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Abstract 
This thesis, written by Ingrid Öberg Månsson at KTH Royal Institute of Technology and 

entitled “Electroanalytical devices with fluidic control using textile materials and methods”, 

presents experimental studies on the development of textile based electronic devices and 

biosensors. One of the reasons why this is of interest is the growing demand for integrated 

smart products for wearable health monitoring or energy harvesting. To enable such products, 

new interdisciplinary fields arise combining traditional textile technology and electronics.  

Textile based devices have garnered much interest in recent years due to their innate ability to 

incorporate function directly into, for example, clothing or bandages by textile processes such 

as weaving, knitting or stitching. However, many modifications of yarns required for such 

applications are not available on an industrial scale. The major objective of this work has 

been to study how to achieve the performance necessary to create electronic textile devices 

by either coating yarns with conductive material or using commercially available conductive 

yarns that are functionalized to create sensing elements. 

Further, liquid transport within textile materials has been studied to be able to control the 

contact area between electrolyte and electrodes in electrochemical devices such as sensors 

and transistors. Yarns with specially designed cross-sections, traditionally used in sportswear 

to wick sweat away from the body and enhance evaporation, was used to transport electrolyte 

liquids to come in contact with yarn electrodes. The defined area of the junction where the 

fluidic yarn meets the conductive yarn was shown to increase stability of the measurements 

and the reproducibility between devices. 

The results presented in the two publications of this thesis as well as additional results 

presented in the thesis itself show the promising potential of using textile materials to 

integrate electronic and electrochemical functionality in our everyday life. This is shown by 

using basic textile materials and processing techniques to fabricate complex devices for 

various application areas such as sensors and diagnostics as well as electrical and energy 

harvesting components.  

Keywords: Textile, e-textiles, textile-based diagnostics, microfluidics, glucose sensing, 

sweat based diagnostics, wearable sensors, micro total analysis systems (μTAS), 

electrochemistry and organic electrochemical transistor (OECT) 

  



Sammanfattning 
Denna avhandling, skriven av Ingrid Öberg Månsson vid Kungliga Tekniska Högskolan och 

titulerad ”Elektroanalytiska sensorer med vätskekontroll integrerad genom användande av 

textila material och metoder”, presenterar experimentella studier inom utvecklingen av 

textilbaserade elektroniska komponenter och biosensorer. Detta är av intresse på grund av 

den ökade efterfrågan på integrerade smarta produkter som till exempel bärbara sensorer för 

hälsoövervakning eller för att samla upp och konvertera energi till elektricitet. För att 

möjliggöra denna typ av produkter föds nya interdisciplinära fält där traditionell 

textilteknologi och elektronik möts. 

Textilbaserade enheter har väckt stort intresse under de senaste åren på grund av den 

naturliga förmågan att integrera funktion i till exempel kläder eller förband genom textila 

tillverkningsprocesser som väveri, stickning eller sömnad. Många modifikationer hos garner 

som krävs för att möjliggöra sådana tillämpningar är dock inte tillgängliga i större skala. 

Därför har det huvudsakliga syftet med denna studie varit att undersöka hur man kan uppnå 

den prestanda som krävs för att tillverka elektroniska textila komponenter, antingen genom 

att belägga garner med elektroniskt ledande material eller genom att använda kommersiellt 

tillgängliga ledande garner som sedan modifieras kemiskt för att skapa sensorer. 

Utöver detta har vätsketransport inom textila material studerats för att kunna styra och 

kontrollera kontaktytan mellan elektrolyt och elektroder i elektrokemiska enheter så som 

sensorer och transistorer. Garner med speciella tvärsnitt, som traditionellt använts i 

sportkläder för att transportera svett bort från kroppen och underlätta avdunstning, har 

använts för att transportera elektrolytvätska till elektroder av garn. Den definierade 

kontaktytan där det vätsketransporterade garnet korsar elektrodgarnet har visats öka 

stabiliteten av mätningen och reproducerbarheten mellan mätenheter. 

Resultaten som presenteras i de två artiklar som denna avhandling bygger på samt i 

avhandlingen själv visar på lovande potential för användandet av textila material för att 

integrera elektronisk och elektrokemisk funktionalitet i våra vardagsliv. Detta har uppnåtts 

genom att använda grundläggande textila material och tillverkningsprocesser för att tillverka 

komplexa enheter för olika tillämpningsområden så som sensorer för diagnostik samt 

elektroniska komponenter. 

Nyckelord: Textil, e-textil, textil diagnostik, mikrofluidik, glukossensor, svettbaserad 

diagnostik, bärbara sensorer, elektrokemi och organiska elektrokemiska transistorer (OECT) 
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Introduction 
 

Miniaturized and integrated electronic devices are of increasing interest for various 

applications such as smart home appliances, sensor systems and wearable or point-of-care 

health monitoring. The lifetime of such electronic devices is expected to be short, leading to 

an extensive global buildup of electronic waste. Traditional electronics are typically produced 

using microfabrication technologies which often require complex and expensive machinery 

and uses scarce and, in some cases, toxic raw materials. How we use our natural resources 

and manage our waste needs to be carefully considered to secure a sustainable development 

for future generations. As a response to this, interdisciplinary fields have been established to 

develop new types of electronics which aim to meet the demands of tomorrow. 

In terms of biosensors for diagnostics and health monitoring, an alternative approach to 

traditional electronic devices has been the development of paper-based diagnostics, a topic 

which has gathered much interest in recent years. The advantages of such devices include low 

cost, material abundance and easier waste management. However, paper lacks in mechanical 

stability and wet stability which are important properties for wearable systems. Therefore, an 

interesting alternative is to develop diagnostic platforms on textiles. Like paper, textile 

materials are cheap and easy to mass-produce, but they can also be woven or knitted in 

various patterns to integrate and tailor the function. One of the key benefits of textile-based 

devices is the ability to use well established textile manufacturing processes to integrate the 

desired function directly into the structure of the fabric. The micron scale dimension of yarns 

enables production of microelectronic and microfluidic devices without the need for 

microfabrication technologies. 
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Background 
 

Textile materials 

Textile materials are defined according to fibre type, yarn structure and fabric architecture. 

Staple fibres are of discontinuous length and typically spun to form a yarn, filaments are of 

continuous length and used as monofilament yarns (e.g. fishing line) or multifilament yarns 

where several filaments are bundled or twisted together. If a high twist is added to the staple 

fibre or multifilament yarns to cope with the high strains of processing such as machine 

sewing, they are called sewing threads. Further, yarns can be arranged in various fabric 

architectures by weaving or knitting technologies.  

 

Unfortunately, there is no universal system for numbering yarn and several different 

definitions are still in use, originating from different eras and parts of the world. Briefly, we 

have the English cotton system (Ne), the continental metric system (Nm) and the deci-tex 

system (dtex). The first two defines the length of yarn required to reach a specific weight (in 

yards and pounds or meters and kilograms) and the third defines a weight in grams of 10 000 

meter of yarn. Further, the yarn number also indicates the amount of filaments in 

multifilament yarn as well as the number of plies that the yarn consists of.1 For example, the 

Au coated yarn used in this study has a yarn number of dtex125/f36/2 meaning that 10 000 

meters of the yarn correspond to 125 g and that it consist of two plies with 36 filaments in 

each. 

 

Multifilament yarns typically go through different types of post processing such as cutting the 

extruded filaments into shorter staple fibres before yarn spinning and texturizing processes to 

create bulkier yarns as well as entanglement for ensuring the integrity of the yarns.2 An 

example of such entanglement can be seen in the SEM image of a multifilament yarn 

(Coolmax® dtex78/f48/2) in Fig 1. 
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Figure 1. Entanglement of a multifilament polyethylene terephthalate (PET) yarn achieved 

by post processing of the extruded filaments. The scale bar is 200 μm. 

 

Textile microfluidics 

Yarns can wick fluids by two different actions: absorption and capillary rise. Cellulose based 

yarns absorb and wicks water due to its hydrophilic nature, i.e. due to an abundance of 

hydroxyl groups on the polymer chains.3 However, such yarns that are commercially 

available typically have oil or wax based residues on them from the manufacturing process. 

These residues block the hydrophilic groups on the polymer chains and make the yarns 

hydrophobic. Post treatment is thus required to break apart the hydrophobic residues before 

the yarns can be used for fluid transport.3-5 Synthetic yarns such as polyethylene terephthalate 

(PET) or polyamide (PA, Nylon) instead wick due to capillary rise, where gaps between or 

along the fibres or filaments act as capillary channels for liquid to travel along.6 

 

PET Coolmax® yarns contain filaments with specially designed cross-sections to enhance 

channel formation and thereby enhance the wicking ability of the yarn. Two basic examples 

of such cross-sections are the tetra channel and the hexa channel structures shown in Fig 2. 

As can be seen, the filaments are shaped like ribbons with two or three channels running 

along each side of the filament making a total of four (tetra) or six (hexa) channels running 

along each filament.  These yarns have originally been developed for the sportswear industry 

with the specific intention of wicking sweat away from the body surface for evaporation to 
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such sensors is reacting with an analyte of interest to produce an electrical signal which is 

proportional to the concentration of the analyte.11, 12 The typical set up for electrochemical 

sensors consists of a three electrode system including working, reference and counter 

electrodes which are connected to a potentiostat. Several techniques are used for sensing 

applications, broadly divided in potentiometric and amperometric techniques.11, 13 

Potentiometric sensors measures variations in potential whereas amperometric sensors 

measures variations in current. The change in current occur due to oxidation and reduction 

reactions of electroactive species. The electrochemical technique used in this study is cyclic 

voltammetry, a subclass to amperometry, where the current response is measured while 

applying various potential to the working electrode versus the reference electrode. The 

applied potential is scanned back and forth over a fixed range of potentials, which results in a 

graph showing oxidation and reduction peaks over several cycles, called a cyclic 

voltammogram. In order to use an electrochemical three electrode system for detection of a 

biological analyte, some kind of recognition element is required. Examples of such elements 

are enzymes, antibodies or nucleic acid probes.13 The purpose of these sensing elements is to 

selectively react with the analyte of interest and thereby produce a detectable signal.  

Some electrochemical detection on textiles has been reported previously. For example, 

Choudhary et al. have coated yarns using carbon and Ag/AgCl ink to create working, 

reference and counter electrodes which were then integrated in woven devices to realise 

sensing of glucose and haemoglobin in whole blood, their device is presented in Fig 3.14 

 

Figure 3. Woven electrochemical biosensor for detecting glucose and hemoglobin in whole 

blood. Image source: Choudhary et. al.14 
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potential to the gate electrode (Vg), de-doping of the source-drain channel occurs which 

results in reduced conductivity of the channel. Characterization of OECT performance is 

typically done by measuring IV characteristics, transfer curves and ON/OFF switching, 

examples of which can be seen in Fig 5. IV characteristics show how a step increase in Vg 

reduces the source-drain current response to a source-drain potential sweep, turning the 

channel off at potentials around 1 V. In the transfer curve, the Vg is swept from 0 V (device 

on) to positive potentials above 1 V to demonstrate the current drop response. Finally, the 

ON/OFF switching show the device performance when alternating between 0 V (device on) 

and the potential where the device is turned off.22, 23

 

Figure 5. Basic characterization of organic electrochemical transistor performance showing 

IV characteristics (a), transfer curve (b) and on/off switching (c). Image source: Müller et. 

al.23 
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Areas of applications where OECT technology is of interest include bioelectronics, logic 

circuits as well as computation and memory. Some examples of biomedical applications are 

devices for measuring cell activity and body signals as well as transducers for biosensors.20 It 

is suggested that by functionalising the gate electrode in this type of system it is possible to 

achieve high sensitivity sensors for various kinds of analytes. 24 

The first textile based OECT was demonstrated in the cross section of two monofilaments 

coated with PEDOT, by joining this cross-section with an electrolyte.25 Several other work on 

textile based OECTs have been published in the recent years.26 Zhang et. al. demonstrated 

two different configurations known as junction OECTs and parallel OECTs. In the junction 

configuration, two yarns cross each other from different directions (x,y) and are bridged by 

electrolyte at the junction whereas in the parallel configuration, the two yarns are instead 

positioned in parallel with a gap between them. The difficulties with all these configurations 

have been to define the respective areas in contact with electrolyte to optimize the 

performance. Their solution to this problem is to pattern yarns in parallel by stitching them 

into a hydrophobic substrate, so that the size of the stitches determines the size of the 

electrodes that will be in contact with the electrolyte.27 

Further, Yang et. al. developed a biosensor based on sensing in a junction OECT, they 

measured glucose by modifying the gate electrode with glucose oxidase and incorporated the 

electrodes in a weave and further in a diaper where they used artificial urine as electrolyte. 

They state that when interaction occur with the analyte of interest, a potential drop occur at 

the electric double layer of the electrode and thereby a change in the effective gate voltage 

which can be detected as a change in signal. 
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Materials and methods 
 

Yarns 

The non-conductive yarns that have been used throughout this study can be divided into 

fluidic and non-fluidic. Three different fluidic yarns have been compared, all of them were 

PET Coolmax® yarns manufactured by Invista and their important physical properties are 

presented in Table 1. These yarns were used to create fluidic patterns in woven devices. To 

create a non-fluidic barrier network around the fluidic yarns, a PA monofilament with a 

diameter of 98 ± 4 μm from Gütermann was used, since this yarn do not wick liquids by 

either absorption or capillary actions. 

 

Table 1. Properties of the non-conductive yarns. 

Yarn type 

Yarn number 
Company 

No of 

filaments 

Diameter 

(μm) 

Twist 

(turns/cm) 

Max. wicking 

length  

(mm) 

Coolmax® 

dtex78/f48/2 
Invista 96 408 ± 42 - 62.8 ± 12.6 

Coolmax® 

dtex78/f48/4 
Invista 192 896 ± 29 - 84.0 ± 9.8 

Coolmax® 

Ne 24/2 
Invista staple 432 ± 68 5 (S) 23.6 ± 1.7 

Monofilament Gütermann 1 98 ± 4 - - 

 

In addition to the fluidic and non-fluidic yarns, a selection of commercially available 

conductive yarns was used. The different yarns and their properties are presented in Table 2. 
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Table 2. Properties of the conductive yarns. 

Yarn type 

Yarn number 
Company 

No of 

filaments 

Diameter 

(μm) 

Twist 

(turns/cm) 

Resistance 

(Ω/cm) 

Au 

dtex125/f36/2 
Swicofil 72 246 ± 20 5 (Z) 17.2 ± 3.3 

Ag 

dtex125/f36/2 
Swicofil 72 185 ± 19 5 (Z) 5.4 ± 0.02 

CNT 

dtex240/f48 
ElectroYarn 48 379 ± 26 - 1303.0 ± 231.4 

 

To realize textile OECT devices, PEDOT:PSS coated yarns provided by the Müller group at 

Chalmers University of Technology was used. PEDOT:PSS was coated on to regenerated 

cellulose yarns, spun according to the Ioncell process28, using their previously developed and 

published roll-to-roll dip dyeing method.29, 30 Different post-processing and amount of 

coating layers have been further investigated to optimize conductivity as well as stability 

upon laundering. One important aspect of all of the conductive yarns is that because they are 

multifilament yarns they will also transport fluids driven by capillary forces between the 

filaments.  

Chemicals 

For all measurements on OECT performance and electrochemical properties, phosphate-

buffered saline (PBS) was used. For characterization of yarn electrodes in solutions 

containing different redox couples, ruthenium hexamine chloride (RHC), potassium 

ferricyanide (FC) or methylene blue (MB) was dissolved in the PBS, all purchased from 

Sigma Aldrich. 

Functionalization of the Au coated yarns for glucose sensing was done using glucose oxidase 

(GOx), glucose, 6-mercaptohexan-1-ol (MCH), 6-mercaptohexanoic acid (MCHA), N-(3-

Dimethylaminopropyl)-N`-ethylenecarbodiimide (EDC) and N-hydroxysuccinimide (NHS) 

from Sigma Aldrich (Sweden).  

RHC and bovine serum albumin (BSA) from Sigma Aldrich was used together with 

synthethic ssDNA (Eurofins genomics) for nitrogen concentration analysis.  
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Red and green food colouring for demonstration of our fluidic devices were produced by Dr. 

Oetker (Purchased from a supermarket in Sweden) and used together with MB. 

Scanning electron microscopy (SEM) 

SEM characterization of the structures, surfaces and cross-sections of the yarns was done 

using a table top Hitachi TM-1000 using BSE detector and charge-up reduction mode, 

meaning that the non-conductive surfaces did not need any sputtered layer of conductive 

material. 

Characterization of fluidic properties 

The wicking behavior of the three fluidic Coolmax® yarns was measured using a simple test 

method for vertical wicking. Yarn cuts of 35 cm length were prepared and weights of 4.78 ± 

0.04 g were attached to one end of the samples. The other end was attached to a stand, 

placing the yarns hanging freely with some tension introduced by the weights. Two cm of the 

samples were immersed in Milli-Q water containing 1 g/l methylene blue dye and allowed to 

wick for 5 min. By placing a ruler behind the wicking yarn, it was possible to record video 

footage measuring how far the dye wicked up the yarn. Data points for the wicking distance 

were collected every ten seconds and plotted against time. Further, the sample loss over 

distance was measured for one of the Coolmax® yarns (dtex78/f48/2) using a nitrogen 

analyzer (ANTEK).  5 μl of solutions containing three different targets (BSA, RHC and 17-

mer ssDNA) was allowed to wick along the yarn which was then cut into 1 cm pieces. These 

yarn cuts were analyzed in the ANTEK where the nitrogen content was measured and plotted 

against wicking distance.  

Woven microfluidics 

All woven devices were made using a simple weaving apparatus as shown in Fig 6C, 

purchased from a local hobby shop (Slöjd-Detaljer), and a plain weave pattern meaning that 

the weft yarns crosses the warp yarns by going above and below them alternatively at each 

junction. Every additional weft yarn crosses the warp yarns in the opposite way of the 

previous one, creating a simple criss-cross pattern, see Fig 6A. In some devices, several yarns 

are bundled in parallel to create wider fluidic channels by creating floats in the weave 

patterns. Floats occur when a warp or weft yarn skip interfering with some of the opposing 

yarns and instead goes above or below them all, an example of this can be seen in Fig 6B. 
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Figure 6. Schematic illustrations of a plain weave showing warp in grey and weft in white 

(A) and an example of floats (square in B). The rightmost photo (C) is showing the weaving 

apparatus used for fabricating the devices of this study.  

 
To demonstrate woven microfluidic devices, red (carmine dye) and green (lutein and brilliant 

blue dyes) food colouring as well as methylene blue dye was used. All woven microfluidic 

devices were made using the PA monofilament as a hydrophobic network with integrated 

Coolmax® dtex78/f48/2 as fluidic channels.  

Characterization of electrical and electrochemical properties 

The resistance of the conductive yarns was measured per centimeter using a Keithley 4200A 

parameter analyzer. Characterization of the electrochemical behavior of Au and Ag coated 

yarn electrodes was done in solution containing 1 mM of the redox agent FC. First, Au coated 

yarn cut and patterned using nail varnish to 13 mm length was used as working electrode 

together with a standard Ag/AgCl reference electrode and a Pt counter electrode. Further, the 

counter electrode was replaced with a 26 mm Au coated yarn and the reference electrode was 

replaced with a 13 mm pseudo-reference Ag coated yarn. Cyclic voltammograms were 

recorded using an Autolab PGSTAT204N with MUX 16 module (Metrohm Autolab) using 

the accompanying NOVA 1.11 software package. 

Functionalization of textile electrodes 

To characterize the ability of forming self-assembled monolayers (SAMs) on the Au yarn 

electrodes, five yarn cuts were functionalized overnight in 1 mM MCH in ethanol and then 

rinsed in ethanol and PBS. The electrochemical performance was measured by cyclic 

voltammetry at 30 mV/s in FC (against Pt counter and Ag/AgCl reference electrode) before 

and after functionalization and the Randles-Sevcik equation was used to calculate the 
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electrochemical surface area (ECSA). From these calculations, the surface coverage of MCH 

was estimated.  

Three-electrode electrochemical devices fabrication and characterization 

Weaving was performed as previously described but with the addition of integrated 

conductive yarns as electrode systems. All yarn electrodes were added as weft inserts in a 

network of PA monofilament yarn. To avoid transport of fluids within the electrode yarns to 

the connectors, nail varnish was used to pattern fluidic barriers on the yarns before weaving. 

For the three-electrode system Au yarn was integrated as working electrode, Ag or Au yarn 

as pseudo-reference electrode and two Au yarns as counter electrode. A schematic illustration 

and a photo of such a device can be seen in Fig 7. First, a droplet of electrolyte was added on 

top of the woven devices, held in place by the non-fluidic monofilament network. Later, a 

fluidic channel consisting of three Coolmax® dtex78/f48/2 was integrated in the warp, 

perpendicular to the electrodes. 10 μl of electrolyte was added to the channel and allowed to 

wick and bridge the electrodes, completing the electrochemical cell. CVs were recorded at 30 

mV/s. 

 

Figure 7. Schematic illustration (A) and photo (B) of a woven three-electrode system with an 

integrated channel (vertical white yarn in the photo) for liquid transport. 

Organic electrochemical transistor fabrication and characterization 

Yarn based organic electrochemical transistor (OECT) devices were fabricated using two 

different setups. In the first one, yarns were attached to a plastic slide using tape, see Fig 8A 

and 8C. One strand of PEDOT:PSS coated yarn was used as a source-drain electrode and five 

strands of Ag coated yarn was used as gate electrode. The yarn electrodes were positioned in 
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parallel with a 2.5 mm gap between them. To prevent electrolyte from wicking along the yarn 

to the connections, nail varnish was used to create fluidic barriers leaving a 5 mm source-

drain channel to be in contact with the electrolyte. Silver paste from Sigma Aldrich was 

patterned onto the ends of the PEDOT:PSS coated yarns to improve the connection to the 

clamp. PBS was used as electrolyte, 40 μl was added to bridge the source-drain and gate 

electrodes. A Keithley 4200A parameter analyzer (Tektronix inc. UK) was used to record IV 

characteristics, transfer characteristics and ON/OFF switching for five individual devices. For 

the IV characteristics, the source-drain current response when sweeping the source-drain 

potential between 0 to -0.5 V while increasing the gate potential from 0 to 0.8 V in steps of 

0.1 V using a hold time of 30 s between every sweep, was recorded. The transfer 

characteristics were measured by sweeping the gate voltage from 0 to 0.8 V while recording 

the source-drain current and holding the source-drain potential at -0.5 V, with a hold time of 

15 s before each sweep. Finally, the ON/OFF switching was measured by recording the 

source-drain current at a fixed source-drain potential of -0.5 V while holding the gate voltage 

at 0 and 0.8 V respectively, one complete cycle being 40 s.  

In the second set up, the yarn source-drain and gate electrodes were integrated into a woven 

structure, see Fig 8B and 8D. To prevent electrolyte from wicking along the yarns to the 

connections, fluidic barriers were created before weaving by patterning nail varnish on the 

PEDOT:PSS and Au yarns respectively leaving a 5 mm gap on each yarn to be in contact 

with the electrolyte. Woven OECT devices were fabricated, positioning the gate and source-

drain channel in a parallel configuration (weft) with a two mm separation surrounded by a 

hydrophobic network of monofilament yarn. Perpendicular to the electrodes (warp), a 

wicking channel of Coolmax® dtex78/f48/2 was integrated to which 10 μl of PBS was added 

and allowed to wick across the device and bridge the source-drain channel and gate electrode. 

Using a Keithley 4200A parameter analyzer (Tektronix® inc., controlled with the 

accompanying “Clarius” software - Version 1.5) IV characteristics were recorded for three 

individual devices by sweeping the source-drain potential from 0 to -0.6 V and measuring the 

current response while increasing the gate potential from 0 V to +1.6 V. All applied voltages 

were measured vs. ground. 
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Figure 8. Yarn based organic electrochemical transistor schematics (A-B), photos of devices 

on a plastic slide (C) and integrated in a weave (D). 

Software for analysis 

All analysis was done using Origin 9.1 (OriginLab). 
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Results and discussion 
 

The two publications that this thesis is based on are different in that they are using different 

materials (metals/carbon based vs. conducting polymers) and focus on different applications 

(diagnostics vs. electronics). However, they are similar because they both aim to develop new 

interdisciplinary fields where electronics, electrochemistry and chemistry are combined by 

the common factor of using textile materials and processing methods. Note that some of the 

results and discussion in the chapter below are unpublished and possible future directions. 

Summary of the results reported in paper I  

Paper I reports results on developing new non-invasive micro total analysis systems (μTAS) 

for measuring glucose levels in human sweat, using off-the-shelf yarns that are used without 

any prior cleaning or polishing steps. This paper aims to show the wide range of possibilities 

that arise from using textiles, such as combining inherent microfluidic properties and flexible 

electrode materials. The basic idea here is to define different types of yarns as non-fluidic 

barriers, fluidic yarn, or conductive yarn (i.e. yarns that area capable of fluidic and electronic 

conductance). The architecture of the weave can then be used to create various fundamental 

structures to realize important fluidic functions such as microfluidic channels or fluidic 

mixers. The architecture of the weave also enables the integration of electrochemistry at the 

intersection of fluidic and conductive yarns. First, a selection of commercially available yarns 

was characterized to obtain important properties for their intended use. PET Coolmax® yarns 

to be used for fluidic transport were tested for their wicking properties as well as sample loss 

along the wicked distance. The results of the sample loss measurements showed that the three 

different targets all wicked the same distance and no constant loss of sample could be seen. 

However, a small spike was observed at the end of the wicking distance which was proposed 

to occur due to Marangoni effects concentrating the target at the solvent front. This was an 

interesting result for future development of textile sensors and should be considered both 

when positioning electrodes in relation to the fluidic transport channels and also when timing 

result readouts to not get misleading results. Further, conductive yarns were characterized in 

terms of their electrical and electrochemical properties. The Au coated yarn was found to be 

the most promising for the intended application and therefore used to study the formation of 

self-assembled monolayers (SAMs) and coverage. CVs using the three redox agents FC, 

RHC and MB were recorded for replicates of the yarn electrodes and the Randles-Sevcik 
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equation was used to calculate the active electrochemical surface area, showing a result of 

around 30 % coverage. After this basic study on yarn properties, a number of microfluidic 

devices were fabricated using a simple weaving loom. These devices were created as proof of 

concept for patterning various microfluidic functions such as joining, mixing and separating 

fluidic channels and can be used as inspiration when designing future textiles where fluidic 

control is desired. Finally, all of the previous steps were combined to develop an all textile 

woven sensor capable of detecting clinically relevant concentrations of glucose in artificial 

human sweat. Glucose oxidase was chemically bound to the Au yarn working electrode by 

EDC-NHS coupling. Solutions containing different glucose concentrations were added to the 

fluidic channels of the devices and allowed to wick over the electrodes. When the glucose 

oxidase oxidizes glucose to gluconolactone, hydrogen peroxide is produced as a byproduct 

which was measured electrochemically. The fact that a non-invasive sensor for measuring 

glucose in sweat has been integrated into the type of material that is already mass-produced 

and used closest to our bodies, is a promising step forward for the next generation of smart 

embedded technology. 

Summary and results of paper II 

Paper II instead focuses on the development of a conducting polymer coating on yarn 

substrates made from regenerated cellulose. Here, various processing parameters were 

evaluated using a previously developed roll-to-roll dip dyeing process followed by 

mechanical, electrical and optical characterization of the coated yarns. With the aim being to 

develop green e-textiles for everyday use, the coated yarns need to withstand regular textile 

laundering. Washing is normally a challenge for PEDOT:PSS since the polyelectrolyte PSS is 

water soluble. However, it was found that the addition of ethylene glycol to the dye bath 

enhances both the electrical properties and stability upon laundering since it makes the 

coating hydrophobic. Further, these yarns have been used to fabricate basic electrical 

elements including electrochemical transistors and thermoelectrical devices. OECTs were 

fabricated by positioning strands of the PEDOT:PSS coated yarn together with the 

commercially available Ag coated yarn (also used in paper I) onto plastic slides. The 

PEDOT:PSS yarn was used as the source-drain electrode and the Ag yarn as the gate 

electrode. By increasing the potential on the gate electrode, the PEDOT:PSS yarn was shown 

to successfully be turned off. ON/OFF switching demonstrated that the device could be 

switched ON and OFF for several cycles. Finally, a thermoelectric generator was fabricated 

using two types of PEDOT:PSS coated yarn where one also had silver nanowires added to the 
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coating. These two yarns were machine stitched to form a number of thermocouples. By 

connecting these thermocouples electrically in series and thermally in parallel, an energy 

harvesting textile was created using standard textile processing techniques. These results are 

very interesting and promising for the future of wearable energy harvesting where electrical 

energy could be converted from body movements, friction or body heat. 

Stitching wearable and flexible electroanalytical devices 

The results of these two papers could be further developed by combining them. Using the 

sewing technique used to fabricate the thermoelectric device in paper II, the device 

fabrication in paper I could be further elaborated to cover a wider range of application areas. 

Sewing diagnostic sensors instead of weaving them would be beneficial for wearable devices 

because they would be stretchable and thereby fit closer to the body (think about a tightly 

fitted sports t-shirt compared to a woven linen shirt). Close contact with the body surface is 

crucial for collecting the sweat necessary for analyte detection. Some initial tests were made 

to use the sewing technique to create a three-electrode electrochemical setup, a schematic 

illustration and photo of the device can be seen in Fig 9. Here, a zig-zag seam is used to 

machine stitch conductive yarns in a stretchable ribbing knit cotton fabric. After stitching, a 

transfer printing process was used to pattern wax onto the fabric to create a defined area for 

the addition of samples.  

  

Figure 9. Schematic illustration (left) of a yarn based three electrode electrochemical system 

stitched in stretchable fabric showing the working electrode (WE), reference electrode (REF) 

and counter electrode (CE) and a photo of the device being stretched out by hand (right). The 

black square represents the wax patterened fluidic barrier that maintains the sample (blue) 

within a defined area. 
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To test this device, 300 μl of MB was added to the wax patterned square and CVs were 

recorded while deforming the device. Examples of deformation states and the corresponding 

CVs can be seen in Fig 10. 

 

Figure 10. Cyclic voltammograms for stitched electrodes in different deformation modes. 

These results are promising in that they show the possibility of using machine sewing, which 

is a widespread and industrialized process, in combination with wax printing to integrate 

electrode systems in our everyday textile items and could be further elaborated within various 

fields of applications. 

Replacing traditional electrodes with yarn electrodes 

The possibility to use off-the shelf electrically active yarns shows great potential and should 

be further developed and analyzed. Investigating the electrochemical performance of yarn 

electrodes compared to other, more traditional electrodes was done by subsequently replacing 

traditional electrodes with yarn alternatives while running CVs in 1 mM FC. First, a yarn 

working electrode consisting of a 13 mm strand of Au coated yarn was tested together with a 

formal Ag/AgCl reference electrode and a Pt wire counter electrode (Fig 11A). Thereafter, 

the Pt counter electrode was replaced by a 26 mm strand of the same Au yarn and tested with 



20 
 

the formal reference electrode (Fig 11B). Lastly, the reference electrode was replaced by a 

strand of Ag coated yarn to be used as a pseudo reference (Fig 11C).  

 

Figure 11. Replacing traditional electrodes with yarn electrodes for electrochemistry. 

 

Representative CVs of these three systems as seen in Fig 12 look very similar and show clear 

peaks of the oxidation and reduction of FC, indicating that the all yarn set up works as well as 

when using traditional electrodes. Replacing the formal Ag/AgCl reference electrode with the 

Ag coated yarn resulted in a slight shift in potential. However, five replicates showed stability 

in potential making it safe to assume that the Ag coated yarn is reproducible to use for pseudo 

reference electrodes. 

 

Figure 12. Representative cyclic voltammograms of yarn electrodes replacing traditional 

electrodes in 1 mM ferricyanide in PBS solution. 
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OECT development  

The results presented in paper II covering OECT fabrication using yarn electrodes have been 

further developed by integrating the electrode system in woven devices similar to the ones in 

paper I. In paper II, the yarns were attached to a plastic slide using tape and electrolyte was 

added as a droplet on top of the yarns. Later, similar electrode systems have been integrated 

in woven devices made from non-wicking monofilament networks without and with wicking 

channels for electrolyte transport. For the ones without wicking channels, the electrolyte was 

added on top of the weave in the same manner as for the plastic slide device whereas for the 

ones with wicking channels, the electrolyte was added outside of the device and allowed to 

wick over the whole channel. Fig 13 show the maximum current response from these three 

different OECT set ups. What is interesting is that introducing the wicking channel for 

electrolyte transport seems to stabilize the results, which is shown by a smaller standard 

deviation between three individual devices. This might be due to a better-defined contact area 

between the electrolyte and the electrodes. 

 

Figure 13. Maximum current response from three different OECT set ups. 

Further, IV characteristics and transfer characteristics for the woven devices with wicking 

channels were recorded. Fig 14A show the source-drain current responses to potential sweeps 

from 0 to -0.6 V when increasing the gate voltage from 0 to 1.6 V in steps of 0.2 V. In Fig 

14B, the source-drain current response is plotted against increasing gate voltage, while the 

source-drain potential is held constant at 0.1 V. At gate voltages of 1.6 V, the source-drain 

current has dropped close to 0 mA and the devices have been successfully turned off. 
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Figure 14. IV characteristics and transfer curves for yarn based OECTs integrated in woven 

structures with fluidic transport. 

The functionalization of yarn electrodes for detection of glucose described in paper I could be 

used to further develop the OECT devices shown in paper II. By functionalizing the gate 

electrode and continue using the PEDOT:PSS coated regenerated cellulose yarn as source-

drain electrode, new application areas for these devices could be developed removing the 

need for complicated machinery such as potentiostats for reading the results of such 

biosensors.  
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Conclusions and future work 
 

The results presented in the two publications of this thesis as well as additional results 

presented in the chapter above show the promising potential of using textile materials to 

integrate electronic and electrochemical functionality in our everyday life. This is shown by 

using basic textile materials and processing methods to fabricate complex devices for various 

application areas such as sensors and diagnostics as well as electrical and energy harvesting 

components.  

The textile industry is already widespread and well established which is beneficial for easy 

fabrication, there is no need for building new or complex facilities to start mass producing 

these types of new devices. Furthermore, the substrate materials such as PET and regenerated 

cellulose are low cost and abundant materials that are already being produced in large scale. 

Especially the results of paper II using regenerated cellulose shows a promising new area of 

use for our Swedish natural resources in terms of wood and forest products. 

Further work should be focused towards continued characterization to fully understand the 

mechanisms of textile materials. For example, one should study the wetting and wicking 

behavior of the electrode yarns since how they wet and transport liquids are of importance for 

the electrochemical performance. Another area to further investigate is functionalization of 

these types of yarns. It would be interesting to functionalize electrodes for other analytes 

relevant for detection in sweat or for other medium such as urine or blood. Functionalization 

similar to what is described in paper I could also be further developed for other devices such 

as the OECT in paper II. Perhaps, the same chemical route used for glucose oxidase could be 

used to functionalize the gate electrode in the OECT and thereby achieve higher sensitivity of 

the sensor and remove the need for complex machinery such as the potentiostat for detection. 

Finally, there are great possibilities to further develop the different patterning techniques 

available for textile materials to tailor the function and performance of these new devices. 
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Abstract 

 

The emergence of “green” electronics is a response to the pressing global situation where 

conventional electronics contribute to resource depletion and a global build-up of waste. For 

wearable applications, green electronic textile (e-textile) materials present an opportunity to 

unobtrusively incorporate sensing, energy harvesting and other functionality into the clothes 

we wear. Here, we demonstrate electrically conducting wood-based yarns produced by a roll-

to-roll coating process with an ink based on the biocompatible polymer:polyelectrolyte 

complex poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS). The 

developed e-textile yarns display a, for cellulose yarns, record high bulk conductivity of 51 

Scm-1, which could be further increased to 187 Scm-1 by adding silver nanowires. The 

PEDOT:PSS coated yarn could be machine washed at least 5 times with retained 

conductivity. We demonstrate the electrochemical functionality of the yarn through 

incorporation into organic electrochemical transistors (OECTs). Moreover, by use of a 

household sewing machine we have manufactured an out-of-plane thermoelectric textile 

device which can produce 0.2 μW at a temperature gradient of 37 K.  

 

Keywords: e-textile, conducting cellulose yarn, PEDOT:PSS, organic electrochemical 

transistor (OECT), organic thermoelectrics 
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Introduction 

 

Miniaturized electronic devices are increasingly present in our everyday lives. They are used 

in a wide range of applications including smart homes, active packaging, mini displays and 

wearable or even implantable health monitoring, which typically rely on battery-powered 

miniature sensors connected to a wireless communication network. The expected lifetime of 

electronic devices can be very short, down to a few months, resulting in a massive and global 

buildup of electronic waste.1 In addition, traditional electronics rely on scarce and in some 

cases toxic materials such as gallium arsenide, lead, cadmium and indium.2, 3 Both, the 

exploitation of our natural resources and the management of waste need to be addressed to 

ensure a sustainable future for generations to come. This is a strong motivation for the 

development of “green” electronics, relying instead on non-toxic, renewable and 

biodegradable organic precursors.4 A variety of electronic devices on biobased substrates 

have been reported such as silk,5 cellulose,6 gelatin,7 potato starch,8 or DNA.9 Furthermore, 

the conducting and semiconducting components can be realized with π-conjugated molecules 

commonly used as dyestuffs, e.g. indigo,10 or with conjugated polymers including 

polyaniline, polypyrrole (PPy) and polythiophenes.4  

Organic materials are inherently light-weight and flexible, and in combination with the fact 

that they are in many cases biocompatible (and even edible),11 this makes them particularly 

attractive for applications where electronics are worn close to or directly on the body. The 

limited mechanical integrity of conjugated molecules can be overcome by blending them with 

an insulating material, resulting in conducting bulk materials which can be molded into 

various shapes. For example, composites of cellulose with conjugated polymers and/or 

carbon nanoparticles can function as an active component in supercapacitors, batteries, light 

emitting diodes, solar cells, strain sensors, electrochemical transistors and thermoelectric 

devices.12-18 Further, cellulose, which stands out as it is the most abundant polymer in nature, 

can be used as a substrate material. Cellulose in the form of paper is widely explored as a 

substrate for flexible electronics, and several reviews on paper- and cellulose-based 

electronics are available.6, 15, 19, 20  

For wearable electronics, electronic textiles (e-textiles) with functionality fully integrated in 

the textile and its fibers, present an interesting opportunity to realize truly unobtrusive 

devices. There exist three basic routes to prepare e-textile fibers:21 (1) fiber spinning with 

conducting blends or composites, (2) coating of cellulose yarns/fibers with conducting 
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materials, (3) polymerization of conducting polymers onto cellulose yarns/fibers. However, 

none of these routes have resulted in cellulose yarns with a high electrical conductivity or – 

equally important – with a high degree of wash and wear resistance. For example, route (1) 

has resulted in yarns with an electrical conductivity of up to 31 Scm-1 (Table 1, Table S1), 

where Rahatekar et al. used dry-jet wet spinning to make cellulose composite fibers with an 

incorporation of 10 wt% multi-walled carbon nanotubes (MWNT).22 A previous report from 

our group shows that cotton yarn can be dip-coated, i.e. route (2), with PEDOT:PSS to 

achieve a bulk conductivity of 15 Scm-1.23 Bashir et al. followed route (3) by depositing 

PEDOT on viscose fibers through oxidative chemical vapor deposition (oCVD) and obtained 

a conductivity of 14 Scm-1.24 For cellulose yarns to be an attractive and competitive e-textile 

component, their electrical conductivity needs to be increased further. 

 

 Table 1. Overview of the electrical conductivity (σ) of previously reported cellulose fibers. 

Conducting component Method of manufacture 
σ  

(Scm-1) 
Ref 

PEDOT:PSS dip-coating, cotton yarn 15 23 

rGOa dip-coating, cotton yarn 1 25 

MWNT/PPy 
dip-coating/interfacial polymerization,  

cotton yarn 
10 26 

PEDOT oCVDb, viscose fibre 14 24 

carbon black (50 wt%) wet spinning, regenerated cellulose matrix 0.6 27 

MWNT (10 wt%) wet spinning, regenerated cellulose matrix 0.002 28 

MWNT (10 wt%) 
dry-jet wet spinning, regenerated cellulose 

matrix 
31 22 

MWNT (3 wt%) wet spinning, regenerated cellulose matrix 0.09 29 

MWNT (8 wt%) wet spinning, regenerated cellulose matrix 1 29 

MWNT (5 wt%) 
dry-jet wet spinning, regenerated cellulose 

matrix 
0.0009 30 

MWNT (4 wt%) 
dry-jet wet spinning, regenerated cellulose 

matrix 
0.008 31 

PEDOT:PSS dip-coating, regenerated cellulose yarn 51 This work 

PEDOT:PSS/Ag NWc dip-coating, regenerated cellulose yarn 187 This work 
a rGO = reduced graphene oxide 
b oCVD = oxidative chemical vapor deposition 
c Ag NW = silver nanowires 
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Cellulose-based textiles can be prepared from naturally occurring fibers e.g. cotton and flax, 

or from regenerated cellulose using a variety of sources (wood, bamboo, hemp, and more). 

Cotton has long been a base fiber for apparel, as its fibers are both soft and hydrophilic 

ensuring comfort for the wearer. In addition, many textile-industry processes (yarn spinning, 

weaving, knitting, dyeing) are developed and optimized for cotton fibers. However, cotton 

cultivation commonly results in a great use of pesticides, fertilizer and fresh water,32 and 

much effort is made to replace these materials with fibers made from regenerated cellulose 

whose raw material is wood. In fact, the development of innovative renewable forest products 

is identified by the United Nations as one of the key principles towards a sustainable 

development.33 Regenerated cellulose fibers are still mainly produced via the viscose process. 

This process involves carbon disulfide, for cellulose derivatization, which is prone to form 

various toxic side products in the spinning plant. The only commercially relevant alternative 

is the Lyocell process using N-methylmorpholine N-oxide as direct cellulose solvent.34 This 

spinning technology requires high processing temperatures and stabilizers to avoid thermal 

runaway reactions.35 An alternative method, aiming to be more cost-effective and more 

versatile in terms of feedstock, uses ionic liquids to dissolve the ligno-cellulosic material.36, 37 

Regenerated cellulose yarns spun from ionic liquids have not yet been studied for use as e-

textile materials. 

Here, we present an electrically conducting yarn based on regenerated cellulose and coated 

with PEDOT:PSS, which is applied by a continuous roll-to-roll method. The coating process 

is based on our previously developed roll-to-roll method.38 The resulting electrical 

conductivity of the yarn is 51 Scm-1, which was further enhanced to 187 Scm-1 upon the 

addition of Ag nanowires. Our conducting yarn is resilient to repeated deformation and can 

be washed at least five times in a household washing machine without loss of conductivity. 

Its mechanical stability in combination with the readily scalable coating process allowed us to 

use the yarn in a sewing machine to fabricate an energy harvesting thermoelectric textile.  

 

Experimental Section 

 

Materials. Regenerated cellulose yarns were spun according to the Ioncell® process 

described elsewhere.39 Enocell birch pre-hydrolysis kraft pulp (Stora Enso, Finland) was 

dissolved in 1,5-diazabicyclo[4.3.0]non-5-enium acetate (13 wt% polymer concentration) and 

spun at 75 °C. A 400-hole spinneret (capillary diameter 100 μm; capillary length 20 μm) was 
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used to yield a multifilament yarn. After washing and drying each individual filament had a 

diameter of 11.7 ± 0.3 μm. PH1000 PEDOT:PSS aqueous dispersion (1.1-1.3 wt% solid 

content) was purchased from Heraeus. Ethylene glycol (EG) (Fisher Scientific) and dimethyl 

sulfoxide (DMSO) (VWR international) were used as received. 

Ink preparation and coating. 5 vol% EG was added to the as-received PEDOT:PSS 

aqueous dispersion, followed by removal of some of the water by heating at 50 °C for 47 h. 

This procedure has previously been found to modify the viscosity of the solution by 2-3 

orders of magnitude, which in turn increases the ink take-up rate and the final conductivity of 

the yarn.38 Using an custom designed roll-to-roll setup, we continuously passed the yarn 

through a vessel containing the ink, at a speed of 0.23 m min-1. Next, the yarn was dried with 

a heating gun at about ~100 °C and collected onto a take-up roller. For post-treatment, the 

roll with the coated yarn was placed in a DMSO bath for 80 minutes, and then dried again 

with a heat gun at ~100 °C. 

The PEDOT:PSS + Ag nanowire coated cellulose yarns were produced by a bulk process, 

where pieces of the cellulose yarn were dip-coated in an Ag nanowire solution (5 gl-1 in 

isopropyl alcohol, Sigma-Aldrich) according to the procedure reported by Hwang et al.40 The 

average diameter and length of the Ag nanowires were 40 ± 5 nm and 35 ± 5 μm. The coated 

yarn was dried on a heating plate at 80 to 90 °C for a few seconds. The coating and drying 

process was repeated; however, the second drying was at 180 °C for five minutes. Finally, the 

Ag nanowire coated yarn was twice dip-coated in PEDOT:PSS + 5 vol% EG and dried with a 

heating gun at  ~100 °C. 

Mechanical characterization. Tensile testing was performed on multifilament yarn samples 

using a Tinius Olsen H10KT dual column testing machine equipped with fiber grips. A 

preload of 0.5 N was applied during the test, the gauge length was 40 mm and the sample was 

drawn at 10 mm/min until break. The yarn’s cross-sectional area was estimated from the 

linear density d (duncoated yarn = 11.95 Tex, dcoated yarn = 25.26 Tex) and the material density δ 

(δregenerated cellulose = 1.5 g/cm3, δPEDOT:PSS = 1 g/cm3).  

Electrical characterization. For characterization of the electrical conductivity, yarn samples 

were placed on a glass slide and colloidal silver paint (Agar Scientific) was applied to form 

contact points on the yarn surface. The silver contacts were applied at 8 mm spacing over ten 

sections on each sample. The electrical resistance of each 8 mm segment was measured in a 

2-point configuration, using a Keithley 2400 sourcemeter. Bending tests were performed 

using a custom-built Lego® device, in which the yarn was placed on a plastic film substrate 

(attached only at each end) and repeatedly bent to a radius of 4.3 mm. The yarn ends were 
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coated with silver paint, and the electrical resistance of the yarn was measured after every 

100 cycles, for a total of 1000 bending cycles. Fatigue testing was done in a dynamic 

mechanical tester DMA Q800 (TA Instruments) where a strain of 3 % was applied for 6 

seconds then released for 30 seconds. This was repeated for 101 cycles, and the electrical 

resistance was recorded in situ using a Keysight U1253B multimeter which was connected to 

the yarn by crocodile clips attached to the silver paint coated yarn ends. The Seebeck 

coefficient was measured using a SB1000 instrument together with a K2000 temperature 

controller (MMR Technologies). The experiment was carried out at 300 K with a thermal 

load of ~2 K. The yarn sample, length ~5 mm, was mounted onto a sample holder with silver 

paint, and a thin constantan wire was used as reference.  

Optical microscopy. A Carl Zeiss A1 optical microscope was used in bright field 

transmission mode to measure the diameter of the yarn. 

Scanning electron microscopy (SEM). SEM images were obtained using a Leo Ultra 55 

SEM with a secondary electron detector, at an acceleration voltage of 3 kV. The yarn samples 

were placed in liquid nitrogen and then immediately cut with a razor blade. In some cases, the 

sample was sputtered with palladium prior to microscopy analysis. 

Laundering. Each specimen of the coated yarn was sewn onto a piece of multifiber adjacent 

test fabric (Testfabrics, Inc.) and washed up to ten times in a domestic laundry machine 

(Bosch VarioPerfect, Serie 6) with 20 ml of a commercial detergent (Neutral®) using the 

wool wash program (30°C, spin at 800 rpm). After washing, each multifiber test fabric (with 

segments of triacetate, cotton, polyamide, polyester, polyacrylic and viscose) was visually 

inspected for signs of release of the PEDOT:PSS coating, the coated yarn was visually 

inspected for loss of coating, and the electrical conductivity was characterized. 

Organic electrochemical transistors. Yarn based organic electrochemical transistor (OECT) 

devices were fabricated by attaching yarns to a plastic slide with tape. The PEDOT:PSS 

coated yarn was used as the source-drain electrode and a silver coated polyethylene 

terephthalate (PET) yarn (dtex 125/36/2 from Swicofil) was used as gate electrode. A single 

PEDOT:PSS coated cellulose yarn was used for the source-drain electrode. The electrodes 

were positioned in parallel with a 2.5 mm separation. Nail varnish (Mavala International SA) 

was applied to act as fluidic barriers, preventing the electrolyte from wicking along the yarn 

to the electrical connections, leaving a 5 mm source-drain channel in contact with the 

electrolyte. Further, silver paste (Sigma Aldrich) was patterned onto the ends of the 

PEDOT:PSS coated yarns to improve the connection to the clamp. 40 μl of phosphate-

buffered saline (PBS, Sigma Aldrich) was added to bridge the source-drain and gate 
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electrodes. I-V characteristics, transfer characteristics and ON/OFF switching were recorded 

for five individual devices using a Keithley 4200A parameter analyzer (Tektronix inc. UK). 

For the IV characteristics, the source-drain potential (Vsd) was swept from 0 to -0.5 V while 

increasing the gate potential (Vg) from 0 to 0.7 V in steps of 0.1 V with a hold time of 30 s 

between each sweep, and the source-drain current (Isd) response was recorded. The transfer 

characteristics were recorded by sweeping Vg between 0 and 0.8 V while recording Isd at a 

fixed Vsd of -0.5 V, with a hold time of 15 s before each sweep. Lastly, the ON/OFF 

switching was recorded by measuring Isd at a fixed Vsd of -0.5 V while holding the Vg at 0 and 

0.8 V respectively, one complete cycle being 40 s.  

Thermoelectric device manufacture. A Janome Easy Jeans 1800 sewing machine was used 

to sew a textile out-of-plane thermoelectric device, with a felted wool fabric (Wadmal, ~1 

mm thick, 3.2 g/dm2 from Harry Hedgren AB) as the insulating substrate. The conducting 

components were our coated cellulose yarn, and a commercial silver-plated polyamide 

embroidery thread (HC12 from Madeira Garnfabrik). The conducting threads were 

transferred to the appropriate bobbins, and prior to sewing the thread tension was adjusted to 

ensure that the conducting thread would completely penetrate the fabric so that it could be 

electrically connected on both sides of the fabric. A stretchable silver paste for conducting 

textile coatings (PE874, DuPont) was applied to offer electrical connections between the 

thermocouples of the textile device, and was cured at 100 °C for 10 min.   

Thermoelectric device characterization. The thermoelectric textile was placed on a 

variable temperature hot plate (HP60, Torrey Pines Scientific Inc). Surface mounted K-type 

thermocouples (Omega Engineering) were placed on the top and the bottom of the textile, to 

monitor the surface temperatures via a National Instruments cDAQ 9174 with internal 

temperature reference. A cooling plate (Staychill) was placed on top of the thermoelectric 

textile, and thin sheets of Kapton (50 μm thickness) were placed on the top and bottom of the 

textile to prevent electrical short circuits. The generated voltage was recorded by a Keithley 

2400 SMU, which also acted as a variable load by drawing current from the textile device. 
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Table 2. Processing parameters, bulk conductivity (σb) as measured on n samples, Young’s 

modulus (E) and strain at break (εbreak) as measured on m samples. 

Coating 

No. of 

coating 

layers 

Post 

processing 

agent 

σb  

(Scm-1) 
n E (GPa) 

εbreak 

(%) 
m 

pristine cellulose yarn n.a. n.a. n.a. n.a. 15 ± 0.3 17 ± 1 3 

PEDOT:PSS 1 none 0.01 ± 0.002 10 4.4 ± 0.5 9 ± 1 3 

PEDOT:PSS + EG 1 none 1.0 ± 0.8 20 5.1 ± 0.3 17 ± 1 3 

PEDOT:PSS 1 DMSO 6 ± 1 10 4.6 ± 0.1 6 ± 2 3 

PEDOT:PSS + EG 1 DMSO 6 ± 2 20 3.6 ± 0.7 21 ± 1 3 

PEDOT:PSS 2 DMSO 9 ± 1 10 5.1 ± 0.2 8 ± 1 2 

PEDOT:PSS + EG 2 DMSO 19 ± 4 10 3.9 ± 0.2 14 ± 1 3 

PEDOT:PSS* + EG 1 none 24 ± 8 10 2.9 ± 0.2 3 ± 1 3 

PEDOT:PSS* + EG 1 DMSO 30 ± 13 30 3.5 ± 0.1 13 ± 9 3 

PEDOT:PSS* + EG 2 DMSO 51 ± 14 40 3.6 ± 0.1 8 ± 2 3 

PEDOT:PSS + Ag 

nanowires 
2** none 186 ± 107 10 n.m. n.m. n.m. 

n.a. = not applicable 

n.m. = not measured 

*increased viscosity of dye-bath  

** two dip-coatings each in Ag nanowires and PEDOT:PSS, batch processing 

 

Through a post treatment, where the coated and dried fibers are submerged into dimethyl 

sulfoxide (DMSO) for 80 minutes, the conductivity was further increased to 6 Scm-1. In 

addition, a 5-fold increase in conductivity to 30 Scm-1 was achieved by allowing some of the 

water content of the ink to evaporate, in order to increase its viscosity prior to coating. And 

finally, by repeating the coating procedure to add a second coating layer, we could 

manufacture yarns with an average bulk conductivity of 51 Scm-1 (Figure 1c). As an 

additional option, by incorporating several coating layers of Ag nanowires on the yarn before 

coating it with PEDOT:PSS + EG, we obtain an even higher conductivity of 186 Scm-1. All 

conducting yarns mentioned in the following text were, unless clearly stated otherwise, 

coated with the increased-viscosity ink from PEDOT:PSS + 5 vol% EG, and post treated with 

DMSO. It is common in e-textile literature to report the surface resistance and report this 

value in terms of Ω/□, or in Scm-1 based on an estimated thickness of the conducting layer 



11 
 

(cf. Table S1). We find that for a fair comparison between fibers and yarns, it is relevant to 

also characterize the bulk volume conductivity (σb), i.e. we calculate the cross-section area of 

the conductor using the average thread diameter as observed by optical microscope. In this 

approach, a large portion of the characterized volume is constituted by insulating cellulose, 

and σb will be relatively low compared to the σ of the conducting component, i.e. the coating 

layer, itself (3489 ± 638 Scm-1 for our coated fibers). The bulk conductivity σb is given by: 

 (1) 

where l is the sample section length, A is the cross-sectional area of the thread (with a 

diameter as observed by optical microscope to be between 0.17-0.25 mm) and R is the 

measured resistance. For the present work, we coated ~70 m of cellulose filament yarns with 

2 layers of the conducting ink (Figure 2a). To study the microstructure of coated yarns, we 

performed scanning electron microscopy (SEM) of cross-sections (Figure 2b, c, d). From the 

micrographs, we find that the coating has formed a sub-micrometer thin continuous layer 

around the perimeter of the multifilament (Figure 2d). SEM imaging of a sample without a 

sputtered conducting layer indicates that the initially circular and smooth single filaments 

(Figure S1) now have a thin coating layer which is evidently electrically conducting, resulting 

in a lack of charging artefacts close to the filament surface (Fig 2c). The makeup of the 

coating layer was confirmed by energy-dispersive X-ray spectroscopy (EDX) to consist of 

PEDOT:PSS, as indicated by the presence of sulfur (Figure S2).  
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(G). The OECT was placed on a plastic slide and nail varnish (white) was applied as a fluid 

barrier to control the channel length (lc=5 mm) prior to application of phosphate-buffered 

saline. b) Schematic of the OECT. c) Output characteristics of a representative OECT 

showing the source-drain current (Isd) with the corresponding source-drain voltage (Vsd) as 

the gate voltage (Vg) is increased from 0 V and 0.7 V (hold time of 30 s between each sweep). 

d) Transfer characteristics showing the Isd while Vg was swept between 0 V and 0.8 V with a 

15 s hold time before each sweep (Vsd was fixed at - 0.5 V). e) Transient characteristics 

showed by measuring Isd and switching Vg between 0 V and 0.8 V with a fixed Vsd at - 0.5 V 

and one complete cycle being 40 s. 

 

A promising application for e-textiles is wearable energy scavenging, enabling conversion of 

biomechanical movements,44 friction45 or body heat to electrical energy.23, 46 PEDOT:PSS 

based textiles have been reported to function as thermoelectric generators where, owing to the 

Seebeck effect, a material subjected to a temperature gradient ΔT develops an electrical 

potential difference ΔV according to: ΔV = ΔT × α, where α is the material’s Seebeck 

coefficient. For conductors with p-type (hole) majority charge carriers, the Seebeck 

coefficient is positive, and for conductors with n-type (electron) majority charge carriers, the 

Seebeck coefficient is negative. A thermoelectric generator consists of a number (Nelement) of 

thermocouples, each having two “legs” made from (ideally) a p-type and an n-type material, 

respectively. The thermocouples are connected electrically in series and thermally in parallel 

to form a thermopile, and its open-circuit thermovoltage V will be given by: 

 (2) 

The thermopile’s maximum generated power Pmax is obtained at impedance matching 

conditions, i.e. when the internal resistance Rint is equal to the load resistance Rload, and can 

be predicted by eq. 3: 

 (3) 

PEDOT:PSS typically displays an αp ≈ 10 - 20 μVK-1 47-50 and for our 2-layer coated yarns 

we measure αp = 14.6 μVK-1. At present, air-stable polymer n-type materials are not 

available, so we opted to use a commercially available silver-plated embroidery yarn, with α 

= 0.3 μVK-1 and σb = 1250 ± 70 Scm-1. Textile thermoelectric devices have previously been 

constructed (Table S2) by hand-embroidery,23 stencil/transfer printing,51 and by vapor 
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To simulate an environment that the thermoelectric textile could be utilized in, such as a cold 

day in the Nordic countries, we applied a temperature difference of up to ∆T = 43 °C and 

recorded the produced open circuit voltage (Figure 7a). By drawing a varying current from 

the device, we could also measure the generated power P as a function of current I, at ∆T = 

37 °C. No thermal paste or similar was applied. Notably, during practical use there will be 

thermal contact resistances (c.f. Figure 7 b,c) present in the system, which limit the 

temperature gradient effectively driving the thermopile (∆Ttp) as described by: 

 (4) 

where Ktp is the thermal resistance of the thermopile, Kc is the contact resistance between the 

textile and the cold reservoir and Kh is the contact resistance between the textile and the hot 

reservoir. Moreover, because  then: 

 (5) 

The ideal open circuit voltage V was calculated (c.f. eq. 2) to 21 mV (with Nelement = 40, αp-leg 

= 14.6 μVK-1 and αn-leg = 0.3 μVK-1) at ∆T = 37 °C and we measured a Vtp of 8.45 mV. From 

this we could estimate the ratio of thermal contact resistance to the total thermal resistance of 

our thermopile , i.e. the ∆Ttp was reduced to less than half of the supplied 

temperature gradient ∆T. By considering , a Vtp =  could be estimated, which 

was comparable to the experimental data (Figure 7a). Using this information, we could 

predict the maximum power output Pmax to be 210 nW, which closely matches our 

experimental value of 202 nW. The performance of our textile generator favourably 

compares to other textile thermoelectric devices that also utilize organic materials, e.g. 

Elmoughni et al. reported a 32-thermocouple device, which produced Pmax = 5 nW at ΔT = 3 

K, and Ryan et al. prepared a 26-thermocouple device with Pmax = 12 nW at ΔT ≈ 66 °C.23, 51 

We anticipate that thermal contact resistances will always be present in wearable systems, 

and that care must be taken to minimize their influence by device design optimization, e.g. by 

using textiles with a low thermal conductivity, as well as by simply making the devices 

thicker. Unfortunately, our sewing machine was limited to substrate thicknesses of ~3.5 mm. 

Considering the ease of scalability of our processing techniques, we expect that fabrication of 

a textile that produces electrical energy in the microwatt range is feasible. 
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we demonstrated that the mechanical durability of the threads allowed manufacturing of a 40-

thermocouple fully textile thermoelectric generator by use of a conventional sewing machine 

to obtain a Pmax of 0.2 μW. With design optimization, we anticipate that a textile producing 

electrical energy in the microwatt range is attainable using PEDOT:PSS coated cellulose 

yarns.   
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