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Résumé/ Abstract

Résumeé

De nos jours, le domaine biomédical est en pleméssance avec le développement de
nouveaux dispositifs thérapeutiques, pour le diatio, le traitement ou la prévention de
maladies chroniques ou cardiovasculaires tellesdépl®ete, ou infarctus. Ces derniéres années
ont connu I'émergence des polymeres semi-condugteuCeux-ci présentent a la fois des
propriétés ioniques et électroniques utiles poww dpplications éléctrophysiologiques et
semblent étre une alternative intéressante auxriaaténorganiques utilisés dans le secteur du
biomédical. Poursuivant l'objectif de créer déspdsitifs imprimés, jai démarré mes travaux
de these en sélectionnant le PEDOT:PSS composdéled& polymere: le po($,4-
ethylenedioxythiophene) (PEDOT) et le p@lyrene sulfonajede sodiumPSS).ce polymeére
étant un parfait candidat comme matériau pour dastluction des signaux biologiques en
signaux électriques pour les applications bioméelécaisées.

Tout d’'abord, jai axé mes travaux de recherchelsuiéveloppement et I'optimisation
d’'une encre conductrice a base de PEDOT:PSS, padadidat comme matériau, pour la
transduction des signaux biologiques en signaugtrédeies, compatible avec le process jet
d’encre, pour la réalisation de dispositifs imprimé

Puis mes travaux se sont orientés vers la conceptitiétude d’électrodes imprimées sur
supports papiers, tatous et textiles permettant desegistrements long termes
d’électrocardiogrammes (ECG) ou électromyogramnied@), présentant des performances
similaires aux électrodes commerciales, utilisamtsysteme d’acquisition spécifique pour la
mesure d’activités électriques de tissus muscdaii®es mesures dimpédance ont été
effectuées afin de les caractériser les électrddiesyel ionique biocompatible a été impriméee
afin de diminuer l'impédance des électrodes PEDRHS sur textile ce qui a permis
d’atteindre des performances électriques similaresélectrodes commerciales.

Puis dans un second temps, je me suis penchéénspreksion et la caractérisation sur
support papier de transistor organique électrocfumi(OECT). Les premiers résultats ont
permis d’envisager la fonctionnalisation des trstoss afin de permettre la détection
d’éléments biologiques ou chimiques comme le gle@id’alcool. Des tests ont été réalisés en
laboratoire et ont permis d'établir la sensibiléé le seuil de détection des dispositifs sur



Résumé/ Abstract

support papier. Egalement des encres avec difEsdanctionnalités ont été formulées afin de
fonctionnaliser les transistors et effectuer lesumnes de détection biologique.

Ces travaux proposent une nouvelle voie pour leception de dispositifs innovants
biomédicaux a bas couts, imprimés, permettant taop@alisation des produits pouvant étre

intégrés dans des dispositifs biomédicaux portailedans des vétements « intelligents ».

Abstract

Currently, there is a tremendous effort on the bgraent of biomedical devices in
healthcare industry for the early diagnosis, préeanor treatment of chronic disease such as
diabetes or cardiovascular disease. For examm@esttldy of electrical activity of the biological
tissues or cells also known as electrophysiology, grovide useful information regarding the
medical status of a patient such as malfunctiorthenneural or cardiovascular system. With
the evolution of microelectronics industry and thdirect implementation in the biomedical
arena, innovative tools and technologies have dontlee fore enabling more reliable and cost-
effective treatment. During the last decade, cotdgcpolymers have attracted special
attention due to their unique set of features sagclkombined ionic and electronic conduction,
soft nature and ease in processability renderimgntlan ideal alternative to the inorganic
materials used for electrophysiological applicasioDriven by the technological demands for
low-cost and large area electronics, in this thédacus on the integration of the especially
promising conducting polymer namely P@y-ethylenedioxythiopheneolystyrene sulfonate
(PEDOT:PSS) with additive printing technologies &od/ the realization of high performances
biomedical devices.

In the first part, | focus on the printing techuég and their recent applications in
electronics with a loop on the inkjet technique #melfunctionalized inks for the fabrication of
the biomedical devices tested during this thesis.

Following, | emphasize on the fabrication of inkpeinted PEDOT:PSS based biopotential
electrodes on a wide variety of substrates (i.epep, textiles, tattoo paper) for use in
electrophysiological applications such as elecudiography (ECG) and electromyography
(EMG) on human volunteers. In an initial approaelectrodes on paper were investigated for

long-term ECG recordings obtained by simply placing fingers on the electrodes which

viii
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exhibited good signal quality over a period of 3 ntis. This convenient-to-use and
inexpensive platform enables future integratiorde¥ices with portable devices (i.e., smart
phones). In a second approach, printed wearabletreties were fabricated, on top of
commercially available stretchable textile. In attempt to improve the electrode-skin
interface, a new cholinium lactate-based ionicitiggel was as well inkjet-printed directly on
the textile. The resulting electrodes yielded rdoags of comparable quality to Ag/AgCl
electrodes highlighting their potential as custahle health monitoring devices for cutaneous
applications. Last but not least, conformable pdntattoo electrodes were realized toward the
ultimate goal of fully integrated e-skin platforin. order to enable a reliable connection of the
tattoo with the electronic acquisition system, thaventional wiring was replaced by a simple
contact between the tattoo and a similarly inkpjetted textile electrode. The proposed tattoo-
textile electrode system was able to detect thepsi@ctivity during muscle contraction for a
period of seven hours.

In the last part, | present the potentiality ofjetkprinting method for the realization of
more complex circuits such as the organic eleceoubal transistor (OECTS) as high
performing biomedical devices. OECTSs, owing to ttheerent signal amplification properties
can be ideal transducers for biosensing applicatids proof of concept, a paper disposable
breathalyzer comprised of a printed OECT and medifvith alcohol dehydrogenase was used
for the direct alcohol detection in breath, enabplinture integration with wearable devices for
real-time health monitoring.

Overall, conducting polymers such as PEDOT:PSS hplkht promise to interface
electronics with biology. Their compatibility witimkjet-printing technologies allows the
realization of low-cost and large area electrongvices, toward next-generation of fully
integrated smart biomedical devices.
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Chapter 1

Introduction

This chapter is based on the following publication:

“Fabrication approaches for conducting polymer devices”

D. Koutsouras*, E. Bihar*, J. Fairfield, M. Saadaoui, G. G. Malliaras, Green

Materials for Electronics, in press.

In a context of improving the medical devices agdipments to enable a better access
for healthcare, new technologies emerged as progpisalternatives to conventional
fabrication approaches to develop state of themaedical care with reduced manufacturing
costs. To assess this challenge, printing technedogould fit requirements for an easy

transfer of lab prototypes to industry at largmke production.

During my PhD, | tried to demonstrate the potentil inkjet printing technique to
fabricate new devices for biomedical applicationsisas electrophysiology or biosensing by
the use of conducting polymers which offer a unigeeof features to replace inorganic
materials. In this context, | presented in thetfichapter, the printing technologies with a
special focus on a digital-writing approach, inkjgtocess. Then, | will present some
developments on functional inks for electronic legagpions, especially PEDOT:PSS inks

which | used for the fabrication of the devicessarged in this thesis.
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1.1 Introduction to printing technologies: a case stady

conducting polymer

The term “printed electronics” comes from bridgittge fields of both printing and
electronics; this union of two fields allow for gaer methodology to fabricate inexpensive
electronic components. The market for printed ebeits has been estimated around 57
billion USD in 2019 by IDTechE%, and there are significant opportunities for comies to
enter this market. Advantages for printing techegjinclude direct ink transfer to substrates
and a reduction in the number of manufacturing sstégurthermore, motivations for the
continued use of printing arise from its flexibilit high processing speeds, ease of
customization, reduction in manufacturing cost®g plossibility of printing on inexpensive
flexible plastic or paper substrates, and the tgttidi print with different types of materials.

Recently, there has been a growing interest totaclapsical printing techniques to be
able to print new functional materials, especialith electronic inks for device fabrication.
This idea has the potential to open up new markets opportunities for both industry and
academia. By exchanging traditional graphic inks dtectrically functional inks, one can
directly print or fabricate interconnections, amtas, sensors etc. By using printing
techniques, one can avoid the large nhumber of psitg steps (lithography, etching, etc.)
used in conventional electronic fabrication teches)

Technologies such as screen printing or inkjetpaoenising technologies, and have been
extensively studied over the last few decades. Térey envisaged to replace traditional
manufacturing technologies, such as lithographyakwicate new electronic components. In
this part, we will describe the different printitgchniques with an emphasis on conducting
materials. We will separate the topic into two gatées: contact and non-contact printing.

1.1.1 Contact printing technologies

1.1.1.1. Gravure

Gravure printing is a process coming from intagléeloped in the f9century. It uses a
rotary printing press and operates at high speeckgsing (up to 100 m/min). It is adapted for

large volume runs such as books or magazines. Gasuased on the direct transfer of the
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ink to the substrate from an engraved cylindet® gubstrate (Figure 1.1). This cylinder is
electroplated, for instance with copper, and engglaalectromechanically or by laser to create
microcells. A chromium zinc layer is generally adde protect the cylinder. The volume of
the ink that is deposited is determined by the gsomof the microcells. Then, the ink is
transferred by capillary force from the microcetisthe substrate when a pressure is applied
between thegravure cylinder and the substrate. Moreover, daldaade station is used in
order to remove any excess ink and to ensure gbuduhiformity. Gravure allows designs
with high resolution up to 20 um and presents adgpointing quality and process
reproducibility. It is compatible with a wide rangé solvents or water based inks. The
required viscosity of the inks is comprised betwd®nmPa.s and 500 mPa.s. Nevertheless
this process exhibits some limitations in termsn@intenance and cost of manufacturing

mainly due to the price and the weight of cylinders

Substrate I .
mpressionroller

Doctor blade \ /

Gravure cylinder \
lnk\A

Figure 1.1Gravure process.

This technique has been studied for electroniciegpbns such as for the realization of
Field Effect Transistors (FETs) or photovoltaiclselA few groups tested the printability of
conducting polymers to print functional multilayeesfabricate FETS or to realize solar cells
with laboratory gravure modulé® . Gravure-printed PEDOT:PSS electrodes demonsditrate
high mechanical flexibility and stretchability iromparison with conventional Indium Tin
Oxide (ITO) on flexible substrates. For instancébplér et al. fabricated photovoltaic cells by
printing PEDOT:PSS as the anode and P3HT: PCBMagphotoactive and hole transport
layers on paper4]. Yang et al. used an industrial gravure printipgpofer to process
photovoltaic module, where they print conductindypters on flexible substrates already
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coated with ITO’. Recently, gravure has been investigated to mealzpedance-based
electrochemical biosensofswhich paves the way to fabricate new generatiorilexfible

devices for biological applications.

1.1.1.2. Flexography

Conventionally Flexography is used for printing dogackages and magazines
Flexography is compatible with flexible substraggh as plastics or cardboardisis a
process combining a system of cylinders and alflexielief plate (Figure 1.2). An engraved
anilox roll is used to transfer the ink from thenpd@he amount of the ink is fixed by the
volume of the microcells’ cylinder. A doctor blagasures that the thickness of the ink is
uniform. Then, the printing of the ink is assursadtle contact between the substrate and the
plate cylinder. These plates are usually made frabber or photopolymer materials and
produced by photolithography.

This technology is compatible with a wide varietlyioks: UV cured inks, solvent or
water based inks with a viscosity ranging from a@00 cP. Resolution up to 50 um can be
reached. The use of the plates lowers the costlwfcation and allows the printing of large
volume runs with high processing speed (up to 18@in). The costs are reduced in
comparison with gravure but plates can be degradéd the use of solvents. One of the
major undesirable effects of this process is thaldhwhich appears on the edge of the
printed pattern. The default comes from the defdionaof the plate when the pressure is
applied between the plate and the substrate squet® ink.

Substrate \ Impression cylinder

Plate cylinder

Anilox roller.

Doctor Blade

Ink

Figure 1.2Flexography process.
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Only few studies chose this approach for printettednic application&°. Hubler et al
1 use a laboratory flexographic test printing devizeprint the gate and contact electrodes
using conducting polymers to fabricate transistkirebs et al? reported using this process to
improve the wettability of surface to slot die canting polymer while Yu et df printed the

silver layer to realize grids to replace ITO inyukr cells.

1.1.1.3. Screen printing

Screen printing is a simple and versatile technigsed in  many applications such as
textiles or advertisements. It has been originaWented in China, and imported into Europe
in the 18" century and developed in the second half of tH& @mtury. The first patent was
published in 1907 by Samuel Simon, and the teclenlspcame more popular in the sixties
with artists such as Andy Warh$l

Screen printing is a stencil method that uses énrsgstched over a frame to transfer the
ink to the substrate. The ink is pushed into thenapy of the mesh through a squeegee
(Figure 1.3). The mesh is usually made from nylpalyester or a stainless steel. Two
different categories of screen printing have beevetbped and can be integrated for roll to
roll manufacturing: the flatbed screen or the mptsareen. The flatbed screen (Figure 1.3.A)
is used in laboratories or in production and thtamois adapted for large scale process with a
production speed up to 100 m/min. In this case,stigeegee and the ink are placed in the
rotary screen (Figure 1.3.B) making the maintenapoecedure difficult. The printing
resolution can be up to 100um and depends on pteesrgich as the surface energy of the

substrate, the ink viscosity, the mesh size andtsou

Squeegee Rotary screen

Substrate

Squeegee

Substrate

Printed
image

(@) (b) Ink

Figure 1.3Screen printing. @) Flatbed screen printing. (b) Rotary screen jont
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Screen printing is one of the most robust technetothat have been developed those last
few years as it is compatible with a wide rangesulistrates such as textiles, clothes, papers,
glass etc. This process requires high viscosity il to 10 000 cP) and the deposited
thickness can go up to few hundreds of micronse&ctiprinting is already used to print
interconnections for printed circuits boards andeanas for RFIDs (Radio Frequency
IDentification), active layers® and electrodes®!’ for solar cells or organic thin film
transistors'®, and emitting layers in OLEDS?! (Figure 1.4). Many studi€$?* and patents
22T have reported the use of screen printing for isisey applications. They demonstrated
the feasibility of such devices to detect bio elata®r to fabricate amperometric biosensors.

(A) (B)

Figure 1.4(a). (b). Screen printer using Clevios™ in{Reproduced with permission from

Heraeus]

1.2.1 Non-contact printing technologies

Non-contact printing technologies are digital-wrgi approaches and present many
advantages because they do not require masks andettmetry can be customized and
changed on demand. Also, the ink is digitally deled to the substrate thus limiting the waste
of materials and allowing to process designs atdost.

1.2.1.1 Aerosol jet

Aerosol jet printing of ink has been developed sitite 2000s and shows a promising
future for industrial applications. This technologylows printing a large range of ink

viscosities (from 1 cP to 2500 cP). The princigéased on the ejection of fluids even with
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nanoparticles from a chamber to the substrate (€igLb), a new technology which uses the
atomization of suspension by an ultrasonic or aupraic system. The formed droplets are
guided by a jet stream up to the printing nozZlé® aerosol printing can produce conformal
coating and resolution down to 10um with processpeed up to 1.2 m/min.

<
o
L‘ :-a ° ‘J\ Sheath gas

o
9

9
o
QQ

f

Suspension

““““

/ Substrate

)
)

Figure 1.5Aerosol process

Few studies mention aerosol printing in literatfifé Recently, it has been evaluated for
diverse applications such as solar cells and ilim transistors. For instance, aerosol jet has
been used to print the conducting polymer as areaktyer in solar cellé® and to fabricate
electrodes for Thin Film Transistors (TFT3) Aerosol has been also studied for the
deposition of DNA or enzymatic layers and for thendtionalization of electrodes in

biological sensor¥.

1.2.1.2 Inkjet

Inkjet is a non-contact technology commonly used daily use printing applications
(home or office). This process can be integratethdtustry in roll to roll processes in the
production line. Advances in these technologiesehlagen seen recently, for instance, the
standardization and commercialization of 3D prigtand the creation of new functional inks

for electronics.

A. History

The physics behind Inkjet has been first descrilmed878 by Lord Rayleigh®, the
pioneer in studying the mechanism of the liquids’jahstability. The first patent was
deposited by Elmqvist in 1951 at Siemens-Elema Company.
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In the early 1960s, Sweet developed a mddeh Stanford University, in which he
assumes that the trajectory of ejected dropletsbeanontrolled electrostatically through an
externally applied electric field. This process basn called Continuous Inkjet (C1J) and it is
still used for some applications. Later, a dropdemand (DOD) technology was proposed in
1972 by Zoltar®, Kyser and Sear¥ as an alternative to ClJ. A single droplet is fedhvand
detached by each of the nozzles.

In the late 1970s, John Vaugfitfrom Hewlett Packard and Ichiro Endbfrom Canon
developed a DOD system based on the formation ladejection of ink using a heating
element known as thermal inkjet. In the 1990s, witle standardization of personal
computers, Inkjet became a daily used technolodly thie commercialization of inexpensive

printers.

B. Basic principles

The Inkjet mechanism is based on the ejectionud ftiroplets, released from a chamber
under the variation of internal pressure in thathead cavity and through nozzles. This fluid
ejection depends on rheological parameters suctheasnk’s properties (surface tension,
viscosity, density) and the chamber’s pressure.rékelution can reach 20 um depending on
the nozzle diameter, drop volume, and drop to dspacing Originally, two technologies
have been developed for Inkjet: Continuous Ink{etJ]Y and Drop on Demand technology
(DOD) (Figure 1.6.)

| cuy DOD

Multiple Binary

deflexion deflexion Piezoelectric Thermal Electrostatic Acoustic

Figure 1. @nkjet technology
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= CIJ (Continuous Inkjet) printing

The Continuous Inkjet technology consists of thenegation and the ejection of
continuous drops. Those droplets pass througheutrestatic charging electrode and then a
high-voltage deflector plate leads trajectory deweratowards a recycling recipient. Two
different categories of CIJ have been developeglibihary and the multiple deflections. In a
binary deflection system, (Figure 1.7) there ar® tstates regulated by the electrostatic
deflector. The drops charged during the printirepsdre going directly to the substrate and
the non-charged ones are deviated and collectedgutter and then recycled. In a multiple
deflection system, the non-charged drops are gumirthe gutter to be reprocessed while the

charged drops are deviated to be deposited ontsutisrate.

Drop generator \

Charge electrode

High voltage
deflector Plate

T~ |
T~

Gutter

‘ccc cc{ -

Printed pattern

Substrate \

e, g,

Figure 1.7Binary Continuous Inkjet system

C1J technology is used in industry for marking amdcoding the products before
commercialization. It presents advantages suchoad grinting resolution down to 50 um,

high ejection frequencies of droplets up to 60 ldtizigh printing speed, and good process
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stability without the nozzles clogging. Howeveristitechnique shows limitations regarding
the type of inks which have to match the requiramesf the system especially for the
electrostatic charging step. Printing of complegiges and customization is not easy because
of the continuous ejection of the drops. This isywihis technology has never been adopted
for printed electronics because of issues due ¢optbssible ink contamination during the

recycling of the ink.

= (DOD) Drop-On-Demand inkjet printing : piezoelectric or Thermal

The drop-on-demand technique can be divided intatégories: piezoelectric, thermal,
electrostatic and acoustic inkjet. Thermal and gadzctric inkjets are the technologies mainly
adopted in industry and laboratories.

In the thermal inkjet, a local increase in the temagpure of the ink generally up to 300°C
and using a heating element creates an air bulthewhe ink. This change in local pressure
provokes the formation and the ejection of indiaddroplets (Figure 1.8. A). Today, thermal
inkjet is widely used for graphic printing and espdly for home printers. However,
requirements for heating before ejection makephisess very limited in term of inks. A few
studies mentioned the possibility to use this tetdgy to fabricate biosensof$*: For
instance, Setti et al* reported fabricating an amperometric sensor fer detection of
glucose.

The piezoelectric inkjet technology is based on tilse of piezo membrane. This
membrane is mechanically deformed when an extewitdge is applied, causing a change in
the pressure in the chamber. This causes the fianmaf the drop in the aperture in the
printhead, and the expulsion of the ink relieves pinessure in the printhead as shown in
Figure 1.8. B. This mechanism is compatible witlffedent printable materials. In this
process, the nozzle generates few-picoliter dreptbe best resolution is around 20 pm, and

the viscosity range of inkjet is from to 5-20 cP.
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Piezo

Vibration element
plate
Ink
Heater
Ink
Ink »
< chamber Nozzle

- I

o o
Heating Idle Pressure Pressure
membrane and jetting relief
(A) (B)

Figure 1.8(@). Thermal inkjet. (b) Drop-on-demand inkjet process

With the rise in printed electronics, several comesa like FujiFilm, Ceradrop, and
Meyer Burger developed new inkjet machines that mant different functional materials
using piezo-DOD technology (Figure 1.9). The prigtparameters can be tuned such as the
voltage applied to the piezo element, the dropisgathe waveform, and the temperature of
the ink. Some printers offer the possibility tolizathe alignment to print complete devices
with several layers and different inks. The mackisbow flexibility and are easy to use,

making the process adaptable to different materials

Figure 1.9nkjet printer using Clevios™ ink [Reproduced with permission from Heraeus]

Inkjet offers many possibilities for new developrtgenn the literature, this technology is
widely studied for diverse electronic applicatiaush as Organic Thin Film Transist4ré*

polymer light emitting diodes™*® and recently polymer solar celf€*® and sensing
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applications*°. Studies demonstrated the feasibility to manufactmicrometer>'>?

or
submicrometer® dimensions OTFTs controlling the hydrophobicity the substrate and
printing the drain, source and gate of the traasigtith a commercial PEDOT:PSS ink.
Barathan et aP* combined inkjet with spincoating to pattern elefttminescent devices.
Inkjet has also been studied to print the actiwerdaof solar cells °P°9 with a device

efficiency above 3%. Printed conducting polymeryehalso been studied for chemical

sensing such as ammonia detecfioif

C. Printability requirements

In the DOD technology, the formation and ejectidrntlee droplet depend on different

rheological parameters of the ink such as viscpdewsity, and surface tension (Figure 1.10).

Ink

| S Surface tension

Viscosity

(A) (B)

Figure 1.1@Mrop formation in the nozzle (a). Schematic of the drop formation (b).

Photograph of the ejection of the drop

Printability of the ink depends on these rheololgiparameters combined with the
characteristics of the printhead: nozzle diamereguency of the drops ejection, applied
voltage, channel, and pressure in the chamber. |[Biieal behavior of the ink can be
described with dimensionless parameters calleRéngolds number and Weber number or

Ohnesorge number respectively defined as below

__VpR . _ v?pR. _@_ u
Re = " s We = - ; Oh = Re = Tors Q)

Wherep is the viscosity of the ink (Pa.g),the density (kg/f), o the surface tension

(mN/m) andR the radius of the nozzle (m), ands the velocity (m/s).
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These numbers are directly dependent on the flureslogical properties and predict the

ejection of the ink from the nozzle. In the 198Bsymm defined criteria for ink printability
such ag = i > 2 °° Later, Reis and Derli{"** discussed Fromm’s assumption and propose

their own rheological requirements for ink jettindsing a numerical simulation of drop
formation, Reis suggested that the conditlort Z < 10 is more adapted in order to match
the ink with the printing requirements. They prop@scharf® where one can define which
area is the most adequate combing the above-medtidimensionless number with DOD
printing. The lower limit corresponds to a high oasity that prevents the jetting and the
upper limits to the formation of unwanted satellib@ps. This theory is often used in the
literature °#®* for the formulation in new functional inks dediedt to inkjet printing
technology.

1.2 Inks

Graphic inks are widely present on the market aseblun daily life. Over the last few
years, with the concern of environmental issues tndeduce the fabrication costs of
electronic components, a new trend has emergedrinulating new conducting inks which
exhibit different electrical properties. Manufaerg are developing novel inks with specific
functions which can fit specific requirements foredse applications such as photovoltaics or

TFTs. In this section we describe the main categaof inks used in electronic applications.

1.2.1 Metallic inks

The inks are usually composed of metallic nanogladj for instance gold, silver, or
copper in suspension. Surfactants can be addée totmulation for the tuning of the surface
tension to fit the requirements of printing procédany manufacturers offer a large choice of
metallic inks for printing processes and the markeih expansion. A plethora of different
methods exist to produce nanoparticles, such asiichereactions or mechanical attrition.
The first method is based on the use of precurSonthere an organic complex containing
metal salt is dissolved in a solvent. For the maida attrition, a ball milling®® is used to

nanosize the metal powder. Sizes of nanopartices vary from few to hundreds of
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nanometers and they can be in different shapesbkeplates or nanospheres depending on
the preparation conditions. Those nanoparticles wmeally embedded in organic shell
polymers of few nanometers for protection againgtation and for better dispersion in
organic solvents or even water, to fabricate the @ne of the most common polymers for
embedding nanoparticles is the poly(vinyl pyrrohéd (PVP).

Thermal curing is a key step in the fabricatidmetal structures. After printing, the
annealing step allows the evaporation of organimmmunds and the coalescence of
nanoparticlesNew types of curing named selective such as micveweuring ®’, laser
sintering ®®, or photonic sintering®® permit the coalescence of nanoparticles without
thermomechanical degradation or damage to plaghisteates. The metal film obtained from
printing nanopatrticles ink usually exhibits anc#leal conductivity of about 10 to 30% of
that of the bulk metal, depending on the thermalegythe substrate thermal properties and

the size and the shape of the nanoparti@les

1.2.2 Dielectric inks

Dielectric inks are usually used in printed elecics to fabricate the resistive or the
isolating layer in the circuits or as separatiogeta They can be UV based inks also
composed of nanoparticles (HOBaTiO:)’. UV curable inks comprise monomers,
oligomers, photoinitiators and additives. Photaatdrs absorb energy from UV leading to the
polymerization of the monomers, for instance acrygionomers after exposure to UV light
(Fig. 1.11).

Monomer UV radiation

Oligomers l l l l l l

Photoinitiator

Ink

Substrate —>

Figure 1.11UV polymerization.

Such UV inks offer advantages such as facile psaggswithout clogging the nozzle.
They avoid the evaporation of volatile organic cannpds from the ink since polymerization

occurs without the need of a drying step. The pelymation step takes few seconds
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depending on the power source of the UV and camdsgly integrated into a roll-to-roll

process.

1.2.3 Conducting polymer inks

Over the last few years, many studies have beeduoded to develop as well as to better
understand physics of organic semiconductors. Avipg interest has thus risen in finding
new conducting polymers (CP).

Since their discovery in the 1970s by Alan Heegdgn MacDiarmid, and Hideki
Shirakawa, CPs have been broadly studied due to #lectrical conductivity, high
mechanical flexibility, and long term stabilify In the 70’s Polyacetylene was found to be
oxidized with chlorine bromine or iodine vapor am@ched an electrical conductivity up to
10° S/m. This discovery led researchers to the NokigeRn Chemistry in 2000. Since that
discovery, Polyacetylene has been ruled out beaafuse instability in air and insolubility in
solvents making this highly CP difficult to process industrial environment . With the
emergence of printed electronics, CPs are fortadlan new innovative inks. Polyaniline,
polypyrroles, polythiophenes and poly(3,4-ethyleargthiophene) polystyrene sulfonate
(PEDOT:PSS) are especially considered for divelesarenic applications.

CP offer advantages such as low cost, and easmoégsing for many applications like
the transistors, the organic light emitting diodesl photovoltaics (OLED and OPV) and
appear to be good candidates to replace inorgamucenductors. CP present a distinctive
chemical structure, comprised of conjugated dobbleds along the backbone that allows the
transfer of electrorfid They are dispersed in organic solvents, and sergrdopant solvents
such as Ethylene Glycol or DMSO can be added tofdhmulation to boost the electrical
conductivity and to fix the viscosity while surfaots such as Triton X-100 can tune the

surface tension to match to the substrate surfaeseg .

Polypyrrole is a dielectric polymer that can be etbgpy oxidation process to reach a
conductivity of 100 S/cni®. The chemical structure of this polymer is shoviigdre 1.12.
This polymer is usually electrochemically deposif@édand has been used for applications
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such as capacitor$ or chemical sensoré. Only few studies mention Polypyrrole as an ink

for printed electronics applicatioffs®

Polypyrrole

Figure 1.12Chemical structure of Polypyrrole

Polyaniline is a conducting polymer that combinéscteonic and optical properties.
Polyaniline exists in 3 stable oxidation stateg #hibit different conductivities and colors.
Among them, the emeraldine state presents the s$tigb@enductivity in its doped state.
Polyaniline has advantages such as stability amréemperature, ease of synthesis and
transparency. The chemical structure of Polyaniismeresented in the following figure
(figure 1.13)

Polyaniline

{7@7 <O @ﬂ

Figure 1.13Chemical structure of Polyaniline

Companies such as Panipol are developing Polyanifiks compatible with inkjet and
others process. This polymer has been studied fiptications such as gas sensiffy
especially for ammoni&®%, combined with graphene for capacitor electrdemd recently
for biomedical applications such as biosen&df4 However, this polymer is not compatible

with implantable bio-devic&s

PEDOT:PSS is one of the most promising conductiolymers and has been broadly
studied in the last decades. the chemical strudUREDOT:PSS is shown in figure 1.14. It
can be prepared by oxidative chemical or electnoite polymerization
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Figure 1.14Chemical structure of PEDOT:PSS

PEDOT in its neutral state is a conducting polyrbat remains difficult to process
mostly because it is insoluble and rapidly oxidizesir. In combination with PSS, a water
soluble polymer which serves as a charge balanmgterion®, this complex is stable in
solution. In its oxidized state, PEDOT:PSS is alstgolymer and it is one of the most
studied polymers currently used for printing traargmt electrode¥ or hole transport laye's
in applications such as solar cells and Organidt:Emitting Diode (OLEDS). These results
pave the way for substituting ITO (Indium tin oxjdes transparent electrode for organic solar
cells or anode for flexible displays. PEDOT:PSSsirdke available commercially in water
based formulations from few suppliers such as Heyaand Agfa (Orgacon) that are
compatible with printing technologies such as ihlgecess or screen printing. PEDOT:PSS
thin films present high transparency, good therstability and high conductivity which can
be further tuned by doping the polymer with soleefit Recently, PEDOT:PSS has been
highlighted as a good candidate for biomedical iappbns due to its higher electronic and

ionic properties combined with its biocompatibifity®*

1.2.4 Comparison of printing techniques

Screen printing is one of the most advanced andstdlechnique in terms of research and
development for printed electronics. It allows d&pog highly viscous inks resulting in

thicker layers compared to other printing techngqaed can fit many electronic applications.
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It is a mature technology that has been already usendustry to date. This prerequisite
could be achieved by other techniques like grayarmeting by optimizing the size of the
engraved cells to reach the micron scale. Bothofiexphy and gravure show promising
perspective in electronics but limits still exisich as the manufacturing costs for gravure or
the presence of the halo for the flexography. A pmise must be found between thickness
and resolution. Aerosol jet printing is a recentsadile technique, and also customizable
offering an alternative to other processes asawstflexibility in terms of compatibility with
inks (viscosity). However, this technology requirfesther developments to compete with
actual fabrication processes.

Inkjet is also a promising technique especiallytheg laboratory scale as it allows the
digital fabrication of complete devices with low mdacturing costs. Additionally, the
geometry can be customized on demand. This tecengjaasy to use as well as to evaluate
new designs and inks. Today, it is still challemgito integrate inkjet into roll-to-roll
processes due to maintenance issues related ttermagging and ink stability. The printed
resolution is limited by the rheology of the inketcharacteristics of the printhead, and the
physicochemical properties of the substrate.

Table 1.1 gives an overview of the printing teclueis] by comparing their principle

characteristics.

Gravure Flexography Screen Printing  Aerosol Inkjet
jet
Printing form  cylinder Printing plate Mesh screen Digital Digital
engraved
Speed 8-100 5-180 30-100 1.2 0.02-0.5
(m/min)
Resolution 20 50 <100 10 20
(pm)
Viscosity (cP)  10-500 10-100 500-10000 1-2500 5-20
Thickness(um) 1-8 1 <10 >0.1 0.1to 15

Table 1.1Comparison of printing techniques.
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Finally, printing technologies can be sheet basetblb to roll techniques enabling the
use of flexible plastics or papers as substratéscam operate at high speed. Conventional
photolithographic patterning process replacementti®se promising techniques can be
envisaged for the development of specific applcatisuch as OPV, OLED, biosensors and
biomedical devices on different substrate like papkstic and recently fabric . In particular
in the biomedical field, the compatibility of therictional formulations with a wide range of
materials and the solution processable conductoignmers offers new perspectives for the

fabrication of innovative tools.

In this thesis, inkjet process is chosen as thetipg approach to fabricate diagnostics
devices for use in electrophysiological applicasioREDOT:PSS was the conducting material
selected for the development of an ink fitting thkjet requirements. In the next section,
recent works conducted on the understanding oktéetrical enhancement of PEDOT:PSS

and the initial studies on PEDOT:PSS inks formalaiare presented.

1.3 PEDOT:PSS: Motivation towards enhancing the

electrical properties :

1.3.1 Solution processing of PEDOT:PSS

To improve the electrical properties of PEDOT:PS§Sjeral studies were conducted over
the last few years by testing different doping teghes. Some of them focused on the
structural effect of incorporating “doping” solvenh PEDOT:PSS dispersion and highlighted

the role of these solvents in the conformation gean the conducting polymer chain.

In the work proposed by Kim et al, the authorsppsed the enhancement of
PEDOT:PSS conductivity by mixing organic solvenithwhe polymer, for instance, DMSO,
THF or DMF and studied the effect on charge trartspmperties of the polym& They
suggested that adding a solvent with high dielectnstant to PEDOT:PSS, induced a strong
screening effect between the positively charged ®ERnd the negatively charged counter
ion which results in an increase in the condustiy a factor 10. Other groups also reported
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on a reorientation in PEDOT:PSS chain induced lmgh hemperature after the addition of
solvent&?. In that case, Sorbitol and Glycerol were investég to enhance the conductivity

and characterized as plasticizers.

Another assumption presented comes from morphadbgohanges in the pristine
PEDOT:PSS after solvent addition (Sorbitol) suchP&S removal during film formation
leading to electrical enhancement in the dry cotidgdilm®®. Indeed, PSS is an insulator and
the electrical conductivity of PEDOT:PSS is lowergnto 10 S/cm when the PEDOT/PSS
ratio is 1:2.5. The addition of such solvent reslin a thinner PSS insulating layer and led to
a 3D network of highly conducting PEDGT.

Ouyang et al presumed that the presence of twoooe ipolar groups in organic solvents
enabled the enhancement of electrical conduciiifjhey tested the addition of Ethylene
Glycol to PEDOT:PSS and assumed the electricalgdsmthey observed were caused by the
modification in the conformation of the polymer rinca coil to linear or expanded structure,
leading to a chain transformation from benzoid winqgid structure (see figure 1.15) which

boosted the delocalization of charges and the ehauapility.

O O

o O
\ s / \ _—
R:S\ﬁ Sg\
/ n
U/

Benzoid structure Quinoid structure

Figure 1.15Transformation in the chemical structure of PEDOT PSS from benzoid to

quinoid

The origin of conductivity enhancement can be laited to the interaction between the
dipole moments of solvents and PEDOT chains. Raatiy, it formed an organic compound
and did not play a role in charge screening coptt@aKim et al assumptions which resulted

in the creation of hydrogen bonds between orgaoiopounds and P$% . This theory has
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also been confirmed recently by Xiong et Some polar solvents such as sorbitol or
glycerol have been also investigated as additiweBEDOT:PSS solution and the electrical
conductivity has been enhanced indeed by seveddr®rof magnitude as explained by
Nardes and al’. Specifically this is attributed to a self-orgaation from 3D agglomerates to
aligned 1D aggregates thus decreasing distanceebptREDOT grains. The length of chains
in diols polymers has also been proposed to plajeain conductivity changes. Considering
that all these solvents induced conformational gkarin the PEDOT:PSS. Fabretto et al also
assumed that Diethylene Glycol (DEG) exhibitedhhghest interchain charge mobilifyf.

1.3.2 Thermal treatment

The influence of thermal treatment on PEDOT:PS8dihas also been investigated these
last few years’®!?® Huang and al studied the influence of thermahttrent onto the
electrical conductivity of PEDOT:PSS by varying sterage and environmental conditions.
They show the effect of thermal treatments whenpdasnare dried in different atmospheric
conditions. The optimum conductivity was obtaingd280°C in N2. Xiong studied the
influence of temperature on the conductivity durithg curing ste3>. They observed a
decrease of conductivity of the printed samplesval60°C due to the degradation of the
polymer. A maximal conductivity around 82.5 S/cnd &2.4 S/cm was observed after curing
at 150°C and 100°C, respectively.

1.3.3 Post treatment of the PEDOT:PSS film

Recent works have studied the effects of postrtreats in enhancing the electrical
properties of PEDOT:PSS. Kim et al thermally aneédhe films and then immersed them in
a solution of Ethylene Glyct¥. This step helped to increase the conductivitytail418
S/cm assuming that this increase was coming framwamoval of PSS which is the insulating
ion.

The addition of inorganic solvents to dried PEDCESilms has as well as led to better
conductivity. Xia et al demonstrated that by addibyl of sulfuric acid in a dried
PEDOT:PSS film and then heat it at 160°C sevena¢$i the conductivity could reach 3065
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S/lem®® As proposed by other studies, this increase wastd the removal of PSS and a
structural rearrangement of PEDOT in a crystallgiz nanofibrils network. Finally films
treated with 100% p50O, exhibited conductivity up to 4380 S/cm which rensathe best
PEDOT:PSS conductivity in literatut&”

1.3.4 PEDOT:PSS and inkjet

Recent studies demonstrated the feasibility to aissmmmonly-used desktop inkjet
setup to print PEDOT:PSS formulatiofs'® or to use specific inkjet printers compatible
with electronic inks (Dimatix or sono-microplat}’ for the fabrication of organic electronic
components

Regarding the ink composition, the major challerigekide high electrical conductivity,
low viscosity with adequate surface tension, pHtradity of the solution and stability of the
ink in the cartridge and during the printing. Asealdy mentioned, only few suppliers offered
PEDOT:PSS water based inks, compatible with inkjetall cases the nozzles tend to clog
after a while and the formulation cannot be custmahi Consequently several groups tested

é04,107,108and

different inks compositions adapted from PEDOT:R8@mercial formulation
adjusted the viscosity and the surface tensionn&s iby adding solvents and wetting
agents”"*°® However, problems were encountered when it comoeghe stability of

PEDOT:PSS such as the choice of solvents. Foanost the addition of Glycerol which
presents a poor miscibility with PEDOT:PSS, causedll pits in the printed film observed
by Yoshioka et al, who reported the formation ohakis during the solvent evaporation

steg®. Moreover the selection of a wetting agent can a#use micro-features in the fiifh

Resolution of the lines can be controlled by adiigsthe substrate surface enéf§y
Another alternative for the patterning was propasgdEly et al who designed polymer wells
using wet photolithography to control PEDOT:PSS adition'®”. They investigated the
effects of surface treatments such agpfasma treatment and (3-Aminopropyl)triethoxys#an
APTS deposition onto SiAnd ITO coated glass. They showed thap@sma improved the
uniformity of printed PEDOT:PSS film by adjustirfgetwetting properties of substrates.
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The following table summarizes the different presss used for the deposition of

PEDOT:PSS and the corresponding electrical condties based on studies by several

groups:
Author Year Process Conductivity (S/cm)
Kim'® 2011 drop cast 80
Yoshioka'® 2006 Inkjet 24
Srichan'® 2009 Inkjet 14
Wilson'® 2012 Spincoat/Inkjet 150
Ummartyotin'®® 2011 Inkjet 15
Xiong'™* 2012 Inkjet 82
Jung® 2013 Inkjet ND

Table 1.2 Electrical conductivities reported after depositingPEDOT:PSS inks

During the first year of my PhD, | focused on theelopment of a conducting ink using
a commercially available formulation of PEDOT:PSElefios PH1000) tested for
electrophysiological recording applications. Altigbuthe exact formulation is not described
and discussed in this thesis for confidentialitgs@n (Patent under preparation), | present in
the next chapters, the relevant work | conductad tie new PEDOT:PSS printed ink for the
fabrication and characterization of biomedicalides such as ECG and EMG recordings

and for further applications related to biosensipglications.
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Chapter 2

Introduction to biomedical electrodes
for electrophysiological recordings

The discovery of conducting polymers led to the w$ organic bioelectronics
enabling the development of new diagnosis tool$ sag new cutaneous devices for
electrophysiology, paving the way to technologipabgress in the arena of disease

detection and treatment.

In this chapter, | will introduce the principles efectrophysiological recordings
especially ECG and EMG which were the signals stiavith the printed tools developed
in this PhD. | introduce basic notions of biopotal# electrodes used in electrophysiology.
| will give a brief overview of the different type$ electrodes used for medical and
research applications with a loop on the innovasioregarding the fabrication of

electrodes in research for health monitoring.

2.1 Electrophysiology

Electrophysiology is the study that covers thecteleal mechanism and activity of living
tissues and cells. The signal is generated thrabghlocal activity of ions in the cell
membrane or in a bigger scale from organs sucheabkdart. In neuroscience, it concerns the
recording of electrical activity of neurons genetaby action potentials. For neuroscientists,

the study of these recordings enables the estaidishof diagnostics tools.
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In the next paragraph, | will give a brief overvieivthe two electrical activities recorded
by the biomedical devices fabricated during my #eElectroCardioGram (ECG) and
ElectroMyoGram (EMG).

2.1.1 Electrocardiogram

Principle

ECG is the graphic representation of the eledtac#vity of the heart muscle. It
comes from the contraction of the cardiac muscle response to the electrical
depolarization of the cardiac cells. The cardialtscmalled pacemakers are specific cells

which generate automatic action potentials andgyafed them to other cardiac cells.

The first ECG acquisition system has been developg Einthovef® in the
beginning of the 2D century with the invention of the string galvareter. Nowadays and
to observe the cardiac activity, conventionally,FaDG with 12-lead recording is used. In
that configuration, 10 electrodes are placed ircifipe areas on the patient’'s body. To
interpret signals acquired from the ECG, accordmghe placement in the body, spatial

information is revealed about the heart activity.

The ECG signal is in the millivolt range and theguency range of interest varies from 0.1
to 100 Hz. Distinct entities can be distinguishedatypical ECG : a P wave, a QRS
complex and a T and U waves. They represent atieggolarization, ventricular

depolarization, ventricular repolarization, andiffagy muscle repolarization, respectively.

A representation of a classic ECG signal is shaguré 2.1.
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Figure 2.1Schematic of a normal ECG

Many cardiovascular diseases can be detectedebgrthlysis and interpretation of

the ECG signal such as arrhythmia, tachycardiagywmardia, pericarditis, myocardial

infections and others.

2.1.2 Electromyogram

Principle

EMG is a techniqgue which consists in the recorditite analysis and the
interpretation of the myoelectric signals which dag voluntary or unvoluntary. Luigi
Galvani, in the 18 century, revolutionized the field of bioelectromicwith his famous

discovery of generating muscle contractions unaeelectrical current.

EMG signals originate from the neuromuscular atitivaof muscles under stimulation of
muscle membranes. Action potentials generatedeainiinscle fiber membrane result from

the depolarization and repolarization of motor neurThe Motor units (MUs) are the
49



Chapter 2 - Introduction to biomedical electrodes

functional units which implement muscular contracit. They can comprise of 3-2000
muscle fibers. Summation of these action potentélsiotor Units is called Motor Unit
Action Potential (MUAP). EMG spikes can be detedigcelectrodes and the voltage vary
from few pV to few mV¥2 The frequency range of interest varies from 1@G60 Hz. An
example of EMG is shown in figure 2.2 after recogdihe biosignal from a biceps after
long and short contractions.

1mV-I

10s

Figure 2.2Representation of a normal EMG recorded by Ag/AgClelectrodes after 2

long contractions (5s) and 5 short contractions () ®f the biceps

EMG is a tool used in clinical, kinesiological anelsearch applications. This method
permits to localize and identify the damages in cteusissue, nerves, detect paralysis, to
verify the treatment efficiency.

2.2 Biopotential electrodes

The detection and analysis of electrical activitythe different organs is a key factor
for early diagnostics. To evaluate the organs aiets/ (heart, brain, muscles, or eyes)
biological signals acquisition is usually made tlgh the measurement of electronic
potentials on the surface of living tissue. Theedgbn of ionic current flow in the body is
usually accomplished using biopotential electrdd&enerally a pair of electrodes is

placed on the surface of the tissue and acts asnaducer to convert ionic potentials
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generated through the body to electronic potent&dsrded by the electronic systerfihe
potentials measured, are analyzed and amplifieghbsiectronic system.

lonic current is generated in the body when extgtatells are stimulated. This
phenomenon provokes membrane potential to varg. CEll membrane is permeable to
the passage of specific ions, Nend K CI" ions, involved in this mechanism. When a cell
is stimulated, the concentrations of these ionsnaoeified. Then the specific ions are
pumped through the membrane modifying the cell nramd potential. This membrane
potential comes from the difference between elegitpotential from outside and inside of
the cell. These ions concentration gradients géaspecific electric potential, the half-cell

potential which can be calculated, based on Neusation potential.

— _RT &
E=-37mG) @
Wherea,anda, are the activities of the ions from both side lué tnembrane, R is the
universal gas constant (J/mol/K), F the faradaystamt (C/mol), n the valence of ions, T

the absolute temperature (K)

The stimulation of the cells provokes action pdtdat responsible for the
contraction of muscle cells such as cardiac celleen the electrodes allow the
measurement of the ionic flow on the surface ofskia coming from these contractions.
Depending on their configuration, electrodes camibiger polarizable (no charge can pass
through the electrode/electrolyte interface ang @@ usually modeled as a capacitor (i.e.
Platinum electrode) or non-polarizable (the currez@n cross freely among the
electrode/electrolyte interface with no overpotaintthey can be modeled as a resistor
(such as Ag/AgCI electrodes that are close to rwarzable electrodes). Biopotential
electrodes can be thus used either for recordirigratimulation depending on the desired

application.

Common problem regarding the signal quality is itterferences generated by the
acquisition system. For instance, computers oulzllphones are sources of noise. The
dominant frequency for the ambient noise is 50 WZC(power supply). Additionally,

stretching of the skin, muscle movements are atewce of noise which can affect the
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signal. Skin impedance variations can induce flattuns in the signal. To minimize such
effects, standard skin preparation protocols sgatieaning and hair removal can improve
the signal quality by a factor of 10

Electrodes allow the detection of critical electrgpiological signals such as
electrocardiogram (ECG), electromyogram (EMG), deckoencephalogram (EEG).
Electrodes can be either invasive (implanted) arimasive (cutaneous) depending on the
activity of the target organ analyzed. For instatcceecord neural activity, usually micro-
electrode arrays are fabricated using photolithaigyaechnolog$: Besides, OECTs based
on conducting polymers have emerged as well ad#ydromising future for the recording
of brain activity and the detection of neural dsssasuch as epilepsy. During my PhD, |
focused on the development of noninvasive printégttedes for ECG and EMG

cutaneous recordings.

2.2.1 Categories of electrodes

The cutaneous electrodes can be distinguishedcateories: the gelled and the dry
electrodes. The dry electrodes are designed toatgpewithout electrolyte since the
electrolyte is provided by the sweat generatedHey gkin at the interface between the
conducting material and the skin. The dry electsopleesent advantages for long term use
and show more patient compliance than gelled eldes. However one of their main
drawbacks is their generally higher skin-electradgedance. The gelled electrodes
comprise a piece of conducting material and a layeéonic liquid gel. They exhibit good
signal quality, low skin-electrode impedance andjcamd adhesion to skin. A classic
example of gelled electrode is the Ag/AgCI elec&rod

The electrical model of the electrode-skin integfas presented figure 2.3 based on the

model proposed by Meziane et.al
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Figure 2.3Schematic and electrical model of biomedical (a) weelectrode, (b) dry

electrode

WhereE,. is the half-cell potential of the contact betweka electrode and the skin/gel

(V), C; and R; are the capacitance (F) and the resista@¢e@g$sociated to the epidermal

layer respectivelyR; is the resistance&)) associated with the interface effects from the ge
between electrode and skifi,, is the half-cell potential created by the semipeahilility

of the stratum corneum (V). and R, are the capacitance (F) and resistarep df

epidermis respectivelyR,, is the resistance of dermQ)

A brief overview of the electrodes used in thissikes proposed in the next paragraph

Ag/AgCl electrodes

Ag/AgCI electrodes are electrodes commonly usezléntrochemical measurements as
well as in clinical and medical applications. Thmnsist of a metallic conductor (silver)
and an electrolyte gel containing chloride ions alihallows the free move of ions. The
ionic charges are carried through the electrolifien converted in electrical current and
then read by the electronic system. They can beeteddas non polarizable electrodes
since they present a low half-cell poterftig220mV) which renders them interesting for
biomedical applications. An adhesive is typicallsed to ensure good contact between

electrodes and the skin. These electrodes recard gignal quality but have proven to be
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inconvenient for patients since they cause irotatior allergies after long term

measurements. Also the drying of the gel, can tésibss of the signal during motiin

Wearable electrodes

Smart clothes are attracting a great deal of istarehealthcare industry. Indeed there
is a great ongoing demand for the development abvative fabric electrodes for
electrophysiological applications which could extithe same performance than the state
of the art Ag/AgCI electrodes for long-term usetefiration of electrical system into
clothes would be more comfortable solution for ylaise. The smart textiles are either
fabricated by direct integration of conducting \&rt into a standard fabric or by the
deposition of materials using different additivecheiques such as coatfig® dip
coatind®, as well as a technique inspired by the Japariesenk dyeing methad or with
printing technologies such as screen priffid§or inkjet printing®2° The materials
investigated are either metals and carbon nanofeafti or conducting polymers. In
particular, PEDOT:PSS has shown promising charadies as it is biocompatible and
easy to process and thus has been widely usebldatelvelopment of intelligent textiles to
create new biopotential electrodes.
To improve the contact between the electrode amedsHin interface, groups recently
explored the possibility to depose biocompatiblis ga& top of the dry conducting material
222%9nd reduce the effects of motion artifacts durlrggignal acquisition.

E-skin electrodes

A new generation of electrodes mimicking tempornatyoos is currently raising a lot
of interest following the work led by John Rogersup, pioneer for the development of
ultrathin and conformable skin-like platforrffs2° combining multiple applications such as
biosensing and monitoring of neural activities.eThultra-conformability of the tattoo
improved the contact between the electronics aadkin rendering nonessential the use of
conductive gel. Studies are currently conductedisog on the integration of conducting
polymers in the circuits to pattern the active mate PEDOT:PSS or carbon are
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investigated using technologies such as screenting?h or subtractive inkjét or

coating®.

There is a growing demand for the development of wWéagnostics tools for the
detection and the analysis of electrophysiologis@nals and many studies propose
alternatives to the Ag/AgCI electrodes. In the nehxdpters, | present the work conducted
on the cutaneous electrodes | fabricated usingirtkichnique. The electrodes showed in
figure 2.4 are electrodes printed using a PEDOT:P&3ormulated during the first year
of my PhD, They are conceived on low cost and diapte substrates (i.e. paper and
tattoos) and as well as wearable and stretchaltistrsies (textiles) paving the way for
easy recording methods of ECG and EMG.

Figure 2.4Photographs of electrodes printed on (a) paper, téie i.e. (b) ribbon, (c)
tight and (d) tattoo paper
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Chapter 3

Printed PEDOT:PSS electrodes on
paper

This chapter is based on the following publication:

“Inkjet printed PEDOT:PSS electrodes for ECG measuements on

paper”

Eloise Bihart, Timothée Robertst, Mohamed Saadabhigrry Herve,

Jozina B. De Graaf, and George Malliaras*, Advanced healthcare materials,

2017, doi: 10.1002/adhm.20160116.

In this chapter, | report the fabrication of biogotial electrodes by the recording of
electrophysiological signals such as electrocardamy via a simple finger to electrode
contact.

The ink used was the PEDOT:PSS formulation optonizeing my first year of PhD. |
selected a commercial paper as a substrate as d@cadriendly and recyclable and can be
integrated in biomedical devices for single or nmld uses. | investigated the performances
of PEDOT:PSS printed electrodes for a 3 monthsogeri present the results obtained during

this period and show that these paper electroddsbéxa good quality signal with no
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deterioration after multiple uses. These paperteteles are compatible with the development

of the next generation of low cost and convenienise healthcare monitoring devices.

3.1 Introduction

Cardiovascular diseases (CVDs) are the leadingecalideaths, with more than 610,000
cases per year in the United States alone, angspensible for over 30% of the deaths in the
world™ These illnesses are worldwide problems that condesth industrialized and
developing countries. From 2010 to 2030, the aasedi medical costs are predicted to
increase by a factor (3. This problem is compounded by other factors sushobdacco,
alcohol or obesity, which increase the risks of eleping CVDs. In many cases, early
detection could prevent fatality but in many coiegrCVDs are detected late as a result of
difficult access to preventative healthcare programiherefore, low cost, easy-to-use
detection methods are of tremendous value in ify@mg early diseases such as heart failure.
Currently, the detection of electrophysiologicagrsils, including those stemming from
cardiac activity, in clinical and research applicas is realized using conventional electrodes.
There are mostly made of Ag/AgCI layer, coated vaitimducting gel that is used to reduce
the impedance at the electrode/skin interface. dleésctrodes are disposable, lead to a good
recorded signal quality, but present several litiites ! For instance, the irritation coming
from the adhesive used to ensure a good contawtebat the electrode and the skin can
induce allergies/intolerances. Moreover, thesetdes exhibit poor performance in long
term monitoring mostly due to the drying of the.déhally, even the use of a gel does not
adequately prevent motion artifacts in some apitioa.

Several works have focused on the development yokbictrodes that avoid problems
associated with the drying of the §&l! These studies explored the feasibility of longnter
measurements of cutaneous electrophysiologicalaligwithout inducing skin irritatiolf!
and with a minimal influence from motion artifa8sOther studies explored the feasibility of
integrating conducting materials into textiles tabricate wearable electrodes for
electrocardiography (ECG) or electromyography (EMGY Various technologies were used
to pattern the conducting layer such as printinguefallic inks\”® or a technique inspired by
the dying of kimonos to deposit organic conductdr;ideed, conducting polymers such as
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poly(3,4-ethylenedioxythiophene) doped with polyfehe sulfonate) (PEDOT:PSS) are
being widely studied these last few years for aapions in bioelectronics due to their ease of
processing, mixed electronic/ionic conductivity dsidcompatibility!****. PEDOT:PSS, in

particular, has been receiving a great deal ohaittie as a promising material for advanced

transducers for cutaneous electrophysiology

Recently, the use of inkjet printing to make eledas for ECG acquisition was
reported**®! These studies showed encouraging results usingredes printed from
metallic inks, opening new perspectives for pringdéctronics applications. Indeed, inkjet
printing is an additive technology, which does nequire the use of masks or additional
manufacturing steps, and minimizes materials wasteombines the possibilities to easily
customize the printed pattern and to tune layecktiess by the deposition of single or
multiple layers. In this paper we report the fasicn of fully inkjet-printed, metal-free
electrodes using a commercial paper as an ecddfyieand recyclable substrate, and a
biocompatible conducting polymer, PEDOT:PSS, as dbBve material. We show that
printing a single layer of PEDOT:PSS ink on a comuia paper allows the measurement of
ECG from a human volunteer by simply contacting ¢tectrodes with his/her fingers. We
compared the performance of electrodes consistifly @ and 3 printed layers in terms of
recording quality over a period of 3 months, antemnmns of electrochemical impedance to the
skin. This work paves the way for the developmérmamnnomical, ecological and convenient-

to-use ECG-based diagnostics.

3.2 Results and discussion

We selected a commercial paper (Powercoat HD, Agoins) as the substrate for the
electrode, as it is eco-friendly and recyclable presents a surface roughness (Ra) estimated
at 60nm. Three electrodes, consisting of 1, 2 anthy@rs of the conducting polymer
PEDOT:PSS, were deposited side-by-side on a piégeaper as shown in Figure 3.1.a
without variation in the surface roughness of thiatpd paper. Each electrode consisted of a
disk with a diameter of 1 cm (similar to the dimiens of a conventional Ag/AgCl electrode),

connected to a 1x1¢énsontact pad area, as shown in Figure 3.2.
60



Chapter 3 - Printed PEDOT:PSS electrodes on paper
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Figure 3.1(A) Photograph of printed PEDOT:PSS electrode®n a commercial paper with
a zoom on individual electrodes consisting of B3tayers. Associated ECG measurements
for a printed electrode (1 layer) soon after fadimn (B) and after 3 months (C).

The electrodes were connected to the acquisitietesy using toothless alligator clips
and copper foil. A volunteer placed his/her hands two pieces of paper containing
electrodes, establishing contact with electrodessisting of 1 layer with his/her ring fingers,
electrodes consisting of 2 layers with his/her rtedithgers, and electrodes consisting of 3
layers with his/her index fingers. Figure 3.1.b whathe signal measured from a set of
electrodes consisting of 1 printed layer (ring érg), allowing to distinguishing clearly the
specific electrical waves of the heartbeat sucthaQT intervals. This signal is of adequate
quality to detect CVD related anomalies such aky#limias. A measurement repeated 3
months later is displayed in Fig. 3.1.c, showingumsible signal deterioration during this

period.
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Figure 3.2(A) Photograph showing the dimensions of the PEDOTPSS electrode (B)
Sheet resistance of printed PEDOT:PSS electrodgsmpar consisting of 1, 2 and 3 layers,
n=3

In order to better quantify the stability the etedes, measurements were repeated
approximately once a week for a period of 3 monifigee simultaneous recordings were
conducted for each type of electrode (1, 2, 3 Byand repeated twice per session. In total, 6
ECG acquisitions of 1 minute per electrode typesewean every week. Figure 3.3 shows the
evolution of the mean signal-to-noise ratio (SNR) electrode type. The data shows that the
signal quality stays contrast as a function of tiliethe same time, no visible changes to the
electrodes were detected. The data also showSMNmRtincreases slightly with the number of
depositions used to make the recording electroteteed, the mean SNR values that
corresponds to all measurements obtained within endhths period by the electrode
consisting of 1 layer was 10.28+0.62 dB. This vainereases to 10.79+0.61 dB and to
11.01+0.41 dB, for recordings obtained by electsodmnsisting of 2 and 3 layers,
respectively.
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Figure 3.3Mean signal-to-noise ratio (SNR) of ECG signals ovdime for PEDOT:PSS

electrodes consisting of 1, 2, and 3 layers, n=6.

In order to understand this increase we performéectrechemical impedance
spectroscopy measurements and characterize thactdmttween electrode and skin. We
placed the electrodes on the arm of the volunteeirawvn in Figure 3.4. The printed electrode
was used as the working electrode, while commerweal Ag/AgCI electrodes were used as

counter and reference electrodes.
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Working 0,1 1 10 100

Frequency (Hz)
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Figure 3.4 (A) Schematic of the experiment for electrode/skin mpedance
measurements. (B) Electrochemical impedance spectraneasured from printed
PEDOT:PSS electrodes consisting of 1, 2 and 3 lagen=3.
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The data shows that the electrode/skin impedancesdees slightly with the number of
layers printed. For example, at 1 Hz, the impedatrops from 1.40x100hm for a 1-layer
electrode, to 1.26x£0hm for a 2-layer electrode, to 1.17%1Dhm for a 3-layer electrode.
This decrease is consistent with the decreaseeashibet resistance of the PEDOT:PSS layer
with thickness (Figure 3.2). Compared to commerarad state-of-the-art textile electrodes
reported in literature, the printed electrodes stawimpedance that is approximately one
order of magnitude higher (at 1 H%]).This can be attributed to a combination of a lower
conductivity, and poorer mechanical and electramaltact due to the limited flexibility of the
paper substrate and the absence of a gel. Debpitenigh impedance, the electrodes provide

high quality ECG recordings in a convenient tesforgnat.

In addition to applications in the diagnosis of C3/Dvarious other physiological
phenomena/conditions can be extracted from theysisadf electrocardiograms. One example
is breathing. This is done by monitoring variatiomghe RS amplitude, which increases and
decreases during inhalation and exhalation, reiseéet'® Using the same electrodes and
experimental setup, we lengthened the acquisitiore tto two minutes and asked the
volunteer to stabilize his/her breathing. Typicatalare displayed in Figure 3.5, showing the
variation of the RS amplitude and of the correspaypdignal envelope. Breathing is easily
noticeable and shows that data obtained from timegk electrodes are of high enough quality

to allow analysis of RS amplitudes.
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Figure 3.5. Breathing detection from ECG measurement using PEDD:PSS

electrodes consisting of 1 layer.

The electrodes described here could be easily witdan external device such as a
smartphone to obtain electrophysiological signaleir performance makes them suitable for
a single or multiple uses. Being paper-based artdlffree, they could be easily integrated in
a recycling process with a limited impact on thegiemment. Finally, a potential application
of ECG that is currently receiving a great dealattention is authenticatidh! Indeed,
features extracted from electrocardiograms werewshto be independent of electrode
location, invariant to the individual's anxietytstaand unique to the individua¥ One, for
example, can envision printing electrodes on a soradit card that authenticating the owner

based on the recorded ECG. Experiments that deratashis concept are ongoing.
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3.3 Conclusions

In this work we demonstrate inkjet-printed conduogtpolymer electrodes on paper for
applications in electrocardiography. Electrocardiogs were obtained by simply placing two
fingers on the electrodes. The recordings exhilgteat signal quality, which remained stable
over a period of 3 months. This work paves the Vay the facile and cost-effective
fabrication of metal-free medical electrodes on gragith a reduced number of
manufacturing steps. As a result, it may help @elconvenient-to-use and inexpensive tools

for the prevention of cardiovascular diseases.

3.4 Experimental Section

PEDOT:PSS inkThe PEDOT:PSS ink was formulated from a commerciallailable
PEDOT:PSS (Heraeus, Clevios PH1000) dispersior) tiié addition of 20 wt% ethylene
glycol (Sigma Aldrich) and organic solvents. 0.8%wtglycidoxypropyltrimethoxysilane
(GOPS, Sigma Aldrich) and 0.3% proprietary surfatdawere added to the ink to avoid

delamination and to match the rheological requimrginef the ink with the inkjet printer.

Inkjet printing A Dimatix DMP-2800 inkjet printer was used torgrthe electrodes onto a
coated paper (Powercoat HD by Arjo-wiggins, In@/e printed, one, two and three layers of
PEDOT:PSS and we cured the samples in a convehtomea for 30 min at 160°C. The
dimensions of the electrodes are shown in Figuze Fhe thickness of 1, 2 and 3 layers was
measured by using a mechanical profilometer (Amhbexhnology).The roughness of the
printed

Electrochemical impedance spectroscopyipedance measurements were performed
using an Autolab potentiostat (Metrohm Autolab B,\and the associated software NOVA.
No constant differential voltage was applied. Ausioidal signal of 10 mV was used with a
range of frequency between 0.1 and 100 Hz. The wgrknd counter electrodes were placed
3 cm apart on the forearm. The reference electveae placed on the elbow. The printed
electrode was the working electrode while wet AdgZAglectrodes (Ambu Blue Sensor N, N-

00-S/25, 0.95 cm diameter contact area) were usedunter and reference electrodes.
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Physiological data acquisitionAll volunteers (3) provided informed signed consamt
participate in this study. ECG data were acquirsthgt a RHD2216 chip from Intan
Technologies. The signals were sampled at 1.1 kHB5 &its. A first order high pass at 0.1Hz
and a third order low pass at 100 Hz analog filileese used. 3 bipolar channels were used
during the experiments, each channel connectingtto2 electrodes of the same type (1, 2 or
3 layers). A ground electrode was placed on thet tieg. All measurements were carried out

while the volunteer was not moving.

Data post-processingAll post-processing was carried out using Natlomatrument’s
LabVIEW software. The ECG data were first filtenesing a forth order Butterworth band
pass, high passed at 0.5 Hz and low passed at 20@nd a forth order notch filter at 50 Hz.
The signal-to-noise ratio (SNR) was then calculdtedach measurement using the equation:

2, St
> (Sr-sf)?

average value and its standard deviation were ¢tatulated for the devices during periodic

SNRSr) =20*lo \/ , Sr being the raw signal and Sf the filtered sighhe

experiments. Breathing analysis was obtained usingimple algorithm that isolated the
amplitudes of each RS complex of the ECG signal thieth looked for a decrease or an

increase in those amplitudes.
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Chapter 4

Printed textile electrodes

This chapter is based on the following publication:

“Fully printed electrodes on stretchable textiles &ér long-term

electrophysiological measurements”

Eloise Bihart, Timothée Robertst, Esma Ismailovahdvhed Saadaoui,

Mehmet Isik, Ana Belen Sanchez, David Mecerr@yesiry Hervé, Jozina B.

De Graaf, andGeorge Malliaras* , Advanced materials technology, 2017,

doi: 10.1002/admt.201600251.

In this chapter, fully-printed electrodes consigtiof a conducting polymer and an ionic
liquid gel fabricated on a stretchable textiere shown to record cardiac activity while the
wearer was moving and for long periods of time.

The mechanical and electrical properties of thenfgd polymer on the stretchable textile
were tested. The performances of the textile eldes during this period were analyzed. We
compared dry and gelled electrodes ECG signal aitjons by printing an additional layer
of iongel composed by a biocompatible IL polymérolinium lactacte and 2-cholinium
lactate methacrylate monomer) on top of the acinea of the PEDOT:PSS electrode.
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4.1 Introduction

Cutaneous devices for health monitoring are attrgca great deal of interest in both
industry and academia. Recent advances on theitlepasf electronic materials onto textiles
are generating a considerable effort focused onntiegration of electrical health monitoring
systems into clothin§~ Such autonomous, wearable monitoring systems aobetter
patient comfort during daily use. They aim to pdwiearly diagnosis of cardiovascular
diseases (CVDs) such as arrhythmias and can be fasegrevention of heart-related
problems.For instance, early detection of people presertigy cardiovascular risks could
prevent fatal issues by providing adequate media*.

Existing commercial devices for infant and aduldltie monitoring use wet (gel-assisted)
Ag/AgCI electrodes but these electrodes cause it and in some cases, skin irritation
and allergic reactions from the adhesive usedxdaHem on the skiff! They are also not
suitable for long-term measurements due to thengrgf the gel® To find alternatives, many
studies explored electrodes embedded in or depositetextiles” Textile electrodes can be
fabricated by integrating conducting yarns into tixetile ®° by dip-coating the fibers® or
by deposition of conducting materials on the tedti! The latter approach, coupled with a
direct deposition technique such as inkjet printoffers great versatility and has the potential
to lead to customizable electrodes for health nooimig). To date, however, only a few studies
reported the use of inkjet for the fabrication afasable electrodes for health monitoritfg?!
Inkjet technology is an additive technology whidtrmpits to design customizable electrodes
with reduced manufacturing costs. It offers manyaatages such as compatibility with a
wide range of substrates, small number of fabocasteps, low materials waste, and the
possibility to integrate this technique in a rahbll process, making production efficient and

inexpensive.

In this work we report the fabrication fully-primkte wearable electrodes using inkjet
technology by printing the conducting polymer p8ly¢-ethylenedioxythiophene) doped with
poly(styrene sulfonate) (PEDOT:PSS) on a commemtia@tchable textile. A commercially
available pantyhose (100% wt. polyamide) was chasethe substrate, at it offers a high
level of stretchability. We chose PEDOT:PSS as tlmnducting layer due to its
biocompatibility!*! and its mixed ionic/electronic conductivity, whigkelds high quality
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cutaneous contactS! We further printed an ionic liquid gel to improthee contact between

the conducting polymer and skin, as such gels Hmen shown to lead to high quality
contacts with excellent long-term stabilit§. We record electrocardiograms (ECG) from a
volunteer and demonstrate recordings that areestaid rather insensitive to motion artifacts,
paving the way for the fabrication of low cost, tmsizable electrodes for cutaneous

electrophysiology.

4.2 Results and discussion

The printed electrode geometry (Figure 4.1) coasi$ta round disk with a diameter of 1
cm, similar to that of a commercial Ag/AgCl electey connected to a square contact pad

with area of 1 crh

(@) (b)

Figure 4.1 (a) Photograph of the inkjet printingogess. (b)Photograph of printed

electrodes on a commercial textile with a zoom mimdividual electrode.

We inkjet-printed several layers of the conductimy (Figure 4.2) and obtained
electrodes with a color that became more apparenhea quantity of conducting material
added onto the textile increased. As seen in Figute, the electrical resistance of a 1°cm
PEDOT:PSS square decreased with the number ofefrilatyers, reaching a plateau at 8

layers.
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Mechanical deformation tests showed that PEDOT :R@dified slightly the textile, yet
the electrodes could be stretched at least up@&o2Figure 4.3). The resistance of electrodes
consisting of 4, 6, 8, and 10 layers increased twylya factor of 6.02, 2.66, 1.38 and 1.48
times, respectively, at 100% strain (Figure 4.2@)mpared to literature, these values are
close to the state-of-the-art and validate theazhof textile as a substrdt&:*®. Figure 4.2.d
shows that after a slight initial increase, resistaremains constant after 50 cycles at 30%
strain, proving the stability of the printed polymelectrical properties under mechanical

stress.

—
N
1
——
-

—
< .
= \
o 8 N
15} \
o \
© \
7 \
5 4 |
8
Tl .-——---- .
0 T T
2 4 6 8 10
Layers
(a) (b)
90
- a- 10 Layers 1,2
129 _o- 8 Layers
- A- 6 Layers \ .
- ¥- 4 Layers 104 M~ F60 R
8 b S o ! S
o
x 71| « S
=~ 1 =~ -—
e i = LB
44 0,8 F30 &5
i i
,/""‘_,____x————é“'_% =
.:-’EE‘EEEE‘::::i::::’====."
04 i i . . i 0,6 +— ; ; ; ; w0
0 20 40 60 80 100 0 10 20 30 40 50
Stretch (%) Cycles

(c) (d)

Figure 4.2(a) Photograph of electrodes with a different nundfgorinted layers (1, 2, 4,
6, 8, 10).(b) Resistance of a printed square (1x1°crtt) Normalized resistance (RfRof
printed squares as a function of stretchijdy.Normalized resistance (R§Rduring stretching

cycles (n=3).
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Based on the results above, electrodes consistigonted layers of PEDOT:PSS were
chosen for further investigation. When taken ug@6% strain, their resistance increased by a
factor of 3.48 (Figure 4.3.c).
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Figure 4.34) Setup of the mechanical properties testing experiméth a zoom on the
printed textile.(b) Stress-strain curve of a virgin textile and a lexwith a different number
of PEDOT:PSS layers (4, 6, 8, 10). The increasthénslope of the load extension curve
(from 0 to 15%) shows that the textile is rigiddidy the PEDOT:PSSc) Normalized
resistance (R/i} of a PEDOT:PSS textile electrode consisting oprihted layers versus
stretch

The high degree of stretchability is consistenhwecent work from the Bao group that
shows that surfactants allow changes of conformatidd PEDOT:PSS chains during
stretching 18!

PEDOT:PSS (Figure 4.4).

. Such high excursions, though, were found to cadstamination of
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At 0% strain At 200% stretch After 50 cycles
at 30% stretch

Figure 4.4(a) Micrograph of a PEDOT:PSS electrode consistih§ layers on textile at no
stretch at 200% stretch, and after 50 cycles at 30% stretith a zoom on the yarn.

Thus,cyclic tests were performed at lower values ofistia order to evaluate durability
during repetitive deformation. Figure 4.2.d shohat tafter a slight initial increase, resistance
remains constant after 50 cycles at 30% strainvipgothe stability of the printed polymer
electrical properties under mechanical stress. ddiaphs of the film after the experiment

provided no evidence of cracking or delaminatioig(Fe 4.4).

In order to improve the contact between the skuhthe dry electrode interface, we used
a gel formulation based on the biocompatible cliatinlactate ionic liquid"? We printed the
ionic liquid ink on the PEDOT:PSS active electrodeea and photopolymerized it as
discussed in the experimental section. The ink fpateel directly into the yarns to form a thin
transparent encapsulation layer around PEDOT:P&&ddibers (Figure 4.5).

Textile Textile
+ 8 layers PEDOT:PSS + 8 layers PEDOT:PSS
+ 5 layers ionic liquid gel
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Figure 4.5Images of the virgin textile, the textile with 8 &yers of PEDOT:PSS, and the
textile with 8 layers of PEDOT:PSS and 5 layers dbnic liquid gel.

Electrochemical impedance measurements of thereteskin interface were performed
on a volunteer, as shown in Figure 4.6, using élélé one as the working electrode, and wet
Ag/AgCI electrodes as counter and reference. Tha slaows that the addition of the ionic

liquid gel lowers impedance, as expected due t@xtended contact with skin.

1: PEDOT:PSS
2 : lonic liquid gel

\ f')l

/4

(a)

10 No gel Textile electrode
—— 1 Layer (5 Layers ionic liquid gel)

o) —— 3 Layers — —— Commercial Electrode
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Figure 4.6 (a) Photograph showing the electrode configuration fbe impedance
measurementgb) Impedance spectra measured from a PEDOT:PSSagestmade of 8
printed layers with and without an ionic liquid geinsisting of various number of laye(s)
Impedance spectra of a commercial electrode arthee@ electrode consisting of 8 layers of
PEDOT:PSS and 5 layers of ionic liquid gel (n=3).
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The addition of five layers of ionic liquid gel deases impedance by 2 orders of
magnitude in the frequency range of 0.1 to 10 Hz, @ne order of magnitude in the range of
10 to 1000 Hz (Figure 4.6.b). Indeed, the gel-#aditextile electrode with 5 layers of ionic
liquid gel shows an impedance spectrum that islam that of a commercial wet Ag/AgCI
electrode (Figure 4.6.c). A coating consisting oprinted layers of ionic liquid gel was,
therefore, selected and used to make gel-assigERIOP:PSS textile electrodes for the

remainder of this study.

In order to validate the use of the textile eled&®in electrophysiology we measured the
ECG of a volunteer. ECG signals were simultaneoaslguired with the three electrode
types: dry and gel-assisted textile electrodes eomchmercial wet Ag/AgCI electrodes.
Measurements were conducted between the two fosgamer a period of 40 days at four
different times: ¢, tt+4h, $+8h, v+24h, and $+40 days. Typical ECG recordings atand
to+40 days are shown Figure 4.7.

LAAMBABA i

= Textile/PEDOT:PSS
= Textile/PEDOT:PSS/gel
= Commercial electrode

fl

am | M A

10

ECG during finger movements (Day 40)

Figure 4.7ECG data acquired under different conditions: (i)static recoding at ¢ in the
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top left corner, (ii) static recording aty#40 days in the top right corner, (iii) dynamic

recording under repeated hand motiony84® days in the bottom center.

The characteristic waves of ECG, essential tobéska CVD diagnostics, are clearly
recorded by both the dry and the gel-assisted¢estiectrodes. The mean signal-to-noise ratio
(SNR), calculated at tfor 3 different recordings, was 12.93+0.80dB a3d7%+0.26dB, for
the dry and the gel-assisted electrodes, respégtimad remained constant for the first 24

hours of recording (Figure 4.8).

154L
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Figure 4.8Mean signal-to-noise ratio (SNR) over time (40 day for commercial wet

Ag/AgCI electrode and textile electrodesvith 8 layers of PEDOT:PSS and 5 layers of

ionic liquid gel (n=6). A fresh Ag/AgCl electrode vas used for every measurement

40 days later, the performance of the printed eddets exhibited signs of slight
degradation, characterized by a decrease in SNR&*5.28 dB and 10.37+2.53 dB, for the

dry the gel-assisted electrodes, respectively.

To evaluate the impact of motion artifact generatadthe ECG signals, we asked the

volunteer to repeatedly open and close his/her sidodnduce movement artifacts on the
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recordings. Figure 4.7 shows typical recordingsefach electrode type. While the signal was
clearly affected on the dry textile electrodesydts affected considerably less on both the gel-
assisted textile and the commercial electrodesinQunovement, the ECG complex recorded
by these two electrodes was still detectable, whikecordings from the dry textile electrode,
the characteristic peaks were indiscernilflee advantage of the gel-assisted textile electrode
compared to the commercial one, is that it doesinpbut. Indeed, the commercial electrode
lost its ability to record after approximately 1@uns. Therefore, the use of an ionic liquid gel

printed on textile electrodes improved the signab#ity over time and under motion.

4.3 Conclusions

We used inkjet printing to make electrodes from BHIPSS on a commercial
stretchable textile. Contact with the skin was ioyed by the addition of a cholinium lactate-
based ionic liquid gel that was also inkjet-printicectly on the textile. These gel-assisted
electrodes made low impedance contacts to the aheh yielded recordings that were of
comparable quality that those of commercial wetA&§Zl electrodes, but without drying and
using a format that is more compatible with weagabhgnostics. As such, they pave the way

for the fabrication of customizable health monigrdevices for cutaneous applications.

4.4 Experimental section

Ink formulations:To formulate the conducting ink, we added in a carully available
dispersion (Heraeus, Clevios PH1000) 20% of etleylglycol (Sigma Aldrich) and other
organic solvents to enhance electrical conductivity 0.8 wit% of
glycidoxypropyltrimethoxysilane (GOPS, Sigma Aldrjdo prevent delamination, and 0.3%
of surfactants to achieve suitable rheological progs for inkjet printing. To create the ionic

liquid ink, we mixed a solution containing cholinu lactate and 2-cholinium lactate
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methacrylate monomer with the crosslinker (ethygymol dimethacrylate) and a

photoinitiator™®. We added ethanol to achieve adequate viscosiipKget printing.

Inkjet printing We used a Dimatix DMP-2800 inkjet printer to fighte the electrodes.
We printed successively 1, 2, 4, 6, 8 and 10 lapérBEDOT:PSS ink on a commercial,
stretchable polyamide textile (Dim, knee highs) anded the samples 60min at 110°C in a
conventional oven. To crosslink the ionic liquid,gee placed the samples in the oven for 10
min (100°C) for solvent evaporation, and exposeal ghinted textiles to UV light (from a
UVGL-58 hand-held UV lamp).

Electrical characterization Electrical tests during stretching were performeihg an
Instron tabletop model 3665. The studied samplesisting of printed rectangles (1.5x3%9m
on textile. We connected the conducting textile aigopper tape attached to the Instron’s
jaws and measured resistance using a multimetek¢FRl75).

Electrochemical impedance spectroscoye used an Autolab potentiostat (Metrohm
Autolab B.V.), and the associated software NOVAps&rform theimpedance measurements
using the fabricated and commercial electrodeseglagcn the skin of a volunteer. The
frequency range was between 0.1 and 100 Hz anditiusoidal signal was 10 mV. We
placed the reference electrode on the elbow. Th&imgpand counter electrodes were placed
on the forearm, 3 cm apart. The working electrodes whe electrode under study, while the
reference and counter electrodes were wet Ag/Atgcitdes (Ambu Blue Sensor N, N-00-
S/25, 0.95 cm diameter contact area).

Physiological data acquisitioninformed consent was signed by the volunteer. A
RHD2216 amplifier chip from Intan Technologies wesed to record the ECG signal. The
chip was configured to use a high-pass filter &tz and a low-pass filter at 100 Hz. After
filtering, the signals were sampled on 16 bits .4t KHz. ECGs were recorded between the
two forearms with a ground electrode on the rigigt I[The textile electrodes were attached
halfway on the forearm of the participants withparss bracelet. They were then connected to

the recording electronics using a copper tape andtal wire.

Data post-processing_abview software from National Instrument was dise process
the signal. The “raw” ECG signal (Sr) were obtaifdfiltering the output of the RHD2216
using a fourth-order Butterworth band-pass filtEhe high- and low-pass frequencies were
0.5 and 100 Hz, respectively. A 50 Hz Notch filkeas added to obtain the filtered signal (Sf).
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The signal-to-noise ratio (SNR) was then calculafed each measurement using the

following equation:

SNRSH) = 20* |og($§f_f)sfj .
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Chapter 5

Printed PEDOT:PSS electrodes on tattoo

This chapter is based on the following publication:

“Customizable printed Tattoo-Textile electrodes for
ElectroMyoGraphy”

Eloise Bihart, Timothée Robertst, Mohamed Saaddeama Ismailova,

Thierry Hervé, Jozina B. De Graaf,and George MaB#, in Preparation

To date, conventional electromyography (EMG) methadfer from limitations in long-
term applications due to patient discomfort relatedssues such as chronic skin irritation. In
this chapter, we present a simple and customizaigithod to detect EMG non-invasively and
with long-term stability. For that, inkjet printecbnformable tattoo electrodes based on the
conducting polymer poly(3,4-ethylenedioxythiophepelystyrene sulfonate (PEDOT:PSS)
were employed as the transducing element on thedeséctrode interface. Interestingly, to
enable a reliable connection of the tattoo with tlkectronic acquisition system, the
conventional wiring was replaced by a simple cohtatween the tattoo and a similarly ink-
jet printed textile electrode. We show that outdadtextile electrode system was able to
detect the biceps activity during muscle contractior a period of seven hours. Combining
the tattoo electrode with an electronic textilensttutes a versatile and easy-to-use method
for the integration of electrodes in critical elemphysiological applications such as myo-
controlled prosthesis or muscle injury preventiomdadetection, paving the way to next
generation electronic skin devices.
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5.1 Introduction

Currently, a great deal of attention is paid tcategenovel intelligent systems for medical
diagnosis tools. Progresses have been made fatetelopment of cutaneous conformable,
flexible and stretchable sensors with a minimalhyasive effect on the skin-electrode
interface. Wet Ag/AgCI electrodes are standardigdu®r muscle activity detection but these
electrodes demonstrate several limitations suchllasgies or irritatioh and the fact they
can't be used for long-term application becausthefdrying of the gel. To avoid discomfort,
the development of innovative biomedical deviceshsas smart textilés' or electronic
skir~" have gained a lot of interest to improve the défly quality of patients. New dry
electrodes have been conceived such as textile@des or recently e-skin /tattoo electrodes.
Recently, intelligent electronic systehfi§ mimicking the temporary commercial tattoos have
been reported, integrating different sensors amdntiaterials required to compose a fully
autonomous system. They showed a good conformttiskin and resistance to deformation
with no irritation to the skin and were able toat#telectrophysiological signals. Electrodes
with electronics embedded in textiles have beetedeto record muscle electrical activity
such as Electrocardiograpfy(ECG) or ElectromyograpAy*(EMG). Several techniques
allow the electronic patterning of the textiles ls&s the integration of conducting yaf's
into the fabrics or by coatiny™ These textiles demonstrate great potential fag{rm

monitoring of electrophysiological signals.

New smart devices using conducting polymers instehdnorganic conductors are
investigated for bioelectronics. For instance, PEERSS is a biocompatibfe conducting
polymer widely studied this last decade for its bomad ionic and electronic properties. It
shows a great conformation on the skin. Recentp®@EPSS has been highlighted as a
promising candidate to produce conducting taftoisfor EMGs recordings?° or a
combined with carbon to create tattoo electrodes doulograph$’.These new tools
contribute to the prevention or early detectiorcafdiovascular diseases but can also be used
for electrical stimulation or the myo-electric canltof prosthetics. Indeed, there is a global
need to develop prosthetics easy to handle, adepfab each patient and financially
affordablé®. Emergent technologies such as irKjetr screen printirif are considered as

cost-effective approaches with reduced number afufaeturing steps. Inkjet technology is a

83



Chapter 5 - Printed PEDOT :PSS electrodes on tattoo

simple non contact technique which allows the fadiion of customizable designs. The
patterns could be easily modified on demand. In&mild be used to manufacture low cost
biomedical devices such as biosenSoend industrialized via integration in roll to roll

processes.

In this work, we present a simple method to faledatelligent devices using inkjet
technology and for interconnecting the skin-tatielectrodes to smart textile for EMG
acquisition. We connected the tattoo electrodesdpjacing conventional electrical wires
with a simple direct contact with dry printed téxtelectrodes. The conducting material used
was PEDOT:PSS. We proved the proper functioning stability of the proposed tattoo-
textile system by measuring its electrochemicaladgnce (EIS) and though the acquisitions
of biceps EMG signal.

5.2 Results

We first selected a commercial temporary tattooepdpr the fabrication of the tattoo
electrode. We printed 1 layer of PEDOT:PSS ink (Feg5.1). The dimension of the active
area of the electrode is 1x1€square and 1 layer represents 100nm thickness.

Figure 5.5chematic of the textile-Tattoo electrodes.The printed tattoo is deposed on the

skin after humidification with water. Printed tdgtelectrodes are placed on top of the tattoo
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replacing the wires to connect the tattoo with éhectronic system allowing detection of
EMG.

The conductivity of the ink printed on the thimilis 240S/cm. The printed conducting
polymer tattoo was then deposited on the skin affeen moisture is applied to the tattoo
transfer paper with a perfect skin on the skinazef To record electrophysiological activity,
the tattoo electrodes were connected to the atguissystem through PEDOT:PSS textile
electrodes by applying a simple contact pressutedan the tattoo and textile electrodes. To
optimize the electrical performance of the condwgtiextile, we investigated the impact of
the PEDOT:PSS layers on the resistance of prirgedrs (1,5x1,5 cf). We printed 2, 4, 6
layers of the ink and observed the resistance dseck accordingly to the increasing
conducting polymer thickness up to reach a platdéer 6 layers of printing PEDOT:PSS

(Figure 5.2) which we attribute to correspond woaplete impregnation of the fabric by the
conducting polymer.

—~ 12
1,5cm <
|1,5¢m A R 8 8
=
2
2 Layers 4 Layers 6 Layers é 41
0 T T T
2 4 6
Layers
(a) (b)

Figure 5.2Electrical characteristics of the printed textile.(a) Photograph of the ribbon with
2, 4, 6 layers of PEDOT:PSS printed on the fal§byElectrical resistance of the printed
squares (1,5x1,5¢( n=9)

Then we compared the electrode-skin impedancésedfattoo-textile electrodes, textile
electrodes and wet Ag/AgCI electrodes (Figure %.3Me observed that the textile electrode
presented higher impedance than tattoo-textiletrelde in the frequency range for EMG
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study with a distinguishable peak at 50 Hz (frequyeof ambient noise interferences)

showing that fabric electrodes present a highesigeity to external noise than the tattoo-

textile ones.
104 W (/
G \
g \ Reference
o 14 > /
8 Textile electrode 4 /\v Counter
© —— Tattoo/textile electrode )
O X .~ Working
1 —— Ag/AgCl electrod .
8 0,1 g/AgCl electrode aom™
£ — ‘
0,01

0.1 1 10 100 1000
Frequency (Hz)

(a) (b)

Figure 5.3 ) EIS Spectra measured from the textile electrodegb) Schematic of the

experiment

We also observed that the tattoo-textiles elecsadénibited a better stability during the
signal acquisition with a narrow error bar. Thectledes were placed on a volunteer as
presented Figure 5.3.b. In comparison with the wgtAgCl electrodes, the commercial
electrodes displayed impedance values 2 ordersaghitude lower than tattoo electrodes for
low frequencies (from 0,1Hz to 100 Hz) and 1 oraér magnitude lower for higher
frequencies (from 0,1Hz to 100 Hz) This differeroald be explained by the presence of gel
electrolyte in the wet Ag/AgCI electrodes whichifidgate the transduction of ionic current
into electronic curreft.

We observed the degradation of the tattoo film d#pd on the skin in ambient
environment for a period of 7 hours (Figure 5.478he samples did not show visible
deterioration of the film during the first 3 howssowing the stability of the tattoo over time.
Then, we started to distinguish few cracks in tbheducting film, which became clearly
visible at TO+6h corresponding to the deterioratidrthe tattoo film/foil while exposed to

ambient environment.
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Figure 5.4Evaluation of the functionality of the tattoo on the skin. (a) Photographs of the
printed tattoo on the forearm right after the degpms (TO), after 1h, (T1h), after 3h, (T3h),
and after 6h, (T6h), (b) Variation of the electliszsistance of the printed tattoo after repeated

contractions of the index at 30° and 90°, (c) Pb@ph of the flexion experiment

To evaluate the mechanical resistance of the tatteameasured its electrical resistance
under repetitive flexions/extensions and compateuth the initial resistance value (Figure
5.4.b). We deposed a tattoo between the digital intetmediate phalanges or the index
finger, and connected it with copper adhesives goaonderneath it, on the edge of the
conducting film (Figure 5.4.c). We recorded thectieal resistance of the PEDOT:PSS film
after running multiple cycling tests while applyiddgference angles of bending (30° and 90°).
We did not notice any significant variation in tbkectrical resistance at flexion 30° while
there was a slight increase up to 20% for flexiofh ®ostly attributed to the deterioration of
the polymer film at the interface with thicker c@pmdhesive. This hypothesis, similar to the
one proposed by Zucca et?d] was confirmed by the observation of cracks foromaat the

adhesive-tattoo interface. In parallel, we verifidgte electrical properties of the textile

87



Chapter 5 - Printed PEDOT :PSS electrodes on tattoo

electrode by measuring the resistance of the priteetile before and after wearing the fabric
for a period of 7 hours. We did not observed attlation in the conducting polymer

conductivity proving the stability of the textiléeetrodes over time.

To validate the use of our tattoo-textile systemn pdhysiological applications, we
acquired ElectroMyoGraphy (EMG) on a volunteer, rexting the tattoo electrode to the
acquisition system by a simple pressure contaoutfir an electronic textile electrode (Figure
4.a). The electrodes have been positioned 2cm,apathe lower part of the left arm biceps.

We recorded EMG signals every 3 hours in 7 howrvals (Figure 5.5).

imV ] imV 1imV
10s 10s 10s

Textile Tattoo/textile Wet Ag/AgCI

Figure 5.5EMG recordings of the biceps contraction on a voluteer. Comparison
between the EMG signals measured from the textleredes, tattoo-textile electrodes and
for wet Ag/AgCI electrodes after 2 long contrac8dqd0s) and 5 short contractions (1s) at TO

Recordings used for SNR calculation, consistetiCo$econds of resting and 10 seconds
of contraction where the patient was asked taaliftKg weight with an elbow angle around
90°. These experiments have been repeated 6 tiaresath interval. We compared the
signals acquired from the tattoo electrodes withséhacquired from textiles electrodes and

the state of the art wet Ag/AgCI electrodes (Fighu@.

imv imv imv
T0

T0+3h To+6h

88



Chapter 5 — Printed PEDOT :PSS electrodes on tattoo

Figure 5.6EMG recordings of the biceps contraction on a voluteer. Comparison
between the EMG signals measured tattoo-textiletreldes after 2 long contractions (10s)
and 5 short contractions (1s) at TO, at TO+3h amally at TO+6h.

The latter have been position on the right arm. Sigmal to Noise Ratio (SNR) has been
calculated from these recordings.

The tattoos-textiles electrodes were able to détieefps activity both short (1s) and long
(10s) voluntary muscle contractions during 7 ho(Fgyure 5.5). The tattoo electrodes
exhibited at TO a mean SNR of 10.96+1.69dB versu43*0.69dB and 18.21+1.55dB for
wet Ag/AgCI electrodes and for textile electrodespectively. After the deposition of the
tattoo, we observed a substantial amelioratiorhex gignal quality of the EMG recordings
which we attributed to the moistening of the sKiiis assumption was confirmed by the
increase in the mean SNR extracted from the sigmaésmsured 3 hours later, e.qg.
26.27+1.97dB against 25.10+1.35dB for the wet AdgZAglectrodes. In comparison, the dry
textiles electrodes recordings exhibited a consigiaality of the signal acquisition during the
day with a mean SNR value of 18.21+1.55dB lowenfttine tattoo-textile one after 3 hours.
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Tattoo/textile electrodes

1mv imv

10s 10s

TO TO+6h

Wet Ag/AGCI electrodes

imVv imVv
10s 10s

T0 To+6h
(b)

Figure 5.7.EMG recordings of the biceps contraction on a voluteer. (a) Photograph
of the EMG experiment with a loop on the electrodesnection on the arm, (b) EMG signal
measured at TO and TO+6h for tattoo-textile elesoand for wet Ag/AgCl electrodes after 2

long contractions (10s) and 5 short contractios$ (1

Interestingly, 6 hours after the first recording® did not notice visible deterioration of

the tattoo deposited on the skin, we supposedhieatnoistening coming from the prolonged

contact between the tattoo-skin interface and elgl¢ prevented the apparition of cracks at

the surface. Indeed, the tattoo-textile electradieplayed similar performance than the wet

Ag/AgCI electrodes with a mean SNR of 20.94+1.5Ca#l 19.71+4.62dB for the tattoo-
textile and wet Ag/AgCI electrodes respectivelyTa@t+6h demonstrating the stability of the

tattoo-textile electrodes.
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5.3 Discussion and Conclusions

In conclusion, we fabricated inkjet printed tattestile electrodes mimicking
commercial temporary tattoos using a biocompatddeducting polymer, PEDOT:PSS, as
the transducer and we recorded neuro musculaintgcivch as EMG. The tattoo electrode, a
low cost and noninvasive biomedical device, shogedd conformation to the skin with no
irritation or allergies. One of the major challeader the advance for e-skin devices for the
development of new health monitoring systems igetlize a smart interface connection
between the data acquisition system and the efdutsiological signal measured on the skin
without damaging the tattoo. Here, we presentedmpls reliable method to connect the
tattoo to the acquisition system using printed EBEDOT:PSS textiles replacing traditional
wires. This connection is done through a simpleamebus contact with printed conducting
textile with no degradation of the tattoo and ssstdly registered EMG on a volunteer. Our
system was able to measure the signal from a bicepsaction for a period of 7 hours
proving the stability and functionality of the sgst we proposed in this work. Performances
of the tattoo-textile electrodes challenged theveotional wet Ag/AgCI electrodes for long
term recordings. These results pave the way faasy and low cost fabrication of e-skin and
for a smart connection for electronic skin througjhart clothes whiclcould be further
developed for embedded applications, for instafmethe integration in a myo-controlled

prosthesis or for the detection of muscle injury.

5.4 Materials and methods

PEDOT:PSS inkTo formulate the PEDOT:PSS ink we prepared a smiutincluding
PEDOT:PSS (Heraeus, Clevios PH1000) dispersionyt2® ethylene glycol (Sigma Aldrich)
and 0.8 wt% glycidoxypropyltrimethoxysilane (GOPSigma Aldrich) to prevent any
delamination of the conductive pattern during thkob deposition on skin. We added 0.3%
surfactants to adjust the surface tension of the(29 mN/m). We added a combination of

organic solvents to fit the ink with the rheolodicaquirements for inkjet process.
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Ink-jet printing We used a Dimatix DMP-2800 inkjet printer to fabte the device. We
respectively printed up to 6 layers of PEDOT:PSSaoccommercial satin ribbon (ldeatiss).
The dimensions are shown in figure S1. Then wetgdinl layer of a lcmsquare of
PEDOT:PSS on a commercial tattoo paper (TattodHeIMagic Touch, 123 Applications).
The drop spacing was 15 pum. The samples have bama dor 60 min at 110°C in a
conventional oven. . The thickness of 1 PEDOT:Rg8®rlprinted on the tattoo substrate was
measured by using a mechanical profilometer (Ambieshnology).The electrical
characterization of a 1cprinted PEDOT:PSS square was conducted using ia foimt

probe system (Jandel).

Electro-Chemical Impedance Spectroscopie performed the EIS measurements on a
volunteer using a potentiostat (Metrohm Autolab B.&hd it software NOVA. We did not
apply any constant differential voltage. The expemts were conducted by applying a
sinusoidal signal of 10 mV. The range of frequesejected was varying from 0.1Hz to
1000Hz. The working and counter electrodes werpes/ely placed 3cm apart from each
other on a forearm of a volunteer and the referevee placed in the elbow. The electrodes
we characterized during EIS measurements were ohnievg electrodes while the counter and

the reference have been kept fixed (e.g. wet AglAg€tirodes).

Mechanical characterizationWe evaluated the mechanical resistance of theotdiyo
measuring its resistance after multiple flexiondesion of a finger. The tattoo was placed
across the distal phalange of the index finger. ddvenection was made by two copper tapes
underlying the printed PEDOT:PSS square on oppadiige. The flexion/extension was
repeated 250 times at 30° and at 90° angle of iodlhe resistance was measured every 10

repetitions.

EMG Data Acquisitioninformed consents have been signed by volunteetiipating
in the study A RHD2216 chip from Intan Technologies has beesdus acquire EMG data.
The data were encoded on 16 bits at 1.1 kHz pemnells. The on-chip filters were set as
follow: the first order high pass was set at 10afd the third order low pass filter was set at
300Hz. 2 EMG were recorded at the same time. Twodaelectrodes were placed two
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centimeter apart at the center of the biceps ofdfiearm. Textile electrodes were placed on

top of these tattoos in order to connect them. Sdeond recording was done on the biceps of
the right arm thanks to two wet Ag/AgCI electrodesorder to have comparable signals, two

weight of 1Kg were used during the experiment. Aumid electrode was placed on the right

leg. Each recording has been repeated at leasies tt t0, t0+3h and t0+6h.

Data Post-processind-abview software was used to filter and calcukigmal-to-noise-
ratio (SNR) from the recorded signal. A first ordgutterworth band-pass, from 10Hz to
300Hz, was applied to all recording. Then the SMRi@ of each signal was calculated using

2S¢

the following equationSNRSI) =20*log .|['=— |, where Sc is a portion of 5 seconds of

2. Sr

the signal during a contraction and Sr is a portbb seconds of the signal during a resting
position.

All protocols and procedure were approved by theation of research of the Ecole des

Mines de St. Etienne. All volunteers provided mfied signed consent to participate in the
study.
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Chapter 6

Introduction to OECTs for biosensing

Organic electrochemical transistors (OECTi®cently demonstrated their high potential
for biomedical applications especially in the casken PEDOT:PSS is used as the active
material for transducing the biological signal iheetronic current. OECTs present inherent
signal amplification properties which render thedeal for implementation in the field of

biosensing such as the detection of specific aeslyt the physiological milieu.

In this chapter, | introduced the basic principl#sout transistors and especially OECTs

as transducers for biosensing applications.

6.1 Bioelectronics and biosensing

Bioelectronics is a field of research where thenkbmation of electronic and ionic
conductivity of conducting polymers allows to ie#ntly link the abiotic world of
electronics, where the dominant charge carriersttaeelectrons, with the ionic biological
milieu. Based on that, biomedical devices with reewd outstanding functionalities emerge,
aiming to effectively interface the abiotic/bionvironment and thus provide solutions to

unmet clinical needs.
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6.2 Organic transistor

Since the first patent of the Field effect trar®igFET) in 1925 by J. E. Lilienfeld, FETs
dominated the microelectronics market industry afiralamental building block for the
fabrication of electronic circuits such as ampigi@and microprocessors. . However the FETs
silicon based technology requires manufacturinggsees that involve high temperature and
sophisticated photolithographic patterning methatisch render it non compatible with the
development of disposable and low cost sensortegible substrate.

The new generation of transistors called Organim Him Transistors (OTFTSs), firstly
described in 1986, and which established the usergdnic semiconductors offered an
alternative pathway to novel applications such g&er, sensors etc. The use of organic
semiconductors led to a remarkable progress inrémsistors fabrication avoiding the use of
high temperature and low pressure, and thus endbé&dintegration in large area and low
cost substrates such as plastics, glass or paperthis end, OTFTs have attracted a lot of
attention in the last decades for their potenat@nsing devices allowing for new electronics
with low manufacturing costs.

As for traditional transistors, OTFTs are threamieal electrical devices. The current
between 2 electrodes (the source and the drampdulated by the gate voltage or current.

OTFTs can be distinguished in different sub-classes

6.3 Organic electrochemical transistor (OECT)

In particular, organic electrochemical transist@®ECTs) have emerged as especially
promising organic electronic devices. The OECT wist reported by White et &l. Their
mechanism is based on the oxidation or reducti@cttien occurring at the conjugated
polymer which is doped or dedoped. In a similae¢hterminal device configuration, the
source and the drain electrodes are connected Y&®rai)conducting channel, and a gate
electrode via an ionic electrolyte. In Particufar, PEDOT:PSS, the application of a gate bias
(Vg), results in the modulation of the channel currédmtough the electrolyte which pushed

cations in the channel, changing its doping statetaus its conductivifywhich reduces the
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drain current @). Figure 7.1 shows a schematic cross-section ofymcal OECT
configuration comprised of a Ag/AgCI gate electraiel a PEDOT:PSS channel as well as

the equivalent ionic circuit of the OECT.

Electrolyte o
Ag/AgCI BEm PEDOT:PSS Vg
Ve : Au Rs %
‘ S Parylene CoWdx i
11 Q)
oo V(x)

Figure 6.The OECT: a. Schematic cross-section of an OECT, b. lonisvedent circuit
of OECT

Being the electrolyte an integral part of the deyias in the case of OECTs, makes the
devices compatible with aqueous solution thus emgbh direct interface between the
biological media and the electronics. Apart from s, Electrolyte Gated Organic Field
Effect Transistors (EGOFETs) are also gated throaghelectrolyte thus enabling such
interface as well and have been extensively usedifdogical applications®. Electrolyte
gated transistors (both OECTs and EGOFETS) offer tile advantage of low bias operation.
The main difference between the two aforementiat®dce configurations lies in the charge
transport dimensionality at the electrolyte/semaductor interface. In particular, in the case of
a field effect operation (EGOFETS), electrostaharges accumulate at the interface, whereas

in an OECT, ions penetrate into the bulk of thencted thus volumetrically doping’it

A significant advantage of the OECT versus its tetdgte gated counterparts is the
efficiency of the ionic signal transduction, in ethwords the transconductance. Indeed,
OECTs have proven to exhibit the highest transcotathee (g) defined as g = dlp/dVs
among electrolyte-gated transistors of comparal#engetry, owing to the volumetric
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capacitance of the conducting charneln the case of biosensing aplications,
transconductance can be undoubtedly consideredighee of merit, since it sensitively
guantifies the magnitude of the, lin response to a change in the. W was also recently
shown by Rivnay et al. that the value of the transicictance of an OECT can be customized
by not only changing the channel geometry but ghsoconducting polymer film thickness,
owing to its volumetric capacitarfteln general, it was proven that by tuning the devi
geometry there is a trade-off between fast respandehigh currents thus leading to different

device characteristics depending on the applicaifanterest.

6.4 Applications of the OECT

Arguably, the amplification properties of OECTs b&aved to their successful
implementation in the field of biosensing, exhigtiexcellent analytical sensor characteristics
such as sensitivities. PEDOT:PSS represents to theechampion material of organic
bioelectronics and has been typically employedhasaictive layer of OECTs and used for
various biosensing applications. Some examples ED®T:PSS based OECT biosensors
include ion selective sensBrsell-based sensofs® and when coupled with redox enzymes,
as biocatalytic sensors for the detection of humatabolites such as glucose and lattate
13 Metabolite sensing (usually using enzymatic deiieation) holds great potential for point
of care (POC) diagnostics. Recently, a POC biosgngplatform comprised of a
photolithographically fabricated PEDOT:PSS basedCDErray was demonstrated, for the
simultaneous detection of three critical metabslitglucose, lactate and cholest&tarhis
multiplatform allowed for direct metabolite detextifrom human saliva samples, using only
one drop of saliva. The planar device configura{eource, drain gate in the planar) allowed
for the implementation of a microfluidic to facdie the sample distribution and thus render

the process more controllable as well as automated.

Apart from high sensitivity and multiplexing, theed for low cost and stable biosensors
requires the use of alternative fabrication techesy The solution processability of the
organic materials like PEDOT:PSS allows for scaabid high throughput production toward

cost effective, automated, rapid and portable gereration devices.
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To this end, printing techniques emerge as a eialernative to the conventional
photolithographic approaches. For instance, sgoei@ting was studied for its convenience to
use different materials, and its feasibility for ltjple biological applications such as
metabolite sensing'® Lately, OECTs onto textile were fabricated via aesn printing
approach and the proposed platform served for wa&nsensing showing potential for
further integration in wearable devités

Other additives printing techniques have beenigattd to generate active layers of
circuits such as electrochemical diodes and traorst&  Inkjet process is an ideal alternative
to photolithography for the deposition of a widaga of inks. Mannerbro et al were the first
to realize an all inkjet printed OECT in 2088° They implemented the transistor and also
simple electrochemical circuitry was demonstrataedlexible substrates. For the fabrication
of those first printed OECTs a low cost desktoprrtied inkjet printer was used. Recent
studied! have also explored the possibilities to use intéehnology to realize OECTs for
applications in biosensors. Basirico ef&lhave reported on the fabrication of an all-organi
printed electrochemical transistor made from PEDRSB with enhanced conductivity by
using a post treatment. Moreover they studied ffexts of tuning the device geometry (i.e.

varying the ratio between the gate and channeltartee OECT performance.

Recently, we inkjet print OECTs on paper and we tisem for the enzymatic
determination of alcohol in human bré&ttParticularly, by the immobilization of the alcoho
dehydrogenase enzyme and its cofactor both embedded electrolyte gel which
immobilized onto the OECT, the determination ofolilal could be achieved. The enzymatic
reaction was found to result in a decrease of tBEDsource-drain current in a way which is

proportional to the alcohol concentration. This kvigrdescribed in the following chapter.

Overall, OECTs possess numerous advantages foersiog) and particularly enzymatic
sensing including a wide electrochemical window ogieration, high ionic strength, low
evaporation rates, and versatility in the biofumslization scheme, that render them
especially promising devices for POC diagnostida. combination with printing technology
they show promising possibilities
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6.5 First printed OECTs characterizations

In this section, | present the preliminary workndacted on the fabrication of inkjet
printed OECTs. At first | focused on to validatitige functionality of the PEDOT:PSS ink
through the fabrication and characterization otfional OECT devices on glass substrates.

To evaluate the electrical performance of the asjia comparison of OECTs made by
spincoated PEDOT:PSS formulatidh* already described in literature (e.g. Clevios B6{1
5%wt of ethylene glycol, 1%wt of GOPs and DBSA)dankjet printed OECTs of identical

dimensions using my optimized ink was conducted.

For the deposition and patterning of the chanaelyraditional spin coater (Laurell
Technologies) and a polyimide mask were used. Foma@urate comparison, the speed
(1000RPM, 30s) was selected accordingly to achsavdar thickness with the one obtained
for 2 printed layers (i.e.190nm). Both samples waned using a traditional oven for 30min
at 160°C.

To estimate the conductivity of the ink, electriocaeasurements were carried with a 4
point probes equipment (Jandel). The sheet resistaas measured on test vehicles of a 1cm

x 1cm square and the conductivity was calculat@éaguse following formulas:

P = Rspeer X € (l)
1

o =2 (2

Where p is the resistivity of the material2(m), Rg,..; 1S the measured sheet resistance
(Q./sq), e the thickness (m) of the layer measuradgusnechanical profiler (Ambios

technology), and@ is the conductivity of the material (S/m).

The electrical properties of both formulations wbd comparable conductivities:
350S/cm for the spin coated formulation and 420Samthe inkjet printed one.

Following printed OECTs were realized that conesfSPEDOT:PSS channel, and a Ag/AgCl
gate electrode. The electrical contacts to contectevice with the acquisition system were

consisted of a 100 nm thick layer of Au depositethg evaporation technique. Gold is
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preferred as it ensure an ohmic contact with PEIPE and thus a sufficient carrier
injection. A standard Phosphate Buffer Saline sotut(PBS, 0.1M) was used as the
electrolyte of the OECT. A PDMS “donut shape” wahs used to confine the electrolyte in
the active area of the transistor. The channel praged or spin coated onto glass slide
(figure 6.2). For the printing parameters, a drppceng of 25um was used and 2 layers of
PEDOT:PSS were printed for the fabrication of tlegides. The spin coating parameters and
curing conditions were similar to the ones seledtedthe test vehicles used for electrical
resistance measurements. The dimensions of the PEIZ3 channel were 5mm x 5mm x
190nm (W x L x e). Before the spin coating, a plagneatment (120W, 2min) was realized
on the substrate to ensure a better wettabilitthefspin coated formulation. Note that no
prior surface treatment was applied for the inkjeposition. (The surface tension measured

by a goniometer was 71mN/m for the spin coatedagéinst 29mN/m for the inkjet ink).

(a)
-1,00x10” ”
—---=2Layers Vg= OV/ -
----- Spin coated (1000 RPM) LT " o1
B =V =01V -2,0x10 s
-7,50x10™ e g >° 00
" " O N 2 Layers onl
. £ U L Spin coated 15 2%"‘2 (52’5 30
< -5.00x107 —
o o -4,0x10*4 H
- § e,
-2,50x10°* i S |
.8 41 5
0,00 T -6,0x10™ T —
0,0 15 20 25 30
Time (s)
(c)

Figure 6.2 (a) Photograph of the inkjet printed QEGb). Comparative electrical
response of the OECTs made by spin coating ancetinkjinting OECTs (c) Transient
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response of the drain current to a square puld®/Y@Gt the gate for 5s for the spin coat and
inkjet printed OECTs

Figure 6.2 shows the typical curveg\(s. Vy) for both inkjet-printed and spin coated
devices. The optimum transconductange=@lp/0V ¢ calculated at ¥=-0,5V was found to be
1,22 mS vs. 1,63 mS while the response time wasdf@éa be 190ms vs. 175ms for the spin
coated and the printed devices, respectively. Tkeformulated exhibits comparable and

even better characteristics than the one alreagly usliterature

For the fabrication of printed biosensors, the AgZA gate was replaced by a printed
PEDOT:PSS gate to realize an OECT with a planafigration. This allows automation and
miniaturization. Moreover it allows future integat of micro-fluidics thus enabling the
construction of highly integrated platforms. TheDRET:PSS ink was successfully tested and
printed on different substrates such as polyimidz5gm), Polyester (50um), a commercial
glossy paper and a textile (ribbon) (Figure 6.3)e Timension of the gate was 5mm x 2mm

and for the channel was 5mm x 500um.

(c) (d)

Figure 6.3Inkjet-Printed OECTs on different substrates: (a) kapton, (b) polyester, (c)
paper, (d) textile
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The substrate selected for the case of biosengiplication was the commercial coated paper
(Arjowiggins, REF) since it is a disposable, biodetable, low cost substrate and perfect for
single use applications. The output characteristic©ECTs on this paper substrate were
compared with the ones of the conventional plastigstrates (Polyimide and Polyester) and
demonstrated transconductance in the same rangeréF6.4) e.g. 0.13mS vs. 0.31mS and

0.20mS for paper, polyester, and kapton respegtivel
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| - <
o
—
1,5cm
0,0 r
0,0 0,2 0,4 0,6
( ) V, (V)
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yg=ov’ _— V. =0V
0,1V 4 | -
— -3,0x10 - — 0.1V—|
-2,0x10* 0,2v7] -
' 0,3V 0.2V
—_ 0,4V o
< 0,5V < -2,0x1074 0.5
\-/‘c O,GV— \:} 04V
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0,0 . . ; 0,0 . ; :
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(c) (d)

Figure 6.4The schematic of OECT:(a). Schematic the printed OECT, Id versus Vd for
OECTs printed on (b) paper, (c) kapton, (d) polgest

The response time of the device was estimate@rasgfigure 7.5) which is suitable for
the applications targeted during this PhD suchl@ashal sensing presented in the following

chapter.
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Figure 6.5Characteristics of the printed OECT on paper (2Layers) (a) Transfer and
transconductance curves for Vd=-0.6V (b) Transiesponse of the drain current to a square

pulse (0,1V) at the gate for 5s.
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Chapter 7

A case on study : alcohol sensor

This chapter is based on the following publication:

“A Disposable paper breathalyzer with an alcohol sasing organic

electrochemical transistof’

Eloise Bihar, T Yingxin Deng, T Takeo Miyake, Mohamed Saad&®oyge
G. Malliaras, and Marco Rolandi, Scientific repaqrts 2016

doi:10.1038/srep27582

In this chapter, we demonstrate a proof-of-concgigposable breathalyzer using an
organic electrochemical transistor (OECT) modifietth alcohol dehydrogenase (ADH) as
the sensor. The OECT is made with the conductinglynmy poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (BEBPSS), and is printed on paper. ADH
and its cofactor nicotinamide adenine dinucleot{N#\D") are immobilized onto the OECT
with an electrolyte gel. When the OECT-breathalyizerexposed to ethanol vapor, the
enzymatic reaction of ADH and ethanol transformsDNAnto NADH, which causes a
decrease in the OECT source drain current. In fashion, the OECT-breathalyzer easily
detects ethanol in the breath equivalent to BAGnfi@.01% to 0.2%. The use of a printed
OECT may contribute to the development of breatteaty that are disposable, ecofriendly,

and integrated with wearable devices for real-tiB%C monitoring.
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7.1 Introduction

The euphoria from drinking alcoholic beverages rsakem popular worldwide. Abuse
in alcohol (ethanol) consumption leads to depenelerbehavioral problems, and fatal
accidents In 2013, 10,076 people lost their lives in aldefeated-driving accidents in the
United States alone, accounting for nearly 31%lidfafic related deatHs Driving under the
influence is illegal and the maximum allowed bloaldohol concentration (BAC) is 0.05-
0.08%, in most countri€s A breathalyzer measures the concentration ofelhia the breath
to estimate the BAC of an individual. The first geation of breathalyzers uses a liquid dye
sensitive to ethanol exposure, potassium dichroraaie a photodetectbrReliability of these
detectors is a challenge and potassium dichromsteniironmentally toxit A new
generation of breathalyzers uses the ethanol ibitb&th to power a fuel cell whose output is
proportional to the ethanol concentrafiofihese breathalyzers are connected directly tatsma
phones to test one’s alcohol level before attengptondrive. However, these breathalyzers are
still impractical because they require constanalibratiorf. To-date the most reliable BAC
tests and the only one that is admissible in caurthe blood test, which is difficult to
administer on site or for preventative purposes. br&athalyzer as easy to use as an
inexpensive and disposable glucose paper-strippsermuld greatly simplify BAC testing

Organic electrochemical transistors (OECTs) areekat candidates for disposable
biosensors because they are inexpensive, they e&anade on flexible substrates, and they
can be printed on pap&f. OECTs are typically made with poly(3,4-ethyleregithiophene)
doped with poly(styrenesulfonate) PEDOT:PSS. PEMSE is a p-type organic
semiconductor with several applications in bioetmtit$"®. Coupled with enzymes in the
electrolyte, PEDOT:PSS OECTs are able to detectamigolar glucose concentration in
human blood and swelt OECTs sensors are amenable to screen-printiand inkjet
printing*? for rapid and inexpensive manufacturing. Here, deenonstrate an early stage
proof-of-concept OECT-breathalyzer on paper bygraeng a PEDOT:PSS OECT with the

enzyme alcohol dehydrogenase.
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Figure 7.1Concept of the OECT-breathalyzer. (A) Simply breathing on the printed
PEDOT:PSS OECT allows for alcohol detectigB) The alcohol dehydrogenase (ADH)
enzyme and the OECT are the key components ofethgos. The OECT is printed on paper,

and comprises a channel, source (S), drain (D)gatel (G) electrodes made of PEDOT:PSS.

The enzyme electrolyte gel is deposited to the OB@dging the channel and gai) Iq4

response of the OECT upon exposure to ethanol.

This proof-of-concept OECT-breathalyzer may aiddbeelopment of a breathalyzer that

is easy-to-use, inexpensive, easily calibrated,mdbe coupled with a cell-phone or a smart

watch for BAC self-testing to reduce alcohol rethteaffic accidents.
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7.2 Results

The OECT is printed on a paper substrate that psoagmately 1.5 cm x 1 cm and it is
easy to handle. Breathing onto the device enal#ésction of ethanol concentration in the
breath (Figure 7.1.A). The printed OECT on papey planar geometry with channel, source
(S), drain (D), and gate (G) electrodes made of BEIPSS (Figure 7.1.B), a structure that is
compatible with rapid, one-step fabrication of thevice. We modify commercially available
PEDOT:PSS to make it compatible with inkjet prigtion paper. A key challenge for the
fabrication of an enzyme-based OECT sensor is riiraabilization of the enzyme and its
cofactor. In this work, the enzyme alcohol dehyarase (ADH) and its cofactor
nicotinamide adenine dinucleotide (NADare trapped in a collagen-based gel depositenl ont
the channel of the OECT (Figure 7.1.B). Exposimg OECT-breathalyzer to ethanol from
the breath causes a marked decrease of the saaioezdrrent, | which is used as the output

signal for detection (Figure 7.1.C).
The decrease iny upon ethanol exposure arises from a series of ickaémeactions that

oxidize ethanol into acetaldehyde and produce relestas byproducts, which in turn decrease
the conductivity of the OECT channel (Figure 7.2.A)
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Figure 7.2Alcohol detection in solution.(A) Enzymatic reaction of ethanol and ADH in
electrolyte solution. Ethanol is oxidized to acetdilyde, and NADis reduced to NADH(B)
Step change inywhen adding 0.0004%, 0.004%, and 0.04% ethanatisnk, with \{ = 0.5
V, V4 =-0.7 V.(C) Variation of } is plotted at different alcohol concentrationsatution.

Alg = (lo - ly) where } is |y before exposure to ethanol. The dash line ista figuation (3).

First the reaction:
ADH
CH5CH,OH + NAD* «— CH;CHO + NADH + H* (1)

yields the reduced form of nicotinamide adenineudi@otide (NADH), which itself

oxidizes according to*
NADH —» NAD*+ H* +2e~ (2)
The electrons produced by the NADH oxidation arkected from the gate electrode of
the OECT-breathalyzer (Fig. 7.2A), and cause at sifithe applied gate potential to the

channel/electrolyte interface, leading to a de@dag; ** . Iy is written as™:
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KT
Alg~ g - 5= In[C] (3)
wheregn, is the transconductance of the OECT @nd the concentration of the molecule

contributing electrons to the gate (NADH in thisep(Figure 7.3 and Figure 7.4).
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Figure 7.3PEDOT:PSS OECT alcohol sensor characteristic§.A) Transfer curve and
resulting transconductance of OECT with 0.2wt% hewel at \{ = -0.7 V.(B) Normalized
response (NR) ofglis plotted at =0 V and \{ = 0.5 V. Arrows indicate the addition of
100 mM NADH. NR= (b- Ig)/lo, where § is Iy before exposure to NADH.
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Figure 7.4ANADH oxidation at PEDOT:PSS electrode cycled at 10nV/s. Oxidation
starts for V=0.3 V

Since the concentration of NADH is directly relatedhe concentration of ethanol in the

breath,’®?’ this mechanism leads to quantitative ethanol tiefecThis was confirmed by
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exposing the OECT-breathalyzer to a series of dhatspbuffered saline (PBS) solutions
containing ADH, NAD, and different amounts of ethanol. The result&wshin Figure
7.2.B, demonstrate that ethanol detection is aelider concentrations as low as 0.0004%,
and that higher ethanol concentration causes a&baygp in §. The | drop occurs in seconds
with an immediate enzyme response and steadyistadached in seconds. As a control, in
absence of ADH, there is no response from the deumon addition of different ethanol

concentrations (Figure 7.5).
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Figure 7.5Response of OECT to ethanol.When ethanol is added to an OECT without the
enzyme ADH no change ing lis detected, while when ADH is present drops as

expected.The initial drop around O s corresponastolibration of the sensor.

We calibrate the sensor to different concentratigfgure 7.2.C). Higher ethanol
concentration corresponds to higladg as observed with NADH (Figure 7.3). The response

of the sensor is logarithmic with ethanol conceidrg as expected from Eq. (3).

Finally, we demonstrate that the OECT-breathalgstects ethanol content in the breath
of human subjects. For this demonstration, we usénk gelatin to integrate the ADH and
NAD™ onto the OECT, as breathing onto a liquid elegteolcauses excessive noise and
makes packaging of the OECT-breathalyzer challendithanol in the breath is related to
BAC by a factor of approximately 1/2100, which terd vary with each individudf. Seven
volunteers patrticipate in the breath alcohol testBAC detection. One volunteer serves as
the control, while other volunteers consume diffiekramounts (120 ml and 240 ml) of red
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wine (Les 3 filles, 2014, Merlot, 13% alcohol camt)e The experiment has been reproduced
for each amount of wine with 3 volunteers. Thirtynotes after wine consumption, the
volunteers are subject to a breath test with a cervial breathalyzer (Breathometé) for
calibration and then are subject to the same tébtttve OECT-breathalyzer. Subsequently,
the volunteer who serves as the control rinses tmeuth with mouthwash (Listerine®,
21.6% ethanol content) and immediately takes amaiteof breath tests. The results from the
two tests are compared for accuracy. The test fr@volunteer serving as control (0% BAC)
results in no response from the OECT-breathalylreicontrast, when the volunteers who
have consumed wine take the test after one glag4%® BAC) and two glasses (0.06%
BAC), an immediate response yolf the OECT-breathalyzer is observed (Fig. 7.6.A)

(A) 0% 0.01% 0.06% 0.2% (B)
w v

Id (hA)

200 400 600 800 000 004 008 012 016 020
Time (5) BAC (%)

Figure 7.6Alcohol detection in breath. (A) Step change inqlwhen breathing 0%,
0.01%, 0.06%, 0.2% ethanol vapor on to the OECTh Wy = 0.5 V, \y = -0.7 V. Breath
alcohol concentration is tested 30 minutes aftarkdrg one glass of wine (0.01%) and two
glasses of wine (0.06%). 0.2% breath ethanol vapdrom mouthwash, which contains
21.6% alcohol. The BAC is calibrated with a commalg available breathalyzer before
testing on the devicéB) Normalized response (NR) qfik plotted at different breath alcohol
concentrations (BAC). NR =¢} Ig)/lo.

This response scales with the amount of alcohnbwmed. The test corresponding to
mouthwash registers an apparent BAC of 0.2%, ctargisvith the high alcohol concentration
in this solution(Figure 7.6.B). Similarly to commercial breathayz, the OECT-breathalyzer

does not seem to be affected by variation in bhegtime from different volunteers as
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indicated by the small spread in the data for tRe(Nigure 7.6.C). We suggest that as long as
a volunteer breathes on the OECT-breathalyzer émayigh, the ethanol concentration on the
device will equilibrate with the ethanol concentyatin the breath. This proof-of-concept
demonstrates that this simple OECT-breathalyzexble to detect BAC in human subjects

with performance comparable with a commercial bhralgizer.

7.3 Discussion and Conclusions

We demonstrate the first alcohol sensor made witbrganic electrochemical transistor
integrated with the enzyme alcohol dehydrogenaseitarcofactor. This OECT-breathalyzer
is easy to fabricate using printing techniquesuires no metal deposition, and is made on an
inexpensive, disposable, and biodegradable pagostl The use of a gel to immobilize the
enzyme and its cofactor makes the device robusteasg to use. We show that the OECT-
breathalyzer detects ethanol in both solution aagov (such as breath). We conduct
preliminary tests with a limited pool of human valeers and compare the performance of the
OECT-breathalyzer with the performance of a commakrbreathalyzer. The OECT-
breathalyzer is able to detect the consumptionust pne glass of red wine. For further
optimization, studies with a larger pool of humaruwteers are required. This work may help
develop alcohol sensors that are easy to integvitkeportable/wearable electronics such as
smartphones and smart watches. These devices aotldpn, prevent a vehicle to start if they
detect the driver to be under the influence andefbes reduce alcohol-associated traffic
accidents.

7.4 Materials and Methods

PEDOT:PSS ink: The PEDOT:PSS ink consists of thenmercially available
PEDOT:PSS (Heraeus, Clevios PH1000) dispersion 2@thwt% ethylene glycol (Sigma

Aldrich) and a combination of organic solvents. Weadd 0.8 wt%
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glycidoxypropyltrimethoxysilane (GOPS, Sigma Aldrjdo the ink to prevent delamination,
and 0.3% surfactants to match the surface tenditreank with the substrate.

Ink-jet printing: We use a Dimatix DMP-2800 inkjptinter to print the OECT onto a

coated paper (Arjo Wiggins, Inc.). In this studyptlayers of PEDOT:PSS are deposited for a
total thickness of 190 nm. The printed device ieedun a conventional oven at 160 °C for 30
min. The dimensions of the channel are 1 x 5°ramd 2 x 5 mrhfor the gate (Fig. 1). For the
alcohol solution measurements, 9 mM NA{Bigma Aldrich) are mixed in 0.1 M standard
phosphate buffer solution (PBS, Sigma Aldrich). Bach measurement, 1.5 mg/mL ADH
(Sigma Aldrich) in PBS is added to the in NABndPBS mix at a 1:10 ratio of the total
volume. The pH of the electrolyte is adjusted 1 &1d measured with a pH meter to meet
the requirements of the enzyme. A PDMS well isciita to the OECT to confine the
electrolyte, defining an active device area of 4 xnnf. The well is filled with 20uL
electrolyte. For the alcohol vapor measurementdowaulate a 2 wt% bovine gelatin (Sigma
Aldrich) in PBS, containing the same proportion ADH and NAD" as in the liquid
electrolyte above. 1pL gel solution is drop-casted onto the device amed at 4 °C for 30

min to form gel.

OECT Electrical Characterization: Electrical chaesization is conducted with an

Agilent 4155C semiconductor parameter analyzeririguthe experiment, y/ivaries from 0 to
0.7 V and the ¥ from -0.8 to 0 V. For the measurements, we apphstant \{ = 0.5 V and
Vg4 = -0.7 V respectively. Soft carbon electrodes eatithe OECT contacts and the Agilent.
We prepare different concentrations of ethanoltgmiun DI water: 0.0004 wt%, 0.004 wt%,
0.008 wt%, 0.01 wt%, 0.03 wt%, 0.04 wt%, 0.08 wiB4, wt%, 0.12 wt%, 0.15 wt% and
measure the response of the device for each coatientthree times. During the alcohol
solution tests (Fig. 2), we first wait for 120 gilithe source drain currentfIstabilizes after
the application of bias on the OECT, and then agd. 2f ethanol solution to the electrolyte
at a 1:10 ratio. For the BAC tests (Fig. 3), welaep the electrolyte solution with gel on top
of the OECT. Volunteers consuming different quagitof alcoholic beverages first have
their BAC tested with a commercial breathalyzere Triginal Breathometer (Breathometer,
Inc.), and then breathe onto the OECT-breathalfgrem certain duration. The experiment has
been tested three times for each concentration welttnteers. The methods were carried out

in accordance with the approved guidelines, andxgkrimental protocols were approved by
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the direction of research of the Ecole des MinesStleEtienne. All volunteers provided

informed signed consent to participate in the study
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Conclusion

In this thesis, | present the work conducted oninmping an inkjet printing-based
fabrication approach for low cost, disposable arehnable organic electronic devices for
medical diagnostics and biosensors platform.

Driven by the ever growing demands in healthcadustry for cheaper faster and more
accurate diagnostic devices that can provide atificformation about the health status of a
patient, significant effort has been dedicatedlést decades in finding alternative diagnostic
tools that can fulfil the aforementioned requiremsen

Electrophysiological monitoring can undoubtedip\ypde a wide range of information
regarding the health condition of a patient eveneay early stages of certain pathologies. For
instance, the early detection of cardiovasculaateel disease. Current limitations to the
commercial electrophysiological monitoring devidaslude chronic inflammatory reactions
after repetitive use and contact with the human.dkiis thus of critical importance to develop
such devices that are patient compliant for daily prolonged use,

With the emergence of conducting polymers, suahgsnt requirements could be fulfilled
due to a unique set of advantages such as the nuredand electronic conduction, the good
mechanical properties as well as the soft natuck l@acompatibility of this new class of
materials. Besides, their ease of processabilipwal for their integration with low cost
fabrication approaches rendering them ideal catelsd@r biomedical diagnostic applications.

An easily customizable and versatile techniquésscthe inkjet process combined with
the use of conducting polymer- based inks, PEDOS:®Shis case, is the main focus of the
present work aiming in the development of the ngeheration of cutaneous biomedical
devices.

In this thesis | initially introduce the biopotedltielectrodes and specifically their use in
electrophysiological applications. | also study idevrange of different types of low cost and
disposable substrates for the printed electroddscampare the performance of the resulting
devices with respect to the commercial electrodsecifically, the substrates | focus on
include: paper, textile and tattoo. Short and leergn measurements of the printed electrodes
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on paper were conducted for ECG recordings, and pleeformance was found to outperform
the commercially available ones.

Next, | demonstrated the feasibility to develomted electrodes on wearable devices and
used it for both EMG and ECG recordings. Especiallihe case of ECG recordings using the
wearable electrodes, an ionic gel was used atkiméetectrode interface in order to improve
the contact with the skin and thus the qualityhaf tecordings.

Going one step further from wearable to fully canfable devices toward the ultimate
goal of e-skin, | developed a printed electrodeommercially available temporary tattoos and
demonstrated its feasibility in EMG recordings.tlms approach, | tried to establish a smart
interface connection between the data acquisitygstesn and the tattoo electrode, a major
challenge in e-skin related applications. Partidyld used a dry PEDOT:PSS printed textile to
replace the traditional wiring and thus provide thquired connection to the data acquisition
setup without damaging the tattoo electrode.

Last but not least, more complex electronic comptméke the Organic Electrochemical
Transistor (OECT) were realized using the inkjehtomg method on paper-based substrates.
Initially, the resulting devices were tested andnpared with spin-coated state-of-the-art
OECTs of similar geometry. The performance was fotmbe comparable, thus encouraging
their implementation as transducing elements imtpoi-care testing applications. In particular,
| developed a disposable Breathalyzer to deteathalclevels in breath. To do so, the gate
electrode of the OECT (printed, PEDOT:PSS as wedly functionalized with the enzyme,
alcohol dehydrogenase along with its co-factorcdafer the required specificity for alcohol.
The resulting disposable biosensors were testetiuoman volunteers with varying alcohol
concentration on their breath, and the data acduwere compared with commercially
available breathalyzer further confirming their a@acy.

Overall, based on the encouraging results | obdainigh the organic printed electronic
devices that | developed and tested for differegdlthcare applications, | anticipate that this
work will pave the way to next generation low cadisposable multi-parameter monitoring
devices. In particular, the ultimate goal wouldd&ombine, in one platform, different types of
devices for electrophysiological monitoring and/biosensing toward personalized and

connected healthcare diagnostics intelligent system
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Appendix A

Electrical characterization of the PEDOT:PSS prirdeon glass slide
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Figure A.1 (a) Photograph of the printed PEDOT:P&3angle (35mm x 5mm) on a classic
glass slide, 100 nm of gold is deposited on tofhefconducting polymer by evaporation , (b)
Resistance measured vs. the distance for 1, 3e8daespectively.
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Figure A.2 (a) Photograph of the inkjet-printed REDPSS rectangle (35mm x 2mm) on a
classic glass slide, 100 nm of gold is depositedtam of the conducting polymer by
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evaporation , (b) Resistance measured vs. thendsstor 2, 3 layers respectively before and
after post treatment Post treatment was consistihgmmersion in sulfuric acid (1M)
following the protocol proposed by Xia et’al
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—--=2 Layers V=0V | e 2 Layers
-------- 2 Layers + post treatment V=0vT «eeeeee 2 Layers+ post treatment
-7,50x10* 2V, =0,1V 4,0x10*
< -5.00x10*- -5,0x10°1 —
=
-2,50x10™ -6,0x10™* P —
&_
0,00 -2 -7,0x10° . :
15 20 25 30
Time (s)

(b)

Figure A.3 (a) Id versus Vd for OECTs printed oasy slide before and after sulfuric
treatment, (b) Drain current transient of the m@thtransistor after applying OV-> 0,1V to the
gate for 5s before and after treatment
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Appendix B

This work is based on the following publication:

“Fully Printed Organic Electrochemical TransistorBaper for Glucose
Sensing”

C. DavidsonE. Bihar, A-M Pappa, V. Curto, G. MalliaraBININ Research
Accomplishments (2011)

Abstract

Inkjet printing is a versatile, low-cost, and namtact fabrication method for electronic
devices. In this study, an all-plastic organic glehemical transistor (OECT) using an
aqueous ink consisting of poly(3,4-ethylenedioxypiiene)-poly(styrene sulfonic acid)
(PEDOT:PSS) was printed on a paper substrate ancmaloyed as the transducing element
of a glucose biosensor We functionalized the gatieting on top of it an ink comprising
chitosan/ferrocene, a common electron mediatortl@enzymatic-based sensing of glucose,
glucose oxidase (GOx) was added in the electrdgtation of phosphate buffered saline.
Initial results exhibit a detection range betweéef02and 10.00 mM after successive additions
of different concentrations of glucose which is sistent with that concentration in blood.
Those results pave the way to establishing a plaased, simple and low cost biosensing
platform suitable for point of care diagnostics.
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Introduction

OECTs have recently gained great attention, duethtir advantages such as
biocompatibility, ease of fabrication and operation low voltages making them ideal
candidates for bioelectronic applications. PEDCBESPis a conductive polymer ideal for
fabricating OECTs due to its high conductivitynaoercial availability, and its exceptional
films forming properties [1] . In our study, we fecon inkjet printing the biomedical device.
Indeed inkjet presents advantages as speed, figxit@nd low cost [2] and it offers the
possibility to print on a multitude of substrat@scluding paper which is an eco-friendly,

disposable and inexpensive alternative to plastics.

In our work, we detect the presence of glucosedimiuthe enzyme specific reaction of

glucose coupled with ferrocene an electron medegshown in Figure 1.

D-glucono-1,5-lactone GOxred 0, Pt+e
D-glucose GOx H,0, Pt
D-glucono-1,5-lactone GOxred Fet PEDOT + ¢
D-glucose GOx Fe PEDOT
Figure 1. Reaction Cycle for glucose detectiongisifierrocene mediator

Ferrocene acts as an electron shuttle from the 86@xe PEDOT:PSS gate, causing de-
doping of the channel and thus decreasing the dairent. This decrease is proportional to

the concentration of glucose in the working solu{ig].
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Experimental Procedure

We used a Dimatix Materials Printer (DMP) to priheé device and its dimensions are
shown in Figure 2. The channel and gate dimensflamgth and width) were respectively
5mmx1mm and 5mmx2mm. We printed 2 layers of prestigped recipe of PEDOT:PSS ink

to fabricate the channel, drain source and gatkeofransistor.

For the electron mediator solution preparatiochiéosan/ferrocene solution in acetic acid
(0.3%wt) was first made by dissolving 15 mg of okén/ferrocene copolymer in 5 mL of 0.2
M acetic acid. To match this solution with the regments of inkjet (rheological properties

of the ink), we added a surfactant (Dynol 810) anflush solution (water and ethylene
glycol).
We run cyclic voltammetry using a Platinum wire @sunter electrode, an Ag/AgCl

reference electrode, and our ink’s preparationh@svorking electrode, and can be seen in

Figure 3, to assess the electrochemical performahite ink.

Electrical characterization of the printed devicgas carried out at a constant gate
voltage of 0.5 V and a drain voltage of -0.7 V. drder to confine the electrolyte, a
polydimethylsiloxane (PDMS) well was placed on topthe gate and channel and the
electrolyte (16uL) and the enzyme (L) were added. After stabilization of the drain
current, we added different concentrations of ghgcsolutions . Figure 4 shows the device

response to incremental steps in glucose concemtrat

Results and Discussion

Figure 2 shows the cyclic voltammograms of theadah/ferrocene ink after addition of
surfactant, after further addition of flush solutiand a control of PEDOT:PSS. The peaks
that can be observed at around 0.4 V and 0.1 \bdtin inks containing chitosan/ferrocene
solution, confirm the electrochemical activity @rfocene. Following that, the devices were

fully printed.
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Figure 2. Cyclic voltammograms for different chaogerrocene inks compared to
PEDOT:PSS

There is a clear color change between the gatev(rand the rest of the device (blue)
(Fig. 3) indicating that the chitosan/ferrocene weés successfully printed selectively onto the
gate of the device.

Ch/Fe Ink PEDOT:PSS Ink

Figure 3. Fully printed OECT with zoom on gate kard

Figure 4 shows the device response upon successigigions of different glucose
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concentration onto the device.
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Figure 4. Device response

There are clear changes in the current values fange of concentrations 2.70 mM and
10 mM which are consistent with those in human &Ipg.

Conclusion and Future Work

In this study, PEDOT:PSS and chitosan/ferrocensedbinks were successfully printed
on paper towards the development of an all prip@oer OECT based glucose sensor. The
detection of glucose was successful in a rang@w¢entrations between 2.70 and 10.00 mM,
similar to that in human blood. There is room fptimization, e.g. immobilizing the enzyme
in the printed layer and improving the sensor’'ssgevity to the pM range for the detection of

glucose in saliva. This work shows great potensial a disposable noninvasive sensing
platform for point of care diagnostics.
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Abstract :Currently, there is a tremendous effort on the tgraent of biomedical
devices in healthcare industry for the early diaggoprevention or treatment of chronic
disease. With the evolution of microelectronicsustly and their direct implementation in the
biomedical arena, innovative tools and technolodiiage come to the fore enabling more
reliable and cost-effective treatment. The lastade¢ conducting polymers have attracted
special attention due to their unique set of feetulsuch as combined ionic and electronic
conduction, rendering them an ideal alternative tihe inorganic materials used for
electrophysiological applications. In this thesifo¢us on the integration of the conducting
polymer namely PEDOT:PSS with printing technologies/ards the realization of high
performant biomedical devices.

In the first part of this study, | focus on thetiopzation of the conducting ink
formulation. Following, | emphasize on the fabrioatof inkjet printed PEDOT:PSS based
biopotential electrodes on a wide variety of swdist (i.e., paper, textiles, tattoo paper) for
use in electrophysiological applications such asectebcardiography (ECG) and
electromyography (EMG). In an initial approach,céledes on paper and printed wearable
electrodes were fabricated and investigated fog-t@enm ECG recordings. Last but not least,
conformable printed tattoo electrodes were fabetaio detect the biceps activity during
muscle contraction for a period of seven hoursrtter to enable a reliable connection of the
tattoo with the electronic acquisition system, ttenventional wiring was replaced by a
simple contact between the tattoo and a similatyjet printed textile electrode.

In the last part, | present the potentiality ofjetikprinting method for the realization of
organic electrochemical transistor (OECTS) as ImgHorming biomedical devices. As proof
of concept, a paper disposable breathalyzer coethos$ a printed OECT and modified with
alcohol dehydrogenase was used for the direct alcdétection in breath, enabling future
integration with wearable devices for real-time Itleanonitoring. Their compatibility with
printing technologies allows the realization of loast and large area electronic devices,
toward next-generation fully integrated smart bidmal devices.
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Résumé :

De nos jours, le domaine biomédical est en plemessance avec le développement de
dispositifs thérapeutiques innovants, bas codt,ur de diagnostic, le traitement ou la
prévention de maladies chroniques ou cardiovaseslaiCes derniéres années ont connu
'émergence des polymeres semi-conducteurs, atteenaintéressante aux matériaux
inorganiques, présentant des propriétés uniquesmtiuction ionique et électronique.

Tout d’'abord, j'ai axé mes travaux de recherchelswtéveloppement et I'optimisation
d’'une encre conductrice a base de PEDOT:PSS, padadidat comme matériau, pour la
transduction des signaux biologiques en signaustréeies, compatible avec le process jet
d’encre, pour la réalisation de dispositifs imprimBuis mes travaux se sont orientés vers la
conception et I'étude d’électrodes imprimées sppsuts papiers, tatous et textiles permettant
des enregistrements long termes d’électrocardiognesn (ECG) ou électromyogrammes
(EMG), présentant des performances similaires dagtrédes commerciales, utilisant un
systeme d’acquisition spécifique pour la mesureti/aés électriques de tissus musculaires.
Puis dans un second temps, je me suis penchéegimprekssion sur support papier, de
transistors organiques électrochimiques (OECTs)ctionnalisés, afin de permettre la
détection d’éléments biologiques ou chimiques corfialeool.

Ces travaux proposent une nouvelle voie pour lecepton de dispositifs innovants

biomédicaux a bas couts, imprimés, permettant laop@alisation des produits pouvant étre
intégrés dans des dispositifs biomédicaux portailedans des vétements « intelligents ».
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