent bonded 

quintet layers held by interlayer van der Waals bonding are reported in Figure 2.17.a. 

Crystallisation  of antimony tellurite are directly dependent on the temperature 388 

and microstructure, surface morphology, and thermoelectric properties can be modified 

changing the working temperature. X -Ray diffraction on Sb2Te3 sample (Figure 2.17.b) 

shows the widened peeks in XRD patterns with indicate the general fine crystalline grain 

size. Sb2Te3 is a narrow-gap semiconductor with a  band gap 0.21 eV. Furthermore, it is also 

a topological insulator , and thus exhibits thickness-dependent physical properties. 389  

The room-temperature Seebeck coefficient and electrical conductivity range from 55 

µV/K 390 to 140 µV/K 391 changing the deposition methods (from electrochemical deposition 

to thermal evaporation). Figure 2.17.c shows the temperature dependence of the Seebeck 

coefficient for a thin film of antimony telluride with different percentage of tellurium. 

However, the deposition technique, the substrate temperature, the annealing procedure and 
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eventually doping, can largely modify the Seebeck coefficient up to a six-time value.390 Even 

the morphology structure of Sb 2Te3 samples can differ changing the fabrication methods but 

when a substrate at high temperature is used, the Sb2Te3 has a homogeneously distributed 

and well -defined polycrystalline grain structure with large -sized grains, corresponding to a 

continuous, well -crystallised layer 391(Figure 2.17.d). Thanks to its crystallographic 

structure, antimony a elluride presents an overall good thermoelectric properties and it has 

been commonly applied as a low-temperature thermoelectric material, because of its 

relatively high  value of ZT parameter.392   

 

 

Figure 2.17:  a) Schematic atomic structures of Sb2Te3 with Wyckoff site labels depicting 

mixed ionic -covalent bonded quintet layers held by interlaye r van der Waals bonding in 

the undoped, defect free configuration. 392 b)  Diffraction pastern for Sb 2Te3 layer.393 c) 

Temperature variation of the Seebeck coefcient of the Sb-Te thin flms prepared at h igh 

substrate temperatures.391 d) Scanning electron microscopy (SEM) images showing the 

surface and (inset) cross-sectional morphologies of Sb-Te thin flms prepared at high 

substrate temperatures.391 
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Finally, it is worth to note that values for the Seebeck coefficient and the figure of merit 

of thermoelectric material in real application, can not be considered absolute but 

considerable variations are correlated to the deposition technique, type of substrate and 

temperature. In this thesis, the p- and n-type thermoelectric material based on Bi2Te3 and 

Sb2Te3 respectively, are synthesised on a textile thread to present the first example of an 

organic-inorganic  textile single-thread thermoelectric generator. 

 

2.3 Fabrication technique  

In this paragraph , a brief overview of all the fabrication methods employed to realise 

the different devices present in the following thesis  is reported.  All the precise details and 

exact information about the fabrication procedure used can be found in the corresponding 

section. 

2.3.1 Deposition methods  

Generally speaking, the sensing layers for the textile sensors presented in this thesis, 

have been realised with different deposition , and patterning techniques. The deposition 

methods are usually divided in  two categories: coating and printing methods. The main 

difference between them lays on the fact that the former technique covers all the available 

surface, while the latter method transfer s the ink (namely the conductive solution) only over 

a predefined pattern. The most used coating methods are drop casting, spin coating, dip 

coating, roll -to-roll,  spray coating, and electrodeposition, while for printing they are screen 

printing, pad  print ing, ink -jet printing and nozzle printing. The most suitable deposition 

technique is chosen taking  into  account various factors as the shape, dimension and surface 

features (roughness and wettability) of the substrate; the solubili ty, polarity and nature o f 

deposited material, and the uniformity and thickness chosen for the final layer.   

  

2.3.1.1 Drop casting  

The drop casting procedure is a very simple method that allow a very low material 

waste. The solution is dropped onto the target substrate, and the spontaneous solvent 

evaporation lead the surface coated by the active material. When a conductive solution is 

employed, the samples are usually annealed in order to speed up the solvent evaporation, 

and enhance the conductivity (Figure 2.18.a). The typical  disadvantages of this technique 

are the difficult y to get a uniform, large area coating with a controlled thickness. In the 

present thesis, the technique is only exploited to fabricate the pressure sensing layer on 

cotton fabrics since this consent to locally turn conductive an extended piece of fabric. 
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2.3.1.2 Spin coating  

Spin coating process is a very common and widely used coating method in which 

the substrate spins around an axis which is normal to the coating area. The spinner is 

designed to coat thin films onto the  surface of the substrate. The thickness of layer is 

controlled by spin speed, spin time and viscosity of the solution. The spin coating process 

involves four stages: deposition, spin up, spin off and evaporation, as shown in Figure 

2.18.b. In the deposition process, an excessive amount of fluid is deposited at the center of 

the substrate and, during the spin up, it is accelerated up to the final spin speed. In the 

liquid, rotational forces are exerted on the upw ard direction causing the formation of a wave 

front. This wave front flows from the center to the edge of the substrate thanks to the 

centrifugal  force, and results in a uniform layer. During the  spin off phase, the excess solvent 

is removed from the substrate surface, while the excess portion of solvent is let evaporated 

during a final annealing step. This technique allows to realise highly uniform film s, and 

thoroughly tune the thickness of the film by varying the spin speed or using  different 

viscosity solution . In contrast, large substrate cannot be spun at a sufficiently high rate, it 

causes a grat waste of material and the fast drying procedure provides  less time for 

molecular ordering.  

 

2.3.1.3 Roll -to-Roll  

Roll-to-roll processing is a fabrication technique used in manufacturing that coats, 

embeds, prints or laminates different fluid materials onto flexible rolled substrate s  

That are continuously  fed from one roller to another. The roll -to-roll method typically 

consists of numerous rollers, named the web path, which winds the substrate material 

thoroug h and over the rollers while it carries out various  operations. The technique applies 

materials onto substrates with different width, as it moves along the web path. The final 

thickness and aspect of the deposited thin film is mostly determined by the type  of 

applicator roller, the type of the fluid, and the relative speed of the two rotation surfaces.  

For the purpose of this thesis, a simplified roll -to-roll like technique is  exploit to 

uniformly coat with conductive polymer various types of textile threa ds (Figure 2.18.c). In 

the home-made setup here used, a single yarn is pulled and span around a round glass stick 

and meanwhile is dipped in the conductive solution. Applying this process four different 

times, followed by annealing,  it  is possible to homogeneously coat a single fibre with a 

conductive ink. This  process, however, does not use a real roll-to-roll instrumentation but is 

based on the same roll -to-roll principle in ord er to continuously apply  a coating layer on 

thread.   
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Figure 2.18: a) Drop-casting procedure composed by the drop of the solution on the 

substrate and the subsequent annealing . b) Schematic representation of spin coating steps: 

the PEDOT solution is drop casted on the glass substrate; then, spin coating rotation 

spreads the solution onto the whole substrate, getting rid of the excess solution, while the 

evaporation of the solvents leads to the final film formation. c) Roll -to-roll deposition 

method to coat textile single-thread with conductive ink solution.  

2.3.1.4 Screen Printing  

The screen printing technique is based on a stencil process where a silk screen frame 

or an open mask can be used to impress a conductive pattern onto the substrate. The 

conductive solution should have the right density in order to cover only the region under 

the unmask part, without diffusing to  the surroundings. Usually, the final mass of the 

solution is halved to better coat the substrate with the ink (Figure 2.19.a).  

Figure 2.19.b report the working principle of the screen printing  method used in this 

thesis to coat different types of fabric with inks based on conductive  polymer. The paste is 

squeezed by a moving blade over a screen formed by a monofilament polyester mesh. The 

solution passes through the interlocked mesh and the conductive pattern does not penetrate 

to the bottom side of the textile. The method is simple but has a limited thickness resolution 

and requires highly viscous pastes. 

 

2.3.1.5 Thermal deposition  

Thermal evaporation  is another useful method to deposit a thin layer . The source 

material evaporates in a vacuum chamber due to high temperature heating, which faci litates 

the vapor particles flowing and directly reaching the  substrate where these vapors again 

change to a solid state. In this method, a resistive coil is exposed to a large direct current 

(DC = 20 A), in order to reach the high melting points typical  of metals. The evaporation 
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chamber is kept in high vacuum (below 10ĭ4 Pa) in order to supports the evaporation of the 

metal. This technique is especially applicable for material s with low melting points  and in 

thi s thesis is used to deposit chromium  and gold thin layer (10 nm and 50 nm, respectively) 

on glass substrate to realise the electrical connections of the polymeric thin film.  A 

schematic of the thermal evaporation system is exhibited in Figure 2.19.c. 

 

2.3.1.6 Electrochemical deposition  

Electrochemical deposition is a technique by which a thin and tightly adherent 

desired coating of oxide, salt, or metal can be deposited onto the surface of a conductive 

substrate by simple electrolysis of the solution containing the desired metal ion or its 

chemical complex. The electrochemical deposition allows a precise control over the quantity 

of the deposited material and provides an easy way to functionali se the samples.394 The 

limitation o f this procedure is the need of an electrically conductive substrate on which the 

film i s formed: for this reason, evaporated gold substrate and PEDOT:PSS thin film on glass 

or textile are used as substrates to functionalise the surface with proper sensing ability.  

The schematic in Figure 2.19.d shows a three electrode electrochemical cell, equipped 

with a saturated calomel electrode (SCE) as reference electrode (RE), a Pt wire as counter 

electrode (CE) and the chosen conductive substrate acting as working electrode (WE). The 

inert atmosphere can be assured inside the chamber in order to limit  polymer reduction that 

can lead to sample delamination. The electrochemical deposition is a viable technique to 

control polymeric layer thickness and amount deposition  (tuning the deposition cycles) . A 

constant magnetic stirrer is used to avoid mass diffusion limit  in the region close to the WE. 

The depositions can be realised with two different procedures: the first employed a 

cyclic voltammetry (CV), with  the potential varied between two value, Elow  and Ehigh, at a 

fixed scan rate for various cycles. On the other hand, the second method uses a 

potentiometric control, applying a constant potential  E while counting the total amount of 

the material  deposited, thus its thi ckness. This fabrication process is employed for the 

realisation of the textile thread sensors for chloride and pH sensing in sweat presented in 

chapter 3.  
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2.3.2 Perovskite crystal growth  

Perovskite single crystals (PSC) have been grown onto the surface of silk fabric to 

realise the textile X-ray detectors reported in chapter 5. Overall, the controllable synth esis 

of high -quality PSC is of fundamental import ance for its applications in photovoltaic and 

photoelectric fields. Obtaining high -quality and large -size crystals remains a challenge that 

requires several efforts from the research community. However, diff erent approaches have 

been developed up to now in order to fabricate stable and regular crystals as solution 

temperature lowering (STL), anti -solvent vapour -assisted crystallisation (AVC), and inverse 

temperature crystallisation (ITC).  

STL method utili ses the difference of solubility of  the perovskite precursors in 

solvents under various temperatures. The perovskite precursors are melted into the solvents 

at high temperatures. Then, the solution's temperature is gradually reduced to reach a 

super-saturated state, resulting in single -crystal growth (Figure 2.20.a).395 A specific 

example of an STL method is the top-seeded solution growth (TSSG) that allow to prepare 

large single crystals. As reported in Figure 2.20.b,377 many small crystals are collected at the 

Figure 2.19: a) Solution preparation and screen printing phases. b) Different steps in the 

serigraphy printing method using a proper serigraphy frame. c) Vacuum chamber for metal 

thermal deposition method. The target material is heated in the crucible and the metal gases 

condensate onto the cold substrate. d) Electrochemical deposition method using an 

electrochemical cell with three electrodes, namely a saturated calomel electrode (SCE) as 

reference electrode (RE), a Pt wire as counter electrode (CE) and a conductive substrate as 

working electrode (WE). The stirrer is constantly used to have a uniform solution and avoid 

depleted region during deposition.  
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bottom of the saturated perovskite growth solution, which is kept at a fixed temperature 

around 75 °C. A silicon wafer is then immersed into the precursor solution. Thanks to the 

lower temperature at the top of the glass vessel, small crystal will form on the Si wafer. The 

higher concentration at the bottom, allows the convection process between the bottom and 

top of the solution, which p rovide enough material for large single -crystal growth.  

AVC is a temperature independent and reproducible method to realise high -quality 

single crystals by exploiting the solubility of the precursor solution in different solvents. The 

precursor is placed into a sealed bottle containing antisolvent. The solubility of the mixed 

solvent decreases when the antisolvent is slowly diffused into the precursor solution, 

resulting in the growth of crystals (Figure 2.20.c).396  

Inverse temperature crystallisation method is directly used in this thesi s and it 

consists of a precursor solution inserted in a bottle, and heated at a fixed temperature (~ 80 

°C) to grow single crystals. During the growth process, illustrated in Figure 2.20.d, at the 

beginning, the solution  surface is in a saturated state due to of the volatili sation of the 

solvent, while the solution  below is unsaturated. As the amount of the solvent decreases, 

the concentration will exceed the solubility of precursors because of the convection inside 

the bottle. This condition leads to the growth of single crystals. Large single crystals of 

MAPbBr 3 are commonly synthesised by this method . The growth could be faster if the 

Figure 2.20: a) Solution temperature lowering method and image of CH3NH3PbI3 oriented 

to exhibit its natural facets {100} and {112}.395 b) Schematic representation of top-seeded 

solution growth with the large MAPbI3 immersed in th e supersatured solution and the 

image of a piece of as-prepared MAPbI3 single crystal. 395 c) Schematic diagram of AVC 

process using a solvent with high solubility and moderate coordination (like DMF or GBA), 

and an antisolvent in which perovskite precursors are completely insoluble (DCM). 396 d)  

Inverse temperature crystallisation method to fast growth single crystals.  
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temperature is higher, but the crystal will lose regularly,  or tiny  crystals will be formed. The 

details of the fabrication of single perovskite crystals are explained in chapter 5. 

 

2.4  Characterisation t echnique  

The most relevant experimental techniques used to characterise the textile sensors 

developed in this thesis are discussed and explained here. The following paragraphs will 

provide a theoretical overview of the working principles at the basis of the characterisation 

methods used in the following chapters to study the electrical, mechanical, morphological 

and optical properties of both materials and devices.     

2.4.1 Electrical characterisation  

Electrical characterisation has primary importance in  producing  chemical and 

physical sensors that respond to changes in the surrounding environment through a 

variation of the electrical properties of the composite materials. In this wor k, sensors based 

on different physical principles, such as piezoresistivity, electrochemical gating, impedance 

variation or electron -lacuna pair generation, will be presented. A first validation of the 

electrical response of the developed devices is generally performed with laboratory 

instrumentation such as source meter unit (SMU), oscilloscopes and, in the case of small 

signals, lock-in amplifiers. In addition, depending on the nature and geometry of the device, 

various types of measurements can be performed in order to directly extract the resistance, 

current or voltage generated.  

Thin films of semiconductor materials are electrically characteri sed by measuring 

the surface resistance, or sheet resistance, using the Van der Pauw 4-probe method. It is a 

technique commonly used to measure the resistivity of a planar material with  the electrodes 

placed on its perimeter. The Van der Pauw method employs a four -point probe placed in 

the four corners of a squared sample (Figure 2.21). During a measure, the current flows 

along one edge of the sample (for instance, I12) and the voltage is applied across the opposite 

edges (in this case, V34). From these values, using Ohmõs law, it is calculated a resistance 

R12;34 = V34/I12. Then, by exchanging the contacts from I12 to I34 and V34 to V12 one obtains the 

reciprocal value R34;12. The same approach is employed to calculate the resistance R23;14 and 

R14;32. To obtain a more precise measure, these four resistance values are averaged.  

For thread-like sensors, measurement of the current variation flowing through them 

is generally done by applying a constant potential via an SMU such as the Keithley 2400, 

Keithley 2600, or Keysigth B2902A. On the other hand, AC impedance measurements are 

made using the MFLI Zurich lock -in amplifier by applying a sinusoidal voltage signal and 

measuring the current through the device. Custom programs developed in Labview allow 
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interfacing with the instruments and the acquisition of data necessary for the 

characterisation of the devices. 

 

2.4.2 Electrochemical characterisation   

Electrochemical characterisations enable to achieve information on the kinetics and 

charge transport involved in electrochemical reactions and doping mechanism s, together 

with the electrode/electrolyte interfacial properties. The measurements are usually carried 

out using CV (mainly exploited for polymeric electrochemical deposition, rather than a 

characterisation technique) and electrical impedance spectroscopy (EIS). Both employ an 

electrochemical cell with three electrodes, namely a WE, a RE and a CE, dipped in an 

electrolyte solution to electrically connect them. The sample under investigation are p laced 

as working electrode, and their potential is measured with respect to the RE, represented 

either by a saturated calomel electrode (SCE) or by a silver/silver chloride (Ag/AgCl) one. 

The counter electrode is used to generate a current flowing between WE and CE, which 

keeps the working electrode at the selected potential. The CH Instrument 660C and a 

Metrohm Autolab PGSTAT204 potentiostat have been here used.  

 

2.4.2.1 Cyclic voltammetry  

In cyclic voltammetry, the electrochemical potential of the samples is swept linearly 

(as shown in Figure 2.22.a) over time at a fixed scan rate v=dE/dt up to the switching 

potential, EȊ, reaches a time t = Ȋ, then the scan rate is switched, and the electrochemical 

potential is brought back to its initial value, E i. The potential during each cycle can be 

mathematically represented by the following:  

Figure  2.21: Conductive contacts on a conductive thin film to realize a Van der Pauw 

measurement in a four-probe configuration.  



2.4  Characterisation technique  

78 
 

 
Ὁ Ὁ ὺὸ                          π ώ ‗ 

Ὁ Ὁ ς‗ὸὺὸ                 ὸ ‗ 

 

This sweep reversal method is very powerful and useful, and it is widely practiced 

as an electrochemical method.397  

In CV experiments, the shape of the resulting curve (I-t, but more commonly I-E, as 

reported in Figure 2.22.b) represents the superposition of a capacitive current and a faradaic 

one. The former is related to the charging of the electrical double layer at the 

electrode/electrolyte interface, while the latter comes from the mass trans fer due to the 

eventual electrochemical reaction O + ne Ƅ R at the electrode. The charging current during 

a potential sweep can thus be written as:397  
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with Rs being the electrical resistance of the solution and Cd the double-layer 

capacitance. This time-dependent current saturates when t >> RsCd, having a steady-state 

current of Ic,ss = vCd. If the sweep has a triangular shape (not just a linear one), then the 

steady-state current changes from vCd during the forward scan (the potential E is increasing) 

to -vCd, during the reverse scan (decreasing E), due to the change of sign of the scan rate 

dE/dt. 

 

Figu re 2.22: a) Cyclic potential sweep (triangular shape); b) Resulting cyclic 

voltammogram, I -E.397 

 

The faradaic current depends on two laws, namely the Fickõs law of diffus ion for the 

planar electrode, and the Nernst equation:  
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Fickõs law governs the mass transport process towards the electrode, where D is the 

diffusion coefficient , and x is the parameter denoting the distance from the electrode surface. 

On the other hand, Nernst equation is related to the surface concentration of oxidi sed and 

reduced forms of the redox agents as a function of E(t) and E0, that are the applied and 

formal potentials, respectively.398 In Nerst equation, t is the time, n the number or electrons 

transferred per molecule of O reacting at the surface of the electrode, F the Faraday constant, 

R the constant for ideal gas and T the absolute temperature.  

For a reversible, diffusion -controlled process, where the reaction rate is limited by 

the transport rate of the reactants to the electrode surface, the current response at each 

potential may be calculated for a reversible cyclic voltammogram, with Ὁὸ Ὁ ὺὸ using 

a mathematical procedure called semi-integration (d 1/2 y/d 1/2 x) or convolution :399  
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where A is the area of the electrode. To verify the hypothesis of the diffusion -

controlled process, the Randles-Ģevľik equation can be used, expressed as:  
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2.4.3 Mechanical characterisation  

Mechanical characterisation allows to investigate and assess different features 

related to the intrinsic nature of the material as elasticity, elongation, tensile strength , 

hardness and fracture toughness. Dynamic Mechanical Analysis, otherwise known as DMA, 

is a standard characterisation technique where a small deformation is applied t o a sample 

in a cyclic manner while  measuring the sample mechanical response to study composition 

and viscoelastic properties. The response to the deformation can be monitored as a function 

of temperature or time. It allows  characterisation of the composition and viscoelastic 

properties. DMA works by applying an oscillatory (sinusoidal) deform ation to a sample of 

known geometry. The sample can be subjected to controlled stress or a controlled strain. 
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Where stress is applied, the sample will deform a certain amount and it is  measured. A force 

motor generates the sinusoidal stress wave and this is transmitted to the sample via a drive 

shaft. Applying a sinusoidal force, the stress in a dynamic  experiment is a complex stress Ȓ* 

and can be separated into two components (with phase angle ȃ, the difference between 

deformation and response): 

real part  „ „ᶻὧέί‏, is the degree to which materials behaves like an elastic solid; 

imaginary part  „ „ᶻίὭὲ‏ȟ  is the degree to which it behaves like an ideal liquid.  

In the same way, the modulus can be expressed as an in-phase component, the elastic 

(storage) modulus Eõ, and an out-phase component, the viscous (loss) modulus Eõõ (Figure 

2.23.a). 

The storage modulus E0 is the measure of the sampleõs elastic behaviour and the 

ability of the material to store energy. The ratio of the loss to the storage modulus is the 

tanȃ= Eõõ/Eõ, and it is often called damping. It is a measure of the dissipation  energy of 

material under cyclic load , and it indicate s how well a material can get rid  of energy. 

 

2.4.3.1 TA Instrument DMA Q800  

For the analysis and tests on the textile materials, the TA Instrument DMA Q800  has 

been employed. The Q800 utilises non-contact, linear drive technology to provide  precise 

control of stress and air bearings for low friction support. Optical encoder  technology 

measures strain and provides unmatched sensitivity and resolution.  Figure 2.23.b reports 

the different parts that compose the DMA Q800. The motor is formed of high -performance 

composites that ensure low compliance. It is thermostated to eliminate heat build -up even 

when using large oscillation amplitude s and high deformation forces. Sophisticated 

electronics enable the motor current to be rapidly adjusted in small increments. The motor 

can deliver reproducible forces from 0.1·10-3 N to 18 N and the force can be changed rapidly, 

up to 200 Hz. This motor t ransmits force directly to a rectangular air bearing slide (that 

connects to the driveshaft and sample clamp), and pressurised air flows to the bearings 

forming  a frictionless surface that permits the slide to òfloat.ó A high -resolution linear 

optical  encoder is used to measure displacement, and it is based on diffraction patterns of  

light through gratings (one moveable and one stationary). Due to the excellent 1 nanometre 

resolution of the optical encoder, very small amplitudes can be measured precisely. 

The Q800 features a variety of sample clamps that provide for multiple modes of  

deformation. The clamps have high stiffness, low mass, and each one is individually  

calibrated to ensure data accuracy. The high stiffness minimises clamp compliance, and the 

low mass ensures rapid temperature equilibration. There are different  modes of 

deformation that need a specific clamp for each of them: dual/single  cantilever, 3-Point 

bending, shear sandwich, compression and tension mode. In compression mode, the sample 
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is placed on a fixed flat surface and an oscillating plate applies force, while, in tension mode, 

the sample is placed in a tension between a fixed and moveable clamp. 

 

 

Figure 2.23: a) Schematical representation of the oscillatory (sinusoidal) force applied  to a 

sample and the corresponding deformation response. b) Illustration of the most important 

part of TA Instrument DMA Q800.  

2.4.4 Morphological characterisation  

2.4.4.1 Atomic force microscopy  

One of the most suitable methods to investigate the morphology, electric,  magnetic 

or other surface characteristics at the micro- and nano-scale is the Scanning Probe 

Microscopy (SPM). The instrument uses specially prepared tips in the form of needles as 

probes, with the working part (apex) usually of the size of ten nanometer or lower, mounted 

on a flexible supporting cantilever. One side of the cantilever is fixed to a support, while the 

other edge, where the tip is located, is free to move and is approached to the sample down 

to tip -surface distances of 0.1-10 nm, according to the technique used for the measurement. 

When the tip approaches the sample, several interactions between the tip and the substrate 

can be studied in order to get information on the sample surface features. Let the interaction 

be van der Waals forces between the two elements, as in the case of our morphology 

analysis, and the technique is thus referred as Atomic Force Microscopy (AFM); then, the 

tip will induce a deflection of the cantilever. A schematic of the experimental technique, its 

working principle  and data-trace obtained, are represented in Figure 2.24.a-b. Since the 

dimension of the edge of the tip is close to the atomic dimension (nanometric size or even 

lower, as shown in Figure 2.24.c), the van der Waals energy of two atoms can be used to 

approximate the potential energy of the tip, as plotted in Figure 2.24.d, and approximated  

by the following:   
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where r0 is the equilib rium distance between the atoms. 

          To detect the slight cantilever deflections, a laser beam, focused on its back and 

reflected, is acquired by a photodiode divided in to four sectors: from the measurements of 

the relative intensity variations on the different sections, the amount of vertical and lateral 

deflection of the cantilever are extracted.  

 

2.4.4.1.1 Surface morphology  

In this thesis, imaging of morphological surfaces are carried out with Park NX10 

AFM system, operating in a non-contact mode in air or PBS 1X, with the tip oscillating close 

to its resonance frequency, Ș0. The height of the sampleõs surface is then described by the 

equation: 

 
ᾀὸ ᾀ ὃÃÏÓ ‫ὸ •  

 

where z0 is the mean height of the cantilever, A0 is the amplitude of the free oscillation, Ș is 

the oscillation frequency , and ȕ is the phase constant that is set to 90° for the free oscillating 

tip. The non-contact mode is obtained when the tip is far enough from the surface of the 

sample and stay in the attractive regime of the Lennard-Jones potential, thus where F = 

dU/dz > 0 for the whole amplitude of the oscillation. When the tip is closer to the sample, the 

oscillation amplitude decreases to A(z), with A(z) < A0. This value is employed as a set-point 

to control the height of the tip, using a feedback system that gives the height of the sample 

surface.  

For data analysis, the height-height correlation function (HHCF) i s used in order to 

extract surface roughness and correlation length. For a randomly rough surface with a 

Gaussian correlation function (used in this work), the height -height correlation function can 

be written as: 
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where S is the surface roughness (root mean square deviation of the height), d the distance 

between height points, and T denotes the autocorrelation length.  
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Figure 2.24: a) Schematic of an AFM. A laser shine on the cantilever head, and the reflected 

beam is collected by a photodiode, thus obtaining the bending of the cantilever due to atomic 

forces. The feedback mechanism (FS) is used to control the tip-surface distance, through the 

piezoelectric actuator under the sample holder, according to the deflection of the 

cantilever.400 b) Scheme of the AFM operation, with the cantilever oscillation depending on 

the topography and its surface composition. The height and the phase images are registered, 

with phase-shift signal changing with dissipated energy variations on the sample surface. c) 

Atomic resolution with the AFM: the tip edge dimensions allow for an atom -atom interaction 

with the sample surface.400 d) Qualitative form of the Lennard -Jones potential.400 

 

2.4.4.1.2 Surface conductivity  

Conductive Atomic Force Microscopy (C -AFM) was invented in 1993 by M.P. 

Murrell and co -authors at the University of Cambridge , and it is an AFM technique able to 

record also the current flowing between the  tip/sample nano -junction, simultaneously to 

the topography.  

C-AFM structure is similar to standard AFM, save three main differences: i) the tip 

probe must be conductive; ii) since a potential needs to be applied between the tip and the 

sample, a voltage source is present; iii) a preamplifier is introduced with the aim to convert 

the analogical current signal into a digital voltage, read by the computer. 401 Moreover, in C-

AFM experiments , the sample is often fixed to the holder with conductive tape or paste, in 
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order to have a net current flowing from tip to sampl e once the potential difference is 

imposed. Therefore, the local electrical properties of the sample surface can be studied with 

nanometric resolution. The current that is collected by C-AFM is the product of the current 

density J and the effective emission area through which electrons flow Aeff (effective area), 

i.e. I = J·Aeff. J value depends on conductivities of the tip and sample and on the voltage 

applied between them, being affected by inhomogeneities in the sample, like local defects, 

thickness fluctuations and doping. The lateral resolution is defined by Aeff, which  can range 

from tenths of square nanometres to thousands of square micrometres depending on the 

conductivity of the sample, the tip/sample contact force, the relative humidity of the 

atmosphere, the geometry of the tip and other experimental factors.  

An important feature that has to be taken into account for C -AFM is that effective 

emission area, Aeff, does not always equal physical contact area, Ac, because in many 

tip/sample system s, the electrical field can propagate even laterally in the sample. This 

event happens for example, when the tip goes on a conductive metallic electrode (that is 

part of the sample), where Aeff is the entire area covered by the electrode due to the high 

lateral conductivity. 402,403 The effective area can indeed be defined as the sum of all 

infinitesimal spatial locations on the sample surface that are electrically connected to the C-

AFM tip, thus having negligible potential diffe rences.  

 

2.4.4.2 Scanning electron microscopy  

Scanning electron microscopy (SEM) is used to study the surface morphology  of the 

samples under investigation. SEM is a microscopy technique that has the aim to provide a 

topographic image of the objects at a nanometric scale, rebuilding a signal produced  by the 

interaction of an electron beam with the target. The SEM instrument used in this work , 

Cambridge Stereoscan 360,  is thermionic -emission based since the beam has provid ed by 

the overheating of a filament  (generally tungsten) through  the use of an electric current. The 

electronic beam undergoes an acceleration to the target by a potential difference 

(approximately 40 kV) , and is focused by a system of magnetic lenses. SEM permit s to 

analyse of three kinds of signals: Back Scattered Electrons (BSE), Secondary Electrons (SE) 

and X-ray. Figure 2.25.a shows a section of interactionõs volume between the electron beam 

and the object to analyse and the different zones of origin of the signals. BSEs are 

characterised by an energy range between 50 eV and the beamõs energy. It is worth noting  

that those electrons are not emitted by the target, but they are always the original one that 

has been scattered (elastic scatter) with an angle of almost 180 degrees. BSE signal is 

proportional to the atomic number of the object  to analyse, permit ting  to map the 

compositional information of the target. The  high energy of electrons allows a penetration 

around 1 ȋm, so it returns information about the internal structure but loses the external 
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one. SEs are the product of the interaction between beam and valenceõs electrons of external 

atoms; those are called secondary because they are the product of the interaction.   

 

It is possible to detect just the electrons that had been subjected to recombination  

processes, so that came from by the external surface (impossible more than 5 nm). Their 

energy, consequently, is lower compared with BSE. SEs give an external morphology  with 

a higher resolution of the BSE. X-rays are produced by the loss of energy of atoms after the 

ioni sation caused by the impact of the primary beamõs electrons with the core atomõs one. 

The ionised core electron creates a hole that is fill ed by an electron of a more external shell. 

This transition de -energised the atom that emits energy in X-ray form. Figure 2.25.b shows 

the cross-section of a SEM instrument. 

 

2.4.4.3 FTIR 

Fourier Transform Infrared (FTIR) Spectroscopy is a technique employed to obtain 

an infrared spectrum of absorption or emission of a solid, liquid or gas substance and is 

based on the idea of the interference of radiation between two beams (interferogram).404 The 

interferogram is a signal produced by the change of path length of the two beams with the 

domains of distance and frequency being interconvertible using the following Fourier 

transformation analysis.  

The basic setup of the FTIR spectrometer is shown in Figure 2.26.a: the radiation is 

emitted from a source and passes through an interferometer to the sample and then reaches 

the detector. After the amplification of the signal and the elimination of high -frequency 

contributions (fi ltered), the data are collected for a subsequent Fourier transformation: 

 

Figure 2.25: a) Section of interactionõs volume between the electron beam and the sample. 

b) Internal pattern of a SEM. 
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These equations relate the intensity falling on the detector as a function of the 

difference in path  length, I(ȃ), to the spectral power density at a certain wavenumber, ⁷, 

given by B(⁷) and vice versa.  

The basic experiment to obtain FTIR spectrum consists of an interferogram 

production with and without a sample on the beam, then transforming the interferogram 

into the spectra for the source with the sample absorption and another one for the source 

without sample absorptions. Then, the ratio of the former and the latter results in a double -

beam dispersive spectrum.  

 Reflectance methods can be used for samples difficult to analyse using the 

conventional transmittance study. In particular, Attenuated Total R eflectance (ATR) 

spectroscopy is employed, which exploits the phenomenon of total internal reflection, as 

shown in Figure 2.26.b. A beam of radiation that enters a crystal is totally reflected when the 

incident angle at the interface between sample and crystal is higher than the critical angle. 

A fraction of the beam wavelength penetrated the reflecting surface , and the sample 

selectively absorbs radiation, thus making the beam lose energy. The depth of penetration 

in ATR spectroscopy for a non-absorbing medium can be calculated using the following:  
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where I is the wavelength, n2 is the refractive index of the crystal, ȇ is the incident angle and 

n1 is the refractive index of the sample. The resulting attenuated radiation is collected and 

plotted over the wavelength using a spectrometer, giving the typical spectral characteristics 

of the investigated sample. Indeed, the interaction of infrared radiation with the matter is 

translated in variations of molecular dipoles due to vibrations (stret ching and bending) and 

rotations. Since each compound and substance has its own bondings and is composed of 

determined molecules with their typical infrared absorption (vibrations and rotations), 

ATR-FTIR spectroscopy is used to study the precise compositi on of textile fabric and fibres. 

Brucker Alpha Platinum -Attenuated Total Reflectance (ATR) spectrophotometer equipped 

with ATR Diamond window (32 scans, 4 cm ĭ1 resolution)  has been used to acquire the 

spectrums. 
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2.4.4.4 DSC 

Differential scanning calorimetry is a technique in which the difference in heat flow 

(power) to a sample and to reference is monitored against time or temperature while the T 

of the sample, in a specified atmosphere, is programmed. By means of this technique is 

possible to measure how much power is given to the sample and to the reference. The 

difference is calculated, and it gets the enthalpy of the transition  happening into the crucible . 

Therefore, it is possible to calculate the enthalpies of reaction while on the x-axis there is 

temperature or time that is going to be changed.  There are two types of DSC that have been 

recognised: power compensated and heat flux DSC. In the first one, sample and reference 

are heated separately by using ind ividu al heaters and the temperature difference is kept 

close to zero (Figure 2.27.a)406. The reference pan is normally empty, and when heat is 

supplied , its temperature increases gradually, while the sample pan will not increase at the 

same rate because there are materials in it. Since the system has to keep a difference in 

temperature equal to zero, it has to supply more power toward the sample pan while the 

difference in electrical power needed to maintain equal temperature is measured.  

In the heat flux DSC, the same single source heats the sample and reference pan, and 

the temperature difference is constantly measured. This signal is converted to a power 

difference ǤP using the calorimetric sensitivity  (Figure 2.27.b). 

 

Figure 2.26: a) Block-schematic of the basic components in a FTIR spectrometer. b) 

Schematic of a typical ATR cell, with ȇ being the incident angle of the beam.405 
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DSC enables the measurements of melting temperature, glass transition 

temperature, the heat of fusion, latent heat of melting, reaction energy and temperature, 

crystalline phase transition temperature and energy, denaturalisation temperatures, 

precipitation energy and temperature, oxidation ind uction times and specific heat or heat 

capacity. Here, a TA Instruments DSC Q2000 is used to perform textile composition 

characterisation reported in chapter 5. 

Figure 2.26: M easuring principle of a) power compensation and b) heat -flux DSC.406 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

89 
 

 

 

 

 

 

 

 

Chapter 3 

Textile sweat sensors 
 

This chapter presents the experimental results regarding a fully textile platform to 

monitor pH and chlorine concentration in human sweat. Starting from general 

considerations about the operation of the organic electrochemical transistor (OECT), the 

relevant simplification of the sensors moving from three to two terminals will be presented . 

This simplification step is fundament al to realise biosensors using a textile single-thread 

exploitin g only two terminals. Subsequently, it will be reported a complete description and 

characterisation of the reliability of the sensors first in universal buffer and then in artificial 

sweat, providing details about the morphology, electrical response, stability, reproducibility 

and possible interference. In addition, the feasibility and wearability of the Cl - textile sensors 

will be demonstrated using a portable wireless data -reader connected via Bluetooth with a 

smartphone. Finally, as a proof-of-concept and an applicative example in similar  real-life 

condition s, the sensors are characterised when sewn into a T-shirt neck. 

 

 Sweat sensing  
 

Wearable sensing technologies are attracting a rising academic and industrial 

interest thanks to the large prospective impact on real life  and the driving force of market 

demand. Personalised healthcare and point-of-care medical assistance, together with fitness, 

represent the main fields of applications meeting the highest request for wearable 

biosensors. The category of wearable chemical sensors is at an early stage of development 

even if they represent a powerful tool to monitor human physiological parameters in a real -
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time, non-invasive and accurate manner. Several new chemical sensors are proposed in the 

literature to detect electrolytes407ð410 and biochemical markers like dopamine, 411 

adrenaline,40,412 cortisol,51 glucose,413 lactate,414 phenolic compounds 415 to provide  new tools 

for monitoring human health, physical exertion, fatigue and mental accuracy. An interesting 

approach has been proposed by Gao et al. based on a fully integrated and mechanically 

flexible sensor array for multiplexed sweat analysis, which selectively and simultaneously 

measures perspiration electrolytes (sodium and potassium ions) and metabolites (glucose 

and lactate22).  

Their widespread use of textiles, in addition to a well -established manufacture 

background, made them promising and cutting -edge materials for a new concept of smart 

sensors. It is possible to exploit their flexibility, portabilit y, non-invasiveness, and light  

weight  to continuously monitor the human body. The possibility to integrate into a fabric 

an array of multiple textile sensors able to selectively detect different analytes in human 

perspiration would allow the implementation  of a powerful textile multi -sensor platform, a 

sort of lab-on-fabric device. In the last decade, chemical textile-based sensors were presented 

to measure various sweat parameters149 simultaenously. Still, preliminary multi -sensing 

systems based on functionalised  textiles have only been reported in the previous two 

years.153,154  

The main biomarkers present in sweat move from the bloodstream t o the skin 

surface. They can be exploited to gain information about human physiological status and  

health with a non -invasive sampling performed outside the body. In addition, iontophoresis 

can be used to stimulate sweating on-demand, allowing continuous monitoring without 

external contamination and before the analyte degrades. Chloride and pH are two common 

parameters used in wearable sensing applications because they are related to human 

biomarker monitoring. Their  simultaneous detection allows for an overview of hydration 

status,416 fatigue,417 alkalosis,418 metabolic reactions419 and physiological conditions. It is 

worth noting  that the Clĭ concentration in sweat (10ð100 mM 99) allows making  significant 

progress in developing textile electrochemical sensors without requiring a sub-mM limit of 

detection. Moreover, typical pH values in human perspiration range from 4.7 to 6.6, but 

values up to pH 9 have been found in patients affected by cystic fibrosis.420 

Table 3.1 reports the performance of new wearable chemical sensors able to monitor 

Cl- concentration and pH of sweat in a linear range that is physiologically relevant . In 

particular, in 2019, Xu et al.,421 reported electrochemically wearable Clĭ sensors that could 

be used in parallel with a Ca2+ sensor patch showing a sub-nerstian sensitivity. Kim et 

al. described422 a two-terminal PEDOT:PSS thread that can be sewn into a fabric and non-

selectively sense total cations concentration. Bujes-Garrido et al.423 reported voltammetric 

screen-printed three -terminal Cl ĭ sensors with AgNPs deposited onto the working 

electrode, employing both PET and Gore-Tex as substrate. Despite the low limit of detection 

of 5 µM, it exhibits a narrow operation range 5 ð60 mM, thus limiting its operation to 

https://www.nature.com/articles/s41598-020-74337-w#ref-CR6
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applications where small concentration variations are expected and in liquid where the [Cl -

] does not exceed 60 mM. All reported systems are based on an electrochemical transduction 

that can be amperometric, potentiometric or mediated by an organic electrochemical 

transistor and must be endowed with additional elements such as reference, counter or gate 

electrodes. Therefore, several threads must be inserted into  the fabric and immersed in the 

same electrolyte solution during sensing. In the present chapter, a two -terminal sensor that 

keeps the robustness of the potentiometric-like transduction will be reported for the 

simultaneous and real-time detection of pH and Cl - in human sweat. 

 

Table 3.1: Main features of  recent textile and wearable sensors for pH level and Chloride 

ions. 

 Activ e Material  Textile Support  
Transduction 

mechanics 
Sensitivity  

Characterisation  

solution  
Linear range  Ref 

pH  

IrOx film  Nylon -based 

conducting fabric  

Potentiometric  47.54 Mv/Ph  Buffer/real sweat  4-8 
423 

Graphite -polyurethane 

composite 

Cellulose polyester 

blend cloth  

Potentiometric  4 mV/pH  Buffer 6-9 
137 

PANI  Gold fibres woven into 

textile matrix  

Potentiometric  60.6 mVpH Buffer/Artificial Sweat  4-8 
138 

Cl - 

Ag ink  PDMS Potentiometri c -51.05 

mV/dec  

NaCl, artificial Sweat  10-160 mM 
421 

PEDOT:PSS  OECT 150 10-3 dec-1 PBS, Artificial/human 

sweat 

1 mM-1 M 
422 

Ag NPs PET/Gore -Tex Voltammetric  292.2 µAM-1 Synthetic sweat 5-60 mM 
423 

 

 Organic electrochemical transistor  
 

The first organic electrochemical transistor was developed by Wrighton et al. in the 

early 80s.424 Currently, OECTs are gaining much interest due to the new and innovative 

opportunities related to printed electronics. Due to low -voltage operation, ease of 

fabrication (also on flexible substrates425) and the possibility of integration in biological 

environments, OECTs have been used for several applications, including analyte sensing 

(dopamine,296 ascorbic acid,426 ions,427 adrenaline,412 lactate428), tissue engineering 

biosensors,429 neural activity sensing, 430 neuromorphic devices 431 and even in wearable 

platforms. 32,40 

OECTs are fabricated using an electrolyte solution to contact gate and semiconductor 

channel, as shown in Figure 3.1.a. A permeable conducting polymer is used as a 

semiconducting channel, such as PANI, PPy, polycarbazole, PEDOT:PSS, and other 

polythiophene derivatives. Due to the p ermeability of the polymer used, the whole material 

bulk interact s with the electrolyte solution an d can be used for detection. Thus, reversible 

doping and de -doping of the polymer result s in bulk changes in the channel conductivity, 

giving a very high tra nsconductance (i.e. high amplification properties for low voltage 

application) dictated by the volumetric capacitance. 432 Transconductance is an important 
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figure of merit of the OECT , representing the efficiency of its transduction mechanism and 

is calculated as the first derivative of the transfer curve, Ὣ ‬Ὅ ‬ὠϳ .433  

The OECT working principle is based on  capacitive processes, where ions pushed in 

the channel electrostatically compensate the presence of opposite charges434 without 

exchanging charges with the semiconducting film, thus without electrochemical reactions 

between channel and electrolyte. They operate in two different regimes : Faradaic and non-

Faradaic (capacitive).435 In the Faradaic regime, irreversible reduction/oxidation r eactions 

occur between electrode and electrolyte upon the application of a gate voltage, thus leading 

to a steady-state gate current, which lowers down the potential drop at the gate/electrolyte 

interface, increasing the gate effect operating on the channel. Though this regime owns the 

highest sensitivity, the irreversible oxidations  or reductions taking place in the electrolyte 

affect device characteristics that will decay with time and will be se nsitive to electrolyte 

nature. In a non-Faradaic regime, gate voltage application leads only to a capacitive current 

at the gate electrode,436 because the gate electrocheical potential remains inside the stability 

window of the electrolyte, thus only reversible charging of ionic double layer at the gate  or 

electrolyte interface occurs. Therefore, a significant potential drop is present at this interface, 

which reduces the effective gate voltage operating on the channel. Since both regimes 

depend on the quantity of active material and the capacitances at the interfaces, the 

geometry of the transistor matters and, in particular,  the ratio between gate and active 

channel areas (A g/A ch) have been explored and studied in many works. 435,437,438 More 

precisely, it has been proven that channel thickness also affects OECT behaviour and 

sensistivity ,426,439 thus highlighting that volumetric capacitance should be taken into 

account.440 

OECTs exhibit intrinsic properties for portable applications given the simple readout 

electronics required, the low power supply, an d the resulting low power consumption 

(typically applied voltages  <1 and power <100 µW). Additionally, the OECT configuration 

does not require freestanding reference electrodes used in traditional electrochemical setups 

and offers design freedom in terms of geometries, sizes, and substrates. In addition to their 

inherent versatility, robustness, and ease of integration, they can be fabricated and 

miniaturised with low -cost, large-scale technologies.  

3.2.1 Working principle of OECT  

OECTs can work either in accumulation or in depletion mode, the latter being the 

most commonly utilised in recent works. In this case, the polymer is in its pristine doped 

state and is switched to the un-doped state via gate bias. The OECTs presented in this work 

are based on a PEDOT:PSS channel of p-doped conductive polymers and working mainly 

in depletion mode. Thus, the application of a positive bias on the gate pushes cations from 

the electrolyte into the semiconducting channel, de-doping it and decreasing the source-
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drain current, I ds  (Figure 3.1.b). OECT working principles are well -described using the 

Bernards-Malliaras model. 441 The device is divided into two circuits: ionic and electronic. 

The former takes ion flow into account in the gate -electrolyte-channel structure, while the 

latter describes the electronic transport in the semiconducting channel (Figure 3.1.c). 

Ohm's law is employed to describe holes movement in the semiconducting channel 

of the electronic circuit:  

 

ὐὼ ή ‘ ὴὼ  ὨὠὼȾὨὼ        (3.1) 

 

where J is the current flux, q is the elementary charge, ȋ is the hole mobility, p is the 

hole density, and dV/dx is the electric field. Under applying a positive V g, each injected 

cation from the electrolyt e to the channel compensates one acceptor. This process occurs in 

two steps in order to maintain electrical neutrality in the semiconductor at the steady -state. 

When a cation compensates an acceptor, applying a positive Vd, a hole is extracted from the 

source (lower potential) and not replaced at the drain.   

Then, the expression for the effective dopant density inside the volume V  is:  

 

ὴ ὔ ὔ ὴ ρ ὗήὴὠϳ        (3.2) 

 

with p0 as the initial hole density in the organic semiconductor before de -doping 

process and Q is the total charge of injected cations. In order to simplify the equations and 

calculations, negative ions are assumed to have no effect on the organic semiconductor and 

charge densities are assumed to be uniform across the organic semiconductor film thickness, 

limiting the use of this model to thin films.  

The ionic circuit can be described by a resistor (Rs) and a capacitor (Cd) in series,397 

the former taking into account the conductivity of the electrolyte ( i.e. its ionic strength), with 

the latter representing the polarisation at the gate electrode/electrolyte and 

electrolye/semiconducting channel interfaces. Since the high capacitance of semiconducting 

polymers (in primis PEDOT:PSS),442 channel capacitance is expected to be higher than gate 

capacitance (per unit area). Thus, properties such as the response time and the gating effect 

will depend on gate capacitance, which is affected by the dimensions and material 

composition of the electrode. The current flowing at the gate electrode is a sum of the 

capacitive charging of an electrical double layer at the electrolyte/gate interface (non -

Faradaic process)443 and electrochemical reactions occurring at the gate electrode (Faradaic 

process) which are neglected.  

The RC ionic circuit has a transient behaviour of a charging capacitor upon the gate 

bias application, described as:  

 

ὗὸ ὗ ρ ÅØÐ ὸ†ϳ          (3.3)  



3.2  Organic electrochemical transistor   

94 
 

Where QSS = Cd ǤV represents the total charge passing through the circuit, ǤV is the voltage 

applied across the electrolyte, and ȓi = Cd Rs (RC constant) is the ionic transient time. As 

demonstrated by Rivany et al.439, on OECT formed by organic semiconductors, as 

PEDOT:PSS, which are permeable to ions,  capacitance per unit volume (volumetric 

capacitance, C*) should be used in these calculations.  

In order to model the OECT device behaviour, the effective dopant density (Eq 3.2) 

must be spatially known inside the semiconducting channel. Considering the Figure 3.1.d, 

the charge in the volume fraction WTdx at the steady-state for the differential slice, dx, in 

the position x, can be expressed as:  

 

ὗὼ ὅᶻ ὠ ὠὼ ὡὝὨὼ        (3.4)  

 

where Vg is the voltage applied on the gate, T and W are the thickness and the width of the 

slice, respectively, and V(x) is the spatial voltage profile in the semiconductor film. Through 

the combination  of Eq. 3.1, 3.2 and 3.4, the general OECT equation at steady-state can be 

described with:  
 

ὐὼ ή‘ὴ ρ ὨὠὼȾὨὼ ή‘ὴ ρ ὠ ὠὼ Ⱦὠ ὨὠὼȾὨὼ    (3.5)  

 

 

with Vp=qp0/C*,  pinch-off voltage (also called threshold voltage), i.e. the voltage needed to 

accumulate a charge density equal to the intrinsic dopant density in the semiconductor. At 

the steady-state, J(x) must be spatially constant along the channel, thus for the ideal 

geometry, shown in Figure 3.1.d, it can be expressed as J(x)=J=I/WT. Thus, Id can be 

obtained from Eq 3.5 for different regimes, keeping in mind that 0 Ò |V(x)| Ò |Vd| and de -

doping occurs only when V(x)< V g. From the source-drain current, it is the possible to 

calculate the transconductance Ὣ ‬Ὅ ‬ὠϳ  of the device, or the figure of merit that 

quantifies the efficiency of the transduction (OECT amplification).  
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 OECT as chloride  sensor  
 

The monitoring of chloride ions in a liquid environment can be achieved in different 

ways exploiting various reactions according to the sensors' working principle. In order to 

take advantage of the OECT amplification feature, a silver metal wire with AgCl coating is 

employed as gate electrode to have a selective response for Cl- ions. Figure 3.2.a reports an 

example of an OECT on glass substrate with a channel of PEDOT:PSS and the Ag/AgCl gate 

Figure 3.1: The typical structure of an organic electrochemical transistor (OECT), showing 

the source (S), drain (D), electrolyte and gate (G). b) Transfer curve showing depletion -

mode operation of an OECT with a conducting polymer channel. At zero gate voltage, holes 

on the conducting polymer contribute to a high drain current and the transistor is ON. 

When a gate voltage is applied, the holes are replaced by cations and the transistor is OFF. 

c) Ionic and electronic circuits used to model OECTs. The electronic circuit, shown below 

the device layout on the left, is modelled as a resistor with a resistance that varies upon 

gating. The ionic circuit , shown in the middle, consists of capacitors corresponding to the 

channel, CCH, and gate, CG, respectively, and a resistor corresponding to the electrolyte, 

RE. d) Organic semiconductor film with the source is located at x = 0 and the drain at x=L . 
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electrode immersed in an electrolyte soluti on with the schematic circuit. The fabrication 

procedure of the OECT device utilised has been previously reported by Gualandi et. al. 41 In 

this way, the gate electrode is involved in a spontaneous Faradaic reaction (Cl- + AgƄ AgCl 

+ e-) that produces an electrochemical potential E (usually measured with respect to a 

reference electrode) described by the Nerst equation: 

 

 Ὁ Ὁ ὯὝὩϳϽὰὲὅὰ       (3.6) 

 

where E0 is the standard potential of Ag/AgCl redox couple, k is the Boltzman 

constant, [Cl-] represent the Cl- ions concentration, e is the elementary charge, and T is the 

absolute temperature. From the equation, a variation in the Cl - concentration is responsible 

for the offset of the analyte solution's electrochemical potential respective to the gate 

electrode. The variation of the potential E in such transistor geometry corresponds to an 

offset of the effective gate potential (ǤVg).444 Since the semiconducting channel is 

capacitively coupled with the gate electrode, a variation in carrier density and the source -

drain current is observed. A positive potential offset is responsible f or the injection from the 

solution to the channel of immobile cations that replace the mobile carriers, namely the hole 

charges. This response (ǤId) can be quantitatively estimated introducing the 

transconductance gm as  

 

ЎὍ Ὣ ϽЎὠȢ         (3.7) 

 

The term gm describes the amplification effect in an organic electrochemical 

transistor and is defined as Ὣ ‘ὅᶻὸὠὡ ὒϳ  where µ is the mobility of the charge carriers, 

C* is the volumetric capacitance, T is the channel thickness, Vd is the drain-source potential,  

and W and L are the width and length of the channel, respectively. 439 In this case, the 

measured transconductance has a maximum value of 9 10-4 A V -1 when the gate potential is 

around 0 V, suggesting that the device works best in the two-terminal configuration. 445 The 

combination of equation 3.6 and 3.7 lead to the quantitative formula:  

 

ЎὍὨ ὫάϽ
ὯὝ

Ὡ
ὰὲ
ὅὰς
ὅὰρ

                             (3.8) 

 

where [Cl -]1 (starting) and [Cl -]2 (final) are the chloride concentration that cause the 

variation in conductivity.  



3.3  OECT as chloride sensor  

97 
 

Figure 3.2: a) Schematic layout of an OECT composed by a PEDOT:PSS channel and an 

Ag/AgCl gate electrode with the schematic circuit.  b) Source-Drain current vs time plot 

recorded while increasing the concentration of Clĭ in the 0.1M KNO3 solution (Vg=0 V; Vd 

= +0.05 V). c) Linear dependency of the current with the logarithm of analyte concentration. 

 

Figure 3.2.b reports the current variation over time when the Cl - concentration in the 

electrolyte solution changes from 0.1 mM to 100 mM. Figure 3.2.c shows the current 

dependency with the analyte concentration highlighting the predictive linear trend between 

Id and the logarithm of concentration. The efficient Faradaic efficiency and large 

transconductance appear when the applied gate voltage is zero as the PEDOT:PSS based 

channel behaves as a doped semiconductor working in a depletion mode and the 

spontaneous and reversible reaction of Ag/AgCl nanoparticles that reacts with Cl - ions is 

able to change the charge flu x in the external circuit proven  by the small gate current (one 

order of magnitude sma ller than the drain current). This reaction modulates the channel 

conductivity by the extraction on charge carrier without requiring a gate bias.  

3.3.1 Two -terminal configuration  

Taking into account this result, it is possible to design simpler devices with a 

semiconducting polymer channel endowing its surface directly with gating features 
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provided by nanoparticle compounds ( Figure 3.3.a-b). The new concept of semiconducting 

polymer -nanoparticles (SP/NPs) interface relies on the NPs providing the electrochemical  

reactions at the surface channel maintaining the transistor amplification effect even without 

the presence of the gate electrode. The selectivity of the device to Cl- ions is achieved by 

growing silver/silver chloride NPs onto the channel surface that are  responsible for the 

Faradaic reaction at the solution/SP interface providing the potential offset ǤV which 

changes according to the analyte concentration. A model that describes the transduction 

mechanism highlighting the charge transfer process that takes place in the channel/solution 

interface is shown in Figure 3.3.c. The increment in the Cl- concentration in the surrounding 

solution leads to the release of electrons following the redox equilibrium reaction involving 

Ag and AgCl. Since the NPs are in direct electrical contact with the semiconductor polymer, 

the released electrons are collected into the PEDOT:PSS channel and the consequent hole-

electron recombination takes place. The direct effect is the decrease of the charge carriers 

concentration and the source-drain current.  When low V d bias is applied through the 

channel, the conductivity is linearly related to the mobility, electronic charge, and charge 

carrier density:  

„ ‘ Ὡ ὲ.         (3.9) 

 As reported by Malliaras et al., 434 the amount of charge carrier injected into the 

polymer under the presence of a potential difference ǤV can be expressed introducing the 

volumetric capacitance as: 

 

Ўὲ
ᶻ

ЎὠȢ          (3.10) 

As previously stated, the Nerst equation gover ns the redox reaction between Ag and 

AgCl which generates the potential difference ǤV in the SP/NP material. Merging the 

equation 3.6, 3.9, and 3.10, the logarithmic relationship that correlates the conductivity 

variation ǤȒ with the Cl- concentration is found: 

 

Ў„ ὅᶻ‘ ὰὲ         (3.11) 

Considering the applied potential V d and the geometric factor of the channel, it is 

possible using the Ohm's law (ὠ Ὅ ὰ„ ὃϳ ) to express the current variation: 

 

ЎὍ
  ᶻ 

ὰὲ       (3.12) 

 

This formula is equal to one derived for the OECT endowed with a silver  or silver 

chloride wire as the gate electrode. If the device structure presents only two terminals, the 
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proportional constant c link ing the current and E variations has the same meaning of the 

transconductance gm of an OECT (see equation 3.8) and can be used to evaluate the 

amplification.  

Figure 3.3.d shows the response of a two-terminal SP/NPs device realised on glass 

substrate under subsequent additions of Cl- in the electrolyte solution. The semiconducting 

polymers is PEDOT:PSS, while the silver/silver chloride nanoparticles present on the 

channel surface endow the device with Cl - sensing ability. Similar behaviour to the OECT 

device is also reported by the two-terminal structure with a decreasing linear correlation 

between the current and the logarithm of Cl - concentration (Figure 3.3.e). Table in Figure 

3.3.f reports a quantitative comparison between the two - and three-terminal  devices. The 

sensitivity is expressed using the normalised current variation as Ўρ ὍὍϳ ЎÌÏÇὅὰϳ  

while the response time is evaluated as the time required to reach 90% of the final response 

after an additional 100 mM of Cl-. The close electric contact between the SP material and 

NPs minimise the electric resistance between the PEDOT:PSS channel and Ag/AgCl NPs, 

allowing a better charge transfer with a consequent improvement in the response time. 

Finally, the comparable sensitivity values show that the two -terminal device maintains the 

intrinsic amplification f eature typical of an OECT.  

Figure 3.3: a) Schematic layout of the SP/NP-based two terminal sensor, composed by a 

PEDOT:PSS stripe modified with Ag/AgCl NPs, and b) schematic circuit; c) Operation 

mechanism of the Clĭ sensor composed by a PEDOT:PSS stripe modified with Ag/AgCl 

NPs. d) Source-Drain current vs time plot recorded while increasing the concentration of 

Clĭ in the electrolyte (V d = + 0.05 V). e) Linear trend of the device current with  the logarithm 

of concentration. f) quantitative comparison between the two - and three-terminal devices. 
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3.3.2 Silver/ silver chloride nanoparticles  

The device simplification from three - to two - terminal is possible due to the presence 

of silver  or silver chloride material , in the form of nanoparticles, onto the semiconducting 

channel. The fabrication procedure, as well as the physical and chemical properties of the 

nanostructured material utilised to produce  the textile thread sensors are outlined below . 

 

 Fabrication procedure  

The conductive polymer PEDOT:PSS Clevios PH1000 is mixed with ethylene glycol, 

dodecylbenzenesulfonic acid, and 3-glycidyloxpropyltrimethoxysilane in the following 

volumetric ratio 78.95:20:0.05:1. The solution is then spin-coated onto a glass substrate 

patterned with chromium/gold contacts  for the electric contacts to realise the conductive 

channel of the device. Ag/AgCl NPs are prepared by electrodeposition  using a three-

electrode cell (working electrode: PEDOT:PSS channel, reference electrode: saturated 

calomel electrode, counter electrode: Pt wire). The deposition procedure inv olves two 

consecutive steps as reported in Figure 3.4.a. In the first step, the Silver particles are 

deposited by applying a potential of -0.2V for 30 s while the sample is immersed in a 0.1 M 

AgNO3 solution. After washing the electrode with distilled water, the second step takes 

place when immersing the channel in a solution of 1M KCl for 30 s applying a potential of 

+0.6V. This second step allows the formation of an external shell of AgCl onto the already 

present silver particles. 

 

 Characterisation  

A uniform coverage with particles with a  diameter of (300 ± 8) nm and a density of 

7.5 particles µm-1 is obtained on the surface of the conductive channel of PEDOT:PSS. The 

SEM image in Figure 3.4.b shows the particles do not form a continuous layer that can 

effectively carry charge, thus the electrical properties of the composite material are mostly 

attributed to the conductive polymer layer. Additionally , a characterisation with Atomic 

Force Microscopy (AFM ) in Scanning Kelvin-Probe Mode (SKPM) permits the electronic 

structure of the material  to be shown. SKPM allows the measurement of the local surface 

potential. For all conducting materials,  conductive polymer and , in this case, NPs, variatio ns 

of surface potential are correlated with variations of the work function (WF). Using a gold 

substrate with a work function of 5.1 eV  as a reference, Figure 3.4.c shows a WF map for a 

particle deposited on a PEDOT:PSS film with the corresponding AFM imag e (Figure 3.4.d). 

The surrounding conductive polymer has a work function of 5.05, in agreement with the 

values reported in the literature for PEDOT:PSS PH1000.446  
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Figure 3.4: a) Two consecutive steps for the deposition of Silver/Silver Chlorid e 

nanoparticles. b) SEM image of PEDOT:PSS modified with Ag/AgCl NPs. c) KPFM and d) 

AFM image of a single Ag/AgCl NP.  

 

Two main phases are observed on the NPs: one in the centre of the particle and one 

in the boundaries. The red colour on the edge of the particle indicates a WF of 5.5 eV, which 

is higher than that of PEDOT:PSS, and is associated with the presence of AgCl.447 Inside the 

particle, however, the blue and white colouring indicates that the WF reaches values below 

the level of PEDOT:PSS ascribed to the presence of metallic silver in the centre.  It is 

responsible for the electrostatic attraction with the tip of the AFM; the obtained v alues 

between 4.7 eV and 4.8 eV are characteristic of elementary  silver.448 It is concluded that the 

electrodeposited NPs are formed by a central silver zone and a porous outer layer of AgCl. 

However, the different constituents of the composite materia l (e.g., conductive polymer and 

particles) are in direct electrical contact and on single Fermi level for the whole material  to 

be considered. 

 

 OECT as pH sensor 
 

The non-invasive and real-time measurement of the pH of biofluids , such as human 

sweat, is attracting much interest449,450 given its close connection with physiological 

conditions , such as dehydration or alkolosis.125,451 Many sensitive wearable platforms able 



3.4  OECT as pH sensor  

102 
 

to measure pH have been reported, but most are based on colorimetric determination by pH 

indicators 452or potentiometric transduction by electropolymerized polyaniline  (PANi) .453 

The biggest limitation of these optical systems is related to the complex and bulky readout 

electronics required while the potentiometric -based systems have a sensitivity limited to the 

ideal Nerst value of 59 mV pH unit -1, as well as needing a reference electrode. In this 

scenario, OECTs represent a three-terminal device that shows favorable characteristics to 

overcome the above limitations. Typically, the gate contact is metallic and the channel is 

made of a thin layer of conductive polymer, especially PED OT:PSS. Due to the ability of 

PEDOT:PSS to transduce ions into electrons, OECTs operate in aqueous environments and 

are able to convert biochemical to electronic signals with particular ly  high sensitivity.  In this 

thesis, it is reported that the working pr inciple and the performance of a flexible pH sensors 

for human sweat based on a PEDOT:dye composite is able to transduce the pH solution in 

an electronic signal. Before this new technology is applied in textile sensors, the 

electrochemical performance of the dye-based pH sensitive material and the high sensitivity 

in an organic electrochemical transistor configuration will be described.  

3.4.1 OECT with PEDOT:BTB -modified gate  

The pH sensitive material here used is based on an idea proposed by Balamurugan 

et al.,346 and exploits the dye Bromothymol Blue as a PEDOT conterions, bonded via 

electrosynthesis.  

 

 Electrochemical characterisation of PEDOT:BTB as pH sensing material  

Using a polymerisation solution made of 10 mM EDOT monomers, 1 mM BTB, and 

1 mM PBS in 0.1 KNO3 acquos solution, reported by Gualandi et al.,347 a glassy carbon 

electrode (GCE) is covered by a blue iridescent film of PEDOT:BTB by a three-electrode 

electrodeposition. The material response to pH was studied performing voltammograms 

(scanning velocity of 10 mV s-1) of GCE electrode covered with PEDOT:BTB in buffer 

solution with different pH. Figure 3.5.a shows the couples of well-defined reversible peaks 

in a large pH range, with a shift of the peak potential (E p) toward less anodic values when 

the pH of the electrolyte solution increases. The electrochemical characteristics of the pH-

sensitive film were evaluated by taking the values of the peaks (Ep) in the forward and 

reverse cycles, and plotting these values as a function of the pH of the electrolyte solution, 

thus obtaining a linear relationship. The direct sen sitivity for the PEDOT:BTB film on GCE 

is (48 ± 2) mV pH -1 and the inverse sensitivity is (62 ± 2) mV pH -1. With this result , the 

PEDOT:dye compound can convert a chemical signal such as pH into an electrical signal 

due to the formation of pH -dependent electron states within the conductive polymer when 

the BTB is used as a counterion (See paragraph 2.2.3 - Material and Methods).  
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 OECT pH -sensor: working principle  

Exploit ing this feature, an OECT with an output signal dependent on the solution's 

pH level is reported for the first time. The device operates without requiring a reference 

electrode, and utilises a metal gate electrode coated with PEDOT:BTB and a conductive 

channel of PEDOT:PSS (Figure 3.5.b). Figure 3.5.c shows the electrochemical process 

underly ing the device's operation as a pH sensor. M+ represents cations from the electrolyte 

solution generated by the gating effect. The acid-base balance of the BTB directly influences 

the doping level of the PEDOT at the gate electrode. Consequently, balance takes part in the 

doping/dedoping process that occurs at the PEDOT:PSS channel when cations are 

injected/extracted from the  electrolyte under the gate action. Specifically, the 

protonation/ deprotonation of the BTB counterion impacts the electrochemical potential , 

and thus the PEDOT capacitance at the gate resulting in the pH -dependent modulation of 

the current (Id) in the channel. The ion circuit in Figure 3.5.d outlines the electrolyte solution 

resistance (Rs), the channel resistance (Rch) and capacitance (Cch), and the gate capacitance 

(Cg). 

Figure 3.5: a) pH response of the synthesized materials. CV of PEDOT:BTB film on GCEs 

recorded at 10 mV sĭ1 in different pH buffers. b) Cartoon of the resulting device after gate 

functionalization with the pH sensitive materials. Drain, source, and gate gold contacts are 

opportunely insulated with PDMS to define the active areas. The inset shows the 

topography maps obtained by AFM imaging for gate electrodes modified with 10 

deposition cycles PEDOT:BTB films. c) Electrochemical processes that rule the OECT 

working as pH sensor. d) Equivalent circuit of the OECT.  
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 OECT pH -sensor: fabrication  

The OECTs fabricated present planar U-patterned channels, with the gate electrode 

in the middle. The electrical  contacts are made wit h thin strips  of thermal -evaporated 

chromium/gold  (50 nm). The channel (800 nm thickness) is made by spin-coating a 

PEDOT:PSS based solution with EG as second dopant, (3-

glycidyloxypropyl)trimethoxysilane  (GOPS) as cross linker and dodecylbenzenesulfonic 

(DBSA) as surfactant. The electrochemical transduction in the OECT is achieved by coating 

the gold gate electrode with PEDOT:BTB film by potentiodynamic electrodeposition 

varying the potential between 0  V and 1 V for 10 deposition cycles.  The inset in Figure 3.5.b 

shows the AFM image of the PEDOT:BTB layer on the gate electrode. The presence of 

discrete particles with large, uniform distributed domains, and the well -defined globular 

grains are common features for electrodeposited PEDOT.454  

 

 OECT pH -sensor: characterisation and results  

The OECT can operate with a two-fold transducti on process that is potentiodynamic 

and potentiostatic; both showing super -Nerstian sensitivity and rubustness. The 

potentiodynamic approach involves the application of  a constant drain potential of -0.3 V 

while the gate potential i s varied from -0.5 to +0.6 V. Figure 3.6.a shows the concept of a 

potentiodynamic measurement. I g-Vg curves are acquired by immersing the device in buffer 

solutions with different pH.  

Figure 3.6: a) Scheme of the potentiodynamic approach. b) IgĭVg and c) transfer curves in 

different pH buffers. V g scanned from ĭ0.5 to +0.6 V at 10 mV sĭ1; Vd = ĭ0.3 V. 

 

The curves in Figure 3.6.b show well-defined and reversible peaks, similar to the Ep 

peaks in cyclovoltammetry, which follow a linear trend as the pH changes. In this case, the 

signal peaks, expressed by Vg, shift toward cathodic values as the pH value of the buffer 

solution increases, from pH 1 to 9. Simultaenously, the negatively biased channel current is 

modulated by the action of the gate, which is sensitive to the pH of the buffer solution. 
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Depending on the pH value, increasing from acidic to basic, an upward shift in the transfer 

curves occurs, showing inflection points that gradually move towa rd smaller values of V g 

(see Figure 3.6.c). Due to the definition of the transconductance gm (= ȃId/ȃVg), these 

inflection points have the same abscissa of the maximum values in the plot gm versus Vg. 

The gm maximum peak potential is chosen as the analytical signal.  

The positions of the transconductance curves' peaks are therefore expressed by the 

corresponding potential values V g, and linearly depend on the pH solution (Figure 3.7.a). 

The peaks shift toward cathodic values as the acidity of the solution increases. A sensitivity 

equal to (93 ± 8) mV pH-1 is extracted from three different OECT pH sensors, each randomly 

immersed in different buffer solutions. The super -Nerstian behaviour is shown in Figure 

3.7.b (highlighted in red) and is compared with the grey shadow representing the ideal slope 

of 59 mV pH -1.  

 

With the aim of monitoring pH changes in real time, the OECT is tested 

potentiostatically by changing the pH value of the solution in which it is immersed. 

Constant potentials of -0.2V and -0.1 V are applied to the channel and gate, respectively, 

according to the scheme shown in Figure 3.8.a. The gate and channel currents as a function 

of time are shown in Figure 3.8.b. Increasing the pH of the solution leads the device to a new 

steady-state current situation in which the Ig, increasing its value, causes modulation of the 

step-like current in the channel.  

Figure 3.7: a) Transconductance calculated from the backward scan of Figure 3.6.b versus 

Vg. b) Transconductance peak potential versus pH for three devices tested three times. 

Error bars indicate th e standard deviation. The dark shadow represents the Nernstian slope 

ĭ59 mV pHĭ1 for comparison.  
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The normalised current (1-I/I max), which aids in the comparison of different devices, 

is linearly correlated to the pH solution where the average sensitiv ity is (14.8 ±  0.5) pH-1 

(Figure 3.8.c). To compare this result with that obtained in the potentiodynamic mode, the 

Vg offset value is used as the analytical signal. This parameter, introduced for the first time by 

Bernards et al.,444 appears in the general expression of effective gate potential, V gEff=Vg +Vg 

offset.  

 The Vg offset represents the gate voltage that is effectively acting on the transistor 

channel when charge-transfer reactions driven by the presence of a redox-active species alter 

the chemical potential equilibrium between the gate electrode and the electrolyte solution. 

This potential shift V g offset is strictly linked to the electrochemical potential expressed by the 

Nernst equation. Based on this, it is linearly correlated to the logarithm of analyte 

concentration and used as the analytical signal (Figure 3.8.d). Expressing the OECT response 

by the Vg offset dependency to pH, the devices show a super-Nerstian sensitivity of (1.1 ± 0.3) 

103 mVpH -1. 

Figure 3.8: a) Scheme of the potentiostatic approach. b) Idĭt and I gĭt (inset) curves recorded 

for equimolar  additions of KOH to universal buffer under stirring. Vd = ĭ0.2 V, Vg = ĭ0.1 

V. c) Normalized current response versus pH. d) Offset gate potential of the  transistor 

versus pH in the linearity range. The dark  shadow represents the Nernstian slope ĭ59 mV 

pH unit ĭ1 for comparison.  
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3.4.2 From three- to two -terminal config uration  

The OECT with the modified and electrochemically active PEDOT:BTB electrode is 

an excellent example of a potable pH sensor in an aqueous environment, such as body fluids. 

This configuration allows the avoidance of a reference electrode and the exploitation of the 

amplification effect of a transistor configuration achieving a super -Nerstian sensitivity. The 

further conceptual step presented in this paragraph opens the way to develop a cost-

effective and highly sensitive wearable pH sensor with a simp le two-terminal configuration. 

An electrochemically gated pH sensor is presented with a simple, two -terminal 

configuration, comprising a charge transport layer of PEDOT:PSS and a pH-sensitive layer 

based on the Nerstian transducer PEDOT:BTB. The simple geometry of this device will 

allow the fabrication of pH sensors on a textile single-thread for wearable application and 

monitoring of human biofluids.    

The potentiometric response of the electrodeposited PEDOT:BTB layer on GCE 

electrode highlights that th e transduction mechanism originating the pH sensitivity of 

PEDOT:BTB relies on spontaneous redox events. The inset of Figure 3.9.a shows the 

schematic of the potentiometric measure. This is a fundamental feature for the chemically-

sensitive layer of an electrochemically gated device. The step-like trend of the open circuit 

potential in Figure 3.9.a (measured with respect to a reference electrode) indicates an 

electromotive force's generation at the solid/liquid interface, which endows the 

PEDOT:BTB with pH transduction capability.  A pH value  between 2 and 7 leads to a 

sensitivity of (8.3 ± 0.2) 10-3 pH -1, which can be expressed in terms of potential as 62 mV pH-

1 based on the previous result (section 3.4.1.4).  

Figure 3.9: a) Potentiometric experimental setup used to record the electrochemical 

potential vs time of  PEDOT:BTB/GCE during the addition of 1 M KOH to a Universal Buffer 

solution and calibration plot obtained from the potentiometric response (R 2 0.997). b) 

Schematic illustrations of  the two -terminal sensor. Current vs. time response to pH 

variations in U.B. following base additions recorded with a sensor obtained by 10 cycles of 

deposition of PEDOT:BTB. Vapp=ĭ200 mV. 



3.4  OECT as pH sensor  

108 
 

The electrochemical potential is linearly correlated with the pH solution (inset Fig ure 

3.9.a). With this feature, the pH -susceptible electromotive force generated at the 

PEDOT:BTB/electrolyte interface acts as a spontaneous electrochemical gating on a 

semiconducting channel. In order to remove the gate electrode, significantly simplifyin g the 

architecture, the PEDOT:BTB is electrochemically deposited directly on top of a spin-coated 

PEDOT:PSS film achieving a two-terminal configuration ( inset Figure 3.9.b). The device 

response upon KOH additions, which increases the pH value, is reported in Figure 3.9.b, 

showing the stepwise decrease of the current until a steady-state value is reached.  

In order to investigate and understand the mechanism responsible for the two -

terminal sensor response, a third electrode is evaporated onto the PEDOT:BTB, achieving a 

geometrical configuration similar to one proposed by Wringtonh et al., 424,455,456 for the first 

OECT example, in which the gate electrode directly touched the channel (Figure 3.10.a). The 

third electrode is exploited both as an indicator electrode to measure the electrochemical 

potential of the pH -sensing film (PEDOT:BTB) and as a gate electrode that modulates the 

conductivity of the organic film in a transistor -like device. Both uses describe the 

transduction mechanism responsible for the transduction of the two -terminal devices. In the 

first case, the channel is connected to a source meter to apply a fixed potential and measure 

the current I, while the third top -electrode is connected to a voltmeter to measure the 

electrochemical potential E with respect to a SCE reference. The simultaneously measured 

values of I and E upon reversible variation of the electrolyte pH  are reported in Figure 3.10.b. 

Following  the previous results on the electrochemical potential and the current sensors, both 

E and |I| decrease as the pH value increa ses.  

Figure 3.10: a) Schematic illustrations of the sensor with an additional gold track making 

contact with the sensing layer and the experimental setup used to study the sensing 

mechanism. b) Simultaneous recording of electrochemical potential and current up on 

variations in the pH of theelectrolyte solution. V app=ĭ200 mV. 
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It is possible to explain this mutual effect taking into account the scheme in Figure 

3.11.a, which shows the interface between the pH-sensing layer and the carrier transport 

layer. Due to their electrical contact, the two organic layers reach an equilibrium state where 

their Fermi l evels are aligned. The Nerstian dependency of the electrochemical potential at 

the PEDOT:BTB/electrolyte with the pH can be acquired with respect to the referen ce 

electrode, which presents a stable and defined potential of the vacuum level. Therefore, 

when the pH value of the electrolyte solution is changes, a potential difference is generated 

at the PEDOT:BTB/PEDOT:PSS interface acting as an electromotive force. Thus, to recover 

the equilibrium state at the interface between the organic films, the Fermi level of 

PEDOT:PSS film must shift (Figure 3.11.b). In summary , the spontaneous electrochemically-

driven gating effect can regulate the concentration of charge carriers state in the PEDOT:PSS, 

and thus is directly related to the current dependence on the pH value in the two -terminal  

sensor. 

Figure 3.11: a) Schematic illustration of the proposed sensing mechanism. b) Qualitative 

energy diagram illustrating the Fermi  level shift due to pH variations. E F = Fermi level of 

PEDOT in the polymeric films; E F,SCE = Fermi level of the reference electrode; q = electron 

charge; qVSCE = reference electrode energy level; E = potential difference measured between 

the reference electrode and the PEDOT:BTB layer, which is a function of the electrolyte pH. 

c) Modulation of the current flowing in a two -terminal device upon application of a 

triangular potential waveform to the additional gold track evaporated on top of the 

PEDOT:BTB layer. U. B. pH 2; scan rate 10 mV s-1. Vapp = -200 mV. Inset: magnification of 

the linear region of the transfer characteristics (R2 = 0.997). d) Modulation of the current 

flowing in a two -terminal device upon spontaneous electrochemical gating generated by 

pH changes in U. B. due to 1 M KOH additions. V app = -200 mV. (R2 = 0.992).  
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In the second case, the third gold electrode can be directly connected to a potentiostat 

in order to characterise the transistor-like device. Figure 3.11.c reports the modula tion  of the 

current flowing in the  two -terminal device  (Vapp = -0.2 V) upon the application of a 

triangular potential waveform  (scan rate 10 mV s-1)  to the third gold track , where the E 

value acts as a gate potential. The electrolyte is an universal buffer so lution with pH 2 .  

The transfer characteristic reported in Figure 3.11.c highlights the typical transistor 

behaviour of devices with the same geometry.455,457 To evaluate the current induced by the 

external source of potential, the transconductance Ὣ ‬Ὅ‬Ὁϳ  is calculated and reports a 

value of (1.96 ± 0.02) mS. A similar value for gm (= 2.23 ± 0.09 mS) is also obtained for the 

two -terminal sensor extracted from the graph in Figure 3.11.d. When a constant potential of 

-0.2 V is applied, the flowing current and the electrochemical potential are acquired upon 

variation of the pH solution. These  similar results prove that the PEDOT:BTB layer is the 

source of a natural electrochemical gating able to modulate the conductivity of the 

PEDOT:PSS layer in response to an electrochemical reaction involv ing pH, in analogy with 

the gate element in an OECT.  

 

 Textile single -thread sensors 
 

The innovative sensors reported in the previous paragraphs are based on the 

biocompatible, soft, and flexible semicondu cting polymer PEDOT:PSS (poly(3,4-

wthylenedioxythiophene):poly(styrene sulfonate)) endowed with specific sensing features 

provided by the functionalisation of silver/silver chloride (Ag/AgCl) nanoparticles and 

bromothymol blue (BTB) dye for Cl - concentration and pH detection, respectively. This is a 

progression in the conceptualisation of two -terminal devices for wearable applications 

utilising textile single-thread sensors to monitor human sweat parameters. The textile 

nature of the substrate allows the sensors to be directly integrated with sewing procedures 

in cloths, garments, or accessories. Three different types of textile threadsñcotton, 

polyester, and silkñare considered to further evaluate possible influences by the material 

substrated in the sensors' performance. Based on current industry knowledge, the Clĭ thread 

sensor reported here is the first example of a selective and fully-textile thread device 

operating without a reference electrode to monitor Cl - concentration. In addition, the two -

terminal pH and Cl - sensors are integrated into an array of multipl e textile sensors able to 

simultaneously operate in real -time, exploiting sensing capability in a sweat environment.  
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3.5.1 Fabrication of textile single -thread sensors 

 Chemicals 

CLEVIOS PH 1000 suspension (PEDOT:PSS) is purchased from Haraeus. (3-

glycidyloxyprop yl)trimethoxysilane (GOPS), silver nitrate (AgNO 3), potassium nitrate 

(KNO 3), phosphate bufered saline (PBS), potassium hydroxide (KOH), boric acid (H3BO3), 

acetic acid (CH COOH), 85% phosphoric acid (H3PO4), sodium dihydrogen phosphate 

(NaH 2PO4), sodium chloride (NaCl), L -histidine, potassium chloride (KCl), 3,4 -

ethylenedioxythiophene (EDOT) and bromothymol blue (BTB) are purchased from Sigma -

Aldrich. Ethylene glycol (EG) a nd polyethylene glycol (PEG) are obtained from Carlo Erba. 

All chemicals were of reagent grade. The Universal Buffer solution is prepared with 0.01  M 

H 3BO3, 0.01 M H 3PO4, and 0.01 M CH 3COOH in 0.1 M KNO 3. The artificial  sweat 

formulation (ISO pH 5.5) is ma de up of 0.05% w/v L -histidine, 0.22% w/v NaH 2PO4, and 

0.5% w/v NaCl in distilled water.  

 

 From pristine yarns to sensing textile threads  

This paragraph reports the procedure to turn ordinary textile yarns into a two -

terminal sensor. The first step is to convert the yarns into conductive textile threads. A 

conductive solution is prepared mixing CLEVIOS PH1000 suspension, ethylene glycol 

(secondary dopant) 3-glycidyloxypropyltrimethoxysilane (cross linker) and polyethylene 

glycol in the volumetric ratio 77.1:13.8:0.9:8.2. After mixing in a sonicator the CLEVIOS 

PH1000 suspension, ethylene glycol (secondary dopant) and 3-

glycidyloxypropyltrimethoxysilna (cross linker) for 10  min, solid polyethylene glycol is 

inserted in the solution and stirred vigorously  for 20 min utes until completely dissolved.  

The resulting conductive ink i s warmed in an oven at 70° C aiming to increase the solution 

viscosity. Three different types of threads, both natura l (cotton: COT, silk: SILK) and 

synthetic (polyester: POL), are employed as substrates. In order to deposit the polymeric 

mixture, the yarns  are first washed with  distilled water and neutral soap. They are then 

immersed in the viscous solution and rolled around a stick with a constant velocity until the 

thread surface is evenly blue in color (characteristic color of PEDOT:PSS). The modif ied 

thread electrodes are dr ied completely in an oven before proceeding with the subsequent 

fabrication steps. The total amount of conductive polymer deposited on 2  cm long thread is 

approximat ely (0.5 ± 0.2) mg, varying slightly depending on the fibre .  

The second functionali sation process is aimed to create conductive textile thread s 

that are highly sensitive and selective towards the target bio -compound. Exploiting the 

transduction features reported in the previous paragraphs of this chapter, the chloride ion 

thread sensor is realised by electrochemically depositing Ag/AgCl nanoparticles using a 
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three-electrode cell unit (RE: SCE, and CE: Pt) and Metrohm Lab Potentiostat. Two 

consecutive phases compose the procedure: the Ag NPs is deposited dipping the conductive 

thread (2 cm long) in 0.1 M AgNO 3 solution and applying a potential of ĭ 0.2 V for 60 s. The 

device is rinsed in distilled water, dried , and then immersed in 1 M KCl where the Ag/AgCl 

composite particle is formed by applying a bias of+0.6  V for 60 s. 

The polymerisation solution  (PS) used to deposit PEDOT:BTB on conductive threads 

is prepared mixing 10 mM EDOT, 1 mM PBS with pH 7.0, and 1 mM of BTB in 0.1 M KNO 3 

aqueous solution and stirring for 20  minutes. The thread is immersed in 25 ml  of PS, and 

cyclic voltammetry is carried out, sweeping the potential from 0 to 1  V applied v s SCE with 

a scan rate of 0.1 Vs-1 for ten cycles. The samples/threads are then rinsed in DI water.  This 

easy and low-cost fabrication process offers high handling features, conductive behaviour 

and sensing capabili ty. Figure 3.12.a shows a schematic sketch of the fabrication and 

functionalisation procedure of the chloride ions and pH thread sensors.  

Figure 3.12: a) Schematic representation of the conductive thread before (top) and after 

(bottom) the electrochemical funtionalisation. b) A verage resistance value of the four 

different PEDOT:PSS coated yarns measured with a four probes set -up. 

3.5.2 Morphological and electrical c haracterisation  

The threads are purchased in a local market and due to their intrinsic textile nature 

can be sewed into a fabric with a standard sewing machine or an industrial textile system. 

Two bundles twisted together compose all of the threads. The electrical resistance of the 

conductive threads coated with the semiconducting solution based on PEDOT:PSS are 

measured for  all  the dif ferent fibres. The four-point probe s are placed one centimetre apart 

from each other and are connected to a SMU Keithely 2400. COT (pure cotton), POL 
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(polyester) and SILK (pure silk) threads have resistance values of (56 Ñ 9) Ýcm-1, (90 Ñ 10) Ý 

cm-1 and, (85 Ñ 7) Ý cm-1, respectively (see Figure 3.12.b). 

Scanning Electron Microscopy (SEM) images of the three yarns coated with the 

polymeric solution, before and after the electrochemical deposition step, have been acquired 

to study the material distribution. Figure 3.13 exhibits SEM images and Energy-Dispersive 

X-ray Spectroscopy (EDX) for the COT sample, while Figure 3.14 exhibits the SEM images 

for POL and SILK. The four coated yarns do not present substantial differences, and the 

semiconducting polymer PEDOT:PSS mainly covers the outside of the thread with an 

average thickness of (12 ± 2) µm, as highlighted from the cross-section images. This is further 

confirmed by EDX on cotton yarn that displays the presence of sulphur (distinctive mark 

for PEDOT:PSS) only in the outer shell of the thread (yellow), while carbon is present 

everywhere in the sample. 

Figure 3.13: SEM EDX images of cotton thread (COT) covered with PEDOT:PSS (left: 

yellow = sulphur group; blue = carbon), Ag/ AgCl NPs (middle: red = chloride; green = 

silver) and PEDOT:BTB (right:  orange = bromide). The images on bottom show the 

corresponding EDX analysis. 

 

The distribution of Ag/AgCl NPs is uniform onto the surface of the polymer -coated 

threads and presents various sizes ranging from 3 0 µm to 300 nm. EDX shows that Ag 

(green) and Cl (red) are present in the outer shell of the NPs, suggesting the AgCl 

aggregation. The PEDOT:BTB electrodeposition is not affected by the different nature of the 

yarn and only slight ly changes the fibers' surface, which  appears rougher than before the 
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electrodeposition. The EDX map shows that bromine (typical for BTB: C27H 28Br2O5S) is 

uniform ly present on the surface (orange), suggesting that PEDOT:PSS is covered by an 

almost continuous layer of PEDOT:BTB.  

3.5.3 Liquid sampling v olume independency  

As a first example to prove the sensing ability of a two -terminal textile thread as a 

sensor, a long-term measure is carried out, dipping the threads covered with Ag/AgCl NPs 

in 10 mL of 0.1 M KNO 3 under a gentle stirring. Figure 3.15.a shows the normalised current 

for the three different yarns. The [Cl -] changes upon adding an appropriate amount of 2  M 

KCl whereas the conductive threads are connected to the SMU that supply a constant 

potential of +0.1 V and measure the flowing current. All fibres are individually tested in a 

Clĭ concentration range from 0.1 mM to 120 mM to match the Clĭ content in human sweat 

(10ñ120 mM) 99,458. In all cases, a linear correlation between the normalised current variation 

(ǤI/I0) and the logarithm of [Cl ĭ] is found in the physiologically relevant range (Figure 

Figure 3.14: SEM images of the sensorized threads. Thread coated with PEDOT:PSS (left 

column), with electrodeposited Ag/AgCl NPs (middle column) and with PEDOT:BTB 

(right column). Each row corresponds to a different kind of yarn: P olyester (first)  and Silk 

(second). 



3.5  Textile single-thread sensors  

115 
 

3.15.b). All of the calibration plots are linear (R2>0.97) in agreement with a potentiometric -

like transduction described b y the Nernst equation. The current value recorded at the lowest 

concentration of 0.1 mM [Cl ĭ] represents the I0. The points are reported without vertical 

error bars since the relative error is less than 1%. Figure 3.15.c shows the sensitivity values 

calculated with the least square methods with the associated statistical error. This first 

characterisation proves the robustness and the reliability of the two -terminal sensors over a 

wide concentration range and, simultaneously, the reliability of the characte risation 

method.  

 

Figure 3.15: Current signal acquired with a  source meter for the different yarns immersed in 

10 mL of 0.1 M KNO3: (a) I/I 0(t) and (b) normalized current  (I0 ˵ I)/I 0 vs the logarithm of 

Cl˵ concentration from 0.1 mM to 100 mM of chloride concentration range.  The potential 

applied to the two -terminal textile device is 0.1 V. The linear fit is performed in the 

physiological  relevant concentration range for human sweat, that is between 10 and 100 mM. 

The sensitivities reported in  table (c) are calculated in the same operational range. 

 

The reliability and repeatability of the textile sensor in a different volume is assessed 

by characterising the  Cl- ions sensors when dipped in a different amount of 0.1  M KNO 3. 

Figure 3.16.a shows the response of COT thread after successive increments of [Cl-] and 

reports a perfect superposition of the normalised currents, even increasing the total volume 

of the solution. Figures 3.16.b-c report the complete agreement of the sensitivities, the 

robustness, and the high repeatability of the measure.  
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Figure 3.16: Effect of the volume in the sensor response for COT thread. a) I/I 0(t) and b) 

normalized current (I 0 ˵ I)/I 0 vs the logari thm of Cl ˵ concentration from 1 to  115 mM of 

chloride concentration range. Three different solution volumes are presented: 10 mL, 50 

mL and  100 mL. The linear fit is performed in the physiologically relevant conce ntration 

range for human sweat. The sensitivities at different volumes of a COT yarn sensor are 

shown in table c). 

3.5.4 Single thread detection in u niversal buffer  

In order to quantitatively assess and compare the performance of single thread 

sensors in the detection of Clĭ concentration and pH, the tw o textile sensors are separately 

evaluated in 10 mL of Universal Bu ffer (UB). The UB solution allows stabilisation of  the pH 

values to obtain a well -controlled variation upon the addition of an acid or base.  The 

potential values used for the characterisation of the sensors in UB will be used overall in the 

following work presented.  

 

 Textile Cl - sensors 

The two-terminal Cl ĭ sensor operates with a bias of +0.1 V, while the chloride ion 

concentration is varied in the physiologically relevant range of human sweat using 2  M KCl 

solution. The UB has been prepared with an initial [Cl -] of 0.1 mM. The current acquired in 

this condition (I 0) is used as a normalising value for the current signal. Figures 3.17.a,b, and 

c show the current flowing through cotton, polyester, and silk thread functionalised with 

Ag/AgCl NPs, respectively, as a function of time. The arrows highlight the inc reasing 

variation of Cl ĭ concentration. 
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Figure 3.17: Current vs time plots recorde d in 10 mL of Universal buffer for  Cl˵ sensor 

based on a) COT, b) POL and c) SILK. The applied potential is 0.1 V. d) Linear response 

of the normalized current variation versus the (c)  logarithm of chloride  ion concentration . 

Each thread is characterized separately. The error bars are omitted since the relative error 

is less than 1%. 

 

Figure 3.17.d shows the normalised calibration curve that follows a linear trend with 

the logarithm of Cl - concentration in the 10 mM -115 mM range. The sensitivity values are 

represented by the slope of the linear fitting curve and assume the value of (82 ± 5) 10-3 dec-

1, (94 ± 5) 10-3 dec-1 and (86 ± 5) 10-3 dec-1 for COT, POL and SILK, respectively. This highlight s 

the accuracy and the comparable behaviour of the sensors despite the thread type. The 

average response time (assessed as the time required to reach 90% of the final signal) is equal 

to (19±6) s for a 115 mM chloride addition. Moreover, POL and COT based sensors show 

the highest and lowest sensitivities, respectively. Repeatability and reproducibility are 

fundamental features for reliable sensors and are evaluated in chloride detection, using COT 

and POL threads as examples. Figure 3.18.a shows the repeatability study carried out using 

one cotton thread to measure [Cl-]. In this study, the same thread is used to perform three 

consecutive experiments, giving almost superimposable responses with the same 

sensitivities. As far as the reproducibility, Figure 3. 18.b shows the results of experiments 

conducted over three different POL threads for [Cl ĭ] detection. The reproducibility is very 

high, as pointed out by the same trend presented by three different sensors. The calibration 
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plot confirms the reliability of the fabrication technique and the possibility to realise textile 

thread sensors with comparable responses.  

It is worth noting that Ag/AgCl is a well -known and widespread material approved 

for use on skin in various medical applications, such as ECG459 and EEG460 electrodes, and 

can be considered non-toxic461 in the framework of the final application of these sensors. 

Furthermore, according to the solubility equil ibrium of silver chloride in a water -based 

solution, the eventually released nanoparticles would not influence the Cl ĭ sensor signal.  

 

 Textile pH sensors  

The two -terminal  textile pH sensors operate at a bias of ĭ 0.2 V, while  the current 

value recorded at the initial pH 4.2 i s used to normalise the signal. The pH level is studied 

in the physiologically relevant range from 4 to 7, adding 1  M KOH to the bu ffered solution. 

Figures 3.19.a, b, and c show the current f lowin g through the  PEDOT:BTB functionalised 

cotton, polyester, and silk threads, respectively.The arrows indicate the variation, upon 

KOH additions, of pH level  of the UB solution. The sensitivity values are represented by the 

slope of the linear fitting curve and assume the value of (82 ± 5) 10-3 dec-1, (94 ± 5) 10-3 dec-1 

and (86 ± 5) 10-3 dec-1 for COT, POL and SILK, respectively. The calculated sensitivities of  

(7.8 ± 0.4) 10-3 pH -1, (21 ± 1) 10-3 dec-1 and (14 ± 1) 10-3 dec-1 for COT, POL and SILK, 

respectively, vary with the fibre substrate a nd are likely affected by the commercial yarns' 

chemical nature and surface treatment.  

  

Figure 3.18: a) Repeatability of COT fibre using the same Ag/AgCl NPs -

functionalized device  tested three consecutive times. b) Reproducibility of three 

different POL threads  samples functionalized with  Ag/AgCl NPs. All measurements 

are carried out in 10 mL of Universal buffer.    
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COT and POL sensing threads report the lowest and highest sensitivity, respectively, 

and are used as an example to prove the repeatability and reproducibility of the pH  sensors. 

Figure 3.20.a shows the repeatability study carried out using one cotton thread to measure 

pH level. The same cotton thread is characterised in three consecutive experiments, giving 

almost superimposable response with the same sensitivities. Regarding reproducibility, 

Figure 3.20.b shows the results of the experiments involving three different POL threads for 

pH detection. The perfect overlapping of the calibration curves points out the extreme 

reproducibility of the fabrication technique and the sensors' response.  

Finally, no chemical contamination between the functionalised textile -thread sensors 

and the overall solution that can affect the sensing of the target analytes has been observed. 

In order to avoid any possible contamination of the sam ple solution, the sensors are always 

thoroughly rinsed with  distilled water af ter the electrodeposition step. For the BTB-

functionali sed thread sensor, no colouration of the solution is observed after several 

measuring hours, thus confirming that the release of BTB dye is negligible, if present at all. 

Figure 3.19: Current vs time plots recorded in 10 mL of Universal buffer for pH sensor based 

on a) COT, b) POL and c) SILK. The sensor response is evaluated in the pH relevant range 

for human sweat between 4.5 and 7 pH level. The applied potential is - 0.2 V. Linear response 

of the normalized current variation versus the pH value.  
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 Comparison between cotton thread sensors  

In order to evaluate the possible effects of different thread structures and f ibre 

arrangement of the same material, a second cotton yarn, named COT2, has been 

investigated.  It results in a tighter thread with a Metric Count of 2/30 instead of 2/50. T he 

Metric Cotton Count represents an indirect measure of the linear density , with  the first 

number referring  to the number of strands plied together and the second number indicating 

how many hanks of 1000 metre lengths of a single ply of the yarn it would take to  weigh 

one kilogram . The dif ferent cotton threads have a dif ferent number of f ibres that compose 

the yarns. Even if the sensitivity to chloride is comparable for both COT and COT2  based 

sensors, COT shows a considerably lower sensitivity to p H than COT2. The reason may be 

found in the di fferent way  that PEDOT:PSS is adsorbed by the threads and fills the inter -

fibresõ spaces. COT thread presents higher conductivity (G  = 1/Resistance), while  COT2 

exhibits a pH sensor, the higher sensitivity (S). It is hypotesised that this behaviour  is related 

to the different linear densities of th e two threads. The reported Metric Count, a standard 

parameter to express the size of cotton yarns, can be expressed as a linear density with 

values of ȐL=33 g/km and ȐL=20 g/km for COT2 and COT, respectively. Assuming the 

same cross-section for every fibre and the same volumetric density for both yarns (both are 

made of the same material), COT presents fewer fibres than COT2. Figure 3.21.a reports the 

schematic and simplified representation. For this reason, a higher quantity of 

semiconducting polymer coats the COT thread without wetting the bulk of the yarn. 

Accordingly, a lower resistance is reported for COT than COT2, where a less amount of 

PEDOT:PSS is present only on the external surface. Ag/AgCl NPs (Figure 3.21.b) and 

PEDOT:BTB (Figure 3.21.c) functionalised the PEDOT:PSS-coated threads differently. 

Ag/AgCl Nanoparticles,  owing to the small diameter, are deposited onto almost all 

Figure 3.20: a) Repeatability of COT fibre using the same pH thread sensor tested three 

consecutive times. b) Reproducibility  of three different POL threads samples functionalized 

with PEDOT:BTB. All measurements are carried out in 10 mL of Universal Buffer.  
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PEDOT:PSS layer whereas the PEDOT:BTB, acting as a surface coverage,83 is not present on 

the polymeric material between the fibres, which remains in its pristine state. To summarise, 

the Ag/AgCl NPs functionalise all of the PEDOT:PSS present onto the yarns and the [Cl ĭ] 

sensors report closer sensitivities for the two kinds of cotton. The unfunctionalised 

PEDOT:PSS presents in the spaces among the separated fibres of COT thread, leading to 

halved sensitivities compared to the one reported by COT2 where all of the polyme ric layer 

is modified with PEDOT:BTB.  

 

 

Figure 3.21: Schematic view of the proposed COT and COT2 polymeric coating (a), 

Ag/AgCl nanoparticles (b), and PEDOT:BTB functionalization (c), with the consequent 

relative comparison of conductivity and sensitivity.  G and S represent the conductivity and 

the sensitivity, respectively.  
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3.5.5 Multi -thread detection in universal b uffer  

A further step in order to produce a textile platform with multiple  sensors is to assess 

the ability of the two -terminal [Clĭ] and pH sensors to work in parallel for simultaneous and 

selective data collection from the same analysed solution. Figure 3.22.a reports a schematic 

representation of the two textile -thread sensors sewn into a woven fabric to integrate them 

directly int o garments or accessories. Firstly, long-term stability has been assessed by 

recording the current response after [Cl -] and pH variation in UB for 30 minutes. The signal 

acquired for sensors realised with COT yarn is reported in Figure 3.22.b. Both textile sensors 

show a minimal drift in the current signal, highlighting the reliable long -term monitoring 

capability of [Cl ĭ] and pH. The selectivity, chemical interference, and eventual cross-talk 

effect are crucial properties for wearable sensors that have to process the simultaneous 

variation of different analytes or metabolites in the same medium.  

Figure 3.22: a) Schematic representation of working principle of  thread sensors able to 

simultaneously detect, without interferences, Cl- and pH level in sweat. b) Long -term 

stability of COT thread sensors for Cl - (black line) and pH level (blue line) . Selectivity tests: 

c) response after subsequent additions for two single COT thread sensors, and d) response 

of silk and polyester thread sensors. The Cl- sensors are reported in black, while the pH 

ones in blue. In the two measurements, the order of the additions i s exchanged to properly 

asses the lack of interference effects.  Both chloride concentration and pH value range are 

chosen in the psionically relevant range of human sweat (Cl - : 10 mM to 115 mM; pH from 

5 to 7) 




















































































































































































































































