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Résumé

Lensemble du corps humain est surveillé par différents capteurs médicaux connectés, que ce
soit depuis une montre connecté ou par un pacemaker. Ces capteurs permettent une nette
amélioration du suivi de notre santé, a ’hopital, mais surtout dans notre vie de tous les jours,
notamment en enregistrant les signaux électrophysiologiques. L'électrophysiologie consiste a
étudier les signaux électriques et électrochimiques générés aussi bien par certaines cellules
spécifiques que par des organes entiers. Elle donne donc aux médecins I'opportunité de suivre
le fonctionnement du corps a plusieurs échelles. Lenregistrement de ces activités par des
électrodes est essentiel pour le diagnostic et la compréhension de pathologies aussi diverses
que les arythmies cardiaques, 1'épilepsie ou la dégénération musculaire. Dans cette these,
nous étudions différents types d’électrodes cutanées a base de matériaux organiques, de
leur conception a leur évaluation préclinique. Le principal but de ce travail est de dévelop-
per une interface souple et compatible avec la peau humaine, afin de réaliser des mesures
électrophysiologiques performantes.

Notre approche est basée sur I'utilisation du polymeére conducteur PEDOT :PSS et de gels
ioniques, qui réduisent I'impédance de I'interface électrode-peau. Différents substrats fins
et souples, plastiques ou textiles, composent nos électrodes. Cela leur confére une impor-
tante flexibilité et permet méme de les intégrer a des vétements. De nouvelles techniques de
fabrications, adaptées a ces substrats et aux matériaux organiques, sont présentées. Afin de
démontrer les excellentes performances de nos capteurs innovants par rapport aux électrodes
médicales usuelles, ceux-ci sont intégralement caractérisés, puis testés sur des volontaires.
Lenregistrement de signaux cutanés issus des tissus musculaires, cardiaques et cérébraux
permet d’évaluer la stabilité sur plusieurs jours et la qualité de nos électrodes. Nous introdui-
sons également le transistor organique électrochimique, utilisé pour la premiere fois comme
une électrode cutanée microscopique dite « active ». Celui-ci permet d’amplifier et de filtrer
in situ le signal afin d’augmenter sa qualité. Du fait de leurs forts potentiels industriels et
cliniques, nous étudions maintenant I'intégration de nos électrodes organiques cutanées dans
des produits médicaux de pointe.

Mots clefs : Dispositif Médical, électrode, électrophysiologie, électronique organique, transis-
tor organique électrochimique, capteurs flexibles intégrés
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Abstract

In our medicalized world, human-monitoring sensors can be found everywhere, from a smart-
watch to a life-saving pacemaker. They facilitate direct recordings of our electrophysiological
activity, in the hospital as well as in our everyday life. Electrophysiology is the study of electrical
and electrochemical signals generated by specific cells or whole organs. It gives doctors the
opportunity to track the physiological behavior of a single neuron, a muscle tissue or the
integral brain. The recording of these activities is essential to diagnose and better understand
diseases like cardiac arrhythmias, epilepsy, muscular degeneration and many more. In this
thesis, we study different types of cutaneous electrodes based on organic materials, from
conception to pre-clinical evaluation. The main focus of this work is to enable high-quality
electrophysiological recordings through soft and flexible devices compatible with human skin.
Our approach is based on the usage of PEDOT:PSS conducting polymer and ionic gels in order
to reduce impedance at the skin-electrode interface. Moreover, the substrate of our electrodes
is made with different materials such as thin and conformable plastics and textiles. Our devices
are then flexible, motion resistant and can be integrating into clothes. We developed new
fabrication processes, considering the different substrates and organic materials specifics. The
electrodes were characterized and then tested on human volunteers to show their excellent
performance in comparison to standard medical electrodes. The evaluation of noise reduction
capabilities and possibilities to perform long-term recordings were established on signals
coming from muscles, heart and brain. In order to further reduce noise and to increase
wearability, we present a hundred micrometer-small “active” electrode, based on the organic
electrochemical transistor. It enables in situ amplification and filtering of recorded signals.
The wearable organic electrodes developed in this work are of great industrial and clinic
interest. Future work will aim to integrate these technologies into state-of-the-art medical
devices.

Key words: Medical Device, electrode, electophysiology, organic electronics, organic electro-
chemical transistor, wearable sensor
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Introduction on electrophysiology
and medical devices

To assess a technological challenge, an engineering approach is impossible without taking
into account all constraints for the future product. Choices are then somehow limited but the
solution will be directly conformable to an industrial production or utilization. A fundamental
or academic approach opens more possibilities and give often rise to innovative ideas. All along
this PhD, I tried to use both of these approaches (which are somehow complementary) to develop
innovative cutaneous recording devices for electrophysiology.

First of all, we need to define the context and the users and technological needs of this challenge,
and this is the goal of this first chapter. An overview of the field of electrophysiology, which is
the main application of all the work presented in this thesis, will be given in order to show and
explain which kind of signals are involved and what are the clinical ways of recording them.
Then, a closer look to the daily problems occurring in clinic will be necessary to explore and
understand medical needs. Finally, since this work was made with an industrial partner, the
last part of this chapter will detail the industrial vision to develop a medical device. In my sense,
this industrial point of view has to be taken into account, even for scientists. When developing
an idea in the specific field of medical devices, it is important to know from the beginning what
could be constraints for a future industrialization.

1.1 Overview on electrophysiology
1.1.1 Genesis of electric biosignals

Presentation of a neuron

The main generator of bioelectric signal is the neuron, presented on Fig 1.1a. A quick descrip-
tion of the neuron and its working principle will be presented here. A neuron is made of a
cell body, also called soma, which contains the nucleus. The soma presents 2 extensions, the
dendrites and the axon. It is possible to find thousands of dendrites branching profusely from
one neuron whereas the axon is always single. The axon length varies from a millimeter to
more than a meter and it is covered by myelin sheaths. At its end, it gives rise to hundred of
branches, ended by synapses (contact area between the axon of a neuron and a dendrite or
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soma of another one). Axons are often bundled into fascicles which can make up nerves in the
peripheral nervous system.

Neurons are the support for the transmission of information, which is an electric signal called
action potential (described more in depth in next Section 1.1.1). Neurons communicate each
other mostly by synapses. If a neuron receives a specific amount of post-synaptic potentials
from a previous neuron, a new action potential can be generated. It propagates through the
axon where its speed can be increased by myelin sheaths. Then this potential is transmitted to
the next neurons and so on. Neurons are used both as signal processing units and connection
wires to transform and transmit electric signals between central nervous system and peripheral
organs.

SOMA AXON

NUCLEUS MYELIN SHEAT SYNAPTIC TERMINAL

(@) (b)

Figure 1.1 — Anatomy of a neuron and zoom on the cell membrane. (a) Drawing of a neuron
with highlighted subdivisions. (b) Sectional view of the lipid bilayer neuron membrane
separating intra- and extra-cellular medium, a closed potassium and opened sodium ion
channels.

Action potential generation

In this section, we focus on the generation of this action potential. At rest, there is a negative
potential difference (around —70 mV) across the neuron membrane, between the extracellular
and the intracellular medium. This difference results from difference of ions concentrations
across the membrane. This membrane is made of a lipid bilayer and contains ion channels, as
described in the cartoon Fig 1.1b. Nerve impulses are characterized by an instantaneous mod-
ification of membrane permeability through the opening and closing of these ion channels.
Fig 1.2 shows the difference steps for the changes of membrane potential at a single point
of the membrane. During the resting phase, single-directional potassium (K*) and sodium
(Na™) ion channels are closed and a constant potential is kept. The stimulation induced by
the upstream propagation of the action potential opens the Na* ion channel which leads
to a flow of sodium ions through the cell membrane, increasing the potential difference up
to 35 mV. Then K* ion channels open and potassium ions escape the cell to the external
media, leading to the depolarization state. Na* ion channels and then K* ion channels close
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1.1. Overview on electrophysiology

successively and the potential difference is back to the resting state [1]. Next ion channels
were stimulated during the rising phase and the same phenomenon happen. This allows the
propagation of the action potential along the membrane. When the action potential reaches
the axon terminal, the signal propagates from the neuron to the next one through the synapse.
For mammalians, the majority of synapses are chemical. The action potential causes synaptic
vesicles to fuse with the membrane and to release their neurotransmitter molecules. These
neurotransmitters diffuse and activate receptors on the postsynaptic neuron.

Neurons are not the only cell that can propagate action potentials. Muscle cells, also known
as myocytes, can propagate action potentials as well, in the same way as neurons. They are
stimulated by nerves and the propagation of an action potential involves their contraction
and so the movement of the corresponding muscle (more details on the Section 1.1.2).
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Figure 1.2 — Generation steps of an action potential. (a) At rest, both ion channels are closed.
The potential difference between in and out of the cell is stable, around —65 mV. (b) Sodium
channel are stimulated by an upstream current and start to open. (c) Sodium ions penetrate
inside the cell layer and increase the membrane potential. (d) A potential peak around 35 mV
triggers the opening of the potassium channels. Potassium ions are moving out of the cell, the
membrane potential falls back. (e) The membrane potential reaches a low threshold which
leads to the closing of sodium channels and then of potassium channels. (f) During recovery
state, both ion channels are closed, membrane potential comes back to its value from resting
state and ions channel cannot react to a stimulation.
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Propagation in the body

The current generated by a single neuron (a small elementary current dipole) is not measurable
from the skin and barely from surrounding electrodes. Signals with high-enough amplitude to
be recorded from the skin are generated by a large number of synchronized active neurons
and this can be modeled by an equivalent dipole. A spatial organization, that involves current
addition, is also needed. This is the case for pyramidal neurons from the cortex which are
aligned in a parallel way [2].

An electrophysiological recording is the measurement of the potential difference between 2
points of the body. This potential difference is generated by currents which propagate inside
the volume of the body. Main factors of current propagation are the bones (especially the
skull), which are less conductive than the brain or the skin. Bones are places where current are
attenuated and diffused, which induces a spatial smoothing of electric potentials. In general
terms, any modification of the homogeneity of the propagation medium will lightly modify
the signal, and this needs to be taken into account for signal processing, especially for EEG.

1.1.2 Different modalities for electrophysiology
Electroencephalography (EEG)

Hans Berger was the first one to use EEG to record electric activity from a human brain, at the
end of the 1920s [3]. However, the cerebral origin of these signals had not taken hold right
away, and the neurologists started to be interested by EEG after the work of Lord Adrian in the
1930s [4]. Medical and scientific applications of EEG are now remarkably important.

As we explained previously, the opening of ion channels allows ions to move back and forth
in the intra- and the extra-cellular medium. When this is happening to a large amount of
neurons, an electrical field (local field potential, LFP) is created; and since the extra-cellular
medium is conductive, the latter induces a secondary current which circulate in the whole
volume of the head. It is important to note that glial cells, surrounding the neurons in the brain,
also electroactive, could slightly influence EEG signal by generating small potential variations
[5] but this is still under discussion between specialists. Potential variations at the surface
of the scalp, produced by the secondary current, are recorded by electrodes placed on the
scalp and the resulting signal is called an EEG. Synchrony of LFPs induces typical oscillations
within specific frequency domains. The amplitude of this signal is very low (typically 25-100
MV because the scalp, the skull, the cerebrospinal fluid and the meninges are inhomogeneous
media which attenuated the signal. An estimation of skull conductivity gives a result 20 to
80 lower than the conductivity of the cerebral fluid and so the skull acts ad low-pass spatial
filter [6]. Although strong signal amplification is needed and spatial resolution is low, EEG is a
cheap and non-invasive way to record brain activity with a good temporal resolution.

The most common set-up to record EEG is monopolar. The potential recorded by each



1.1. Overview on electrophysiology

electrode on the scalp is compared to a common reference electrode. Usually, this reference
electrode is located at the most neutral area, depending on the study, usually on mastoids,
earlobes or the neck. It is also possible to use a mean reference, defined by the mean of the
potential of all electrodes, especially for high-density recordings[4, 7]. Recording electrodes
are placed on the scalp on standard positions: Fig 1.3 shows the 10-20 system but other
high-density systems, including more than 128 electrodes, can be used.

Nasion

Figure 1.3 — 10-20 system for EEG (a) Presentation of the 10-20 system which is the interna-
tional standard for EEG electrodes placement. From nasion to inion, the scalp is frontally and
laterally divided in 6 parts. Letters E C, T, P and O stand for frontal, central, temporal, parietal
and occipital lobes, respectively. Odd numbers are for electrodes on the left hemisphere
whereas even numbers refer to those on the right hemisphere. Letters Fp, Pg and A identify
frontal polar, nosaopharyngeal and earlobes sites, respectively.

Other way to record brain activity (ECoG, SEEG, MEG)

For specific clinical applications which need a better spatial resolution, it is necessary to
record inside the skull. If electrodes are located at the cortex surface, the modality is called
Electrocorticography (ECoG). In the case of implanted electrodes, which penetrate the brain,
the term Stereoencephalography (SEEG, or also stereotactic EEG) is used. Of course, these 2
methods are highly invasive. A last possible technique is the Magnetoencephalography (MEG).
Although the spatial resolution performance of invasive technique is not achieved with MEG,
this method is not bound with some of the limitation associated with EEG. A cartoon of the
different recording modalities for brain activity and their invasiveness is shown on Fig 1.4.

Initially, the method of ECoG (also called intracranial EEG, iEEG) was developed by Wilder
Penfield and Herbert Jasper from the 1940s for epileptic patient exploration. A craniotomy
is performed (scalp and skull are surgically opened) to expose the brain and an array of
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Figure 1.4 — Technologies to record brain activity. (a) Implantable device made of several
recording electrodes used for stereoencephalography (SEEG). (b) Electrode array for appli-
cations in electrocorticography (ECoG). (c) Cup electrode used for electroencephalography
(EEG). (d) System to record brain activity by magnetoencephalography (MEG).

electrodes is deposited. The device can be placed either outside of the dura mater (epidural
ECoQ), either under it (subdural ECoG). Thanks of the absence of skull, the spatial resolution
of ECoG si much higher than EEG (around 1 cm [8]). However, ECoG recordings are still
surface recordings and do not allow access to deep cerebral structures. Moreover, the precise
and correct brain area to cover with the electrodes is hard to define. ECOG technique is used
to localize epileptogenic zones during surgery but offers great promises as Brain-Machine
Interface recording device.

SEEG was developed by Jean Talairach and Jean Bancaud for presurgical exploration of epilep-
tic patients [9]. The idea is to precisely define the brain area responsible for strokes before a
surgery which will remove it. EEG is first used to roughly delimit the area. Then stereotactic
surgery (the brain is precisely located in a defined three-dimensional coordinate system) is
performed to insert few electrode sticks which penetrate the brain. The patient keeps these
implanted electrodes for few weeks in order to triangulate the location of the epileptogenic
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zone.

MEG is the magnetic counterpart of EEG. Any electric current induces an associated magnetic
field. It is also the case for intra-cellular currents, more dense than extracellular currents (such
as the secondary current generated by neurons and recorded by EEG). This magnetic field
benefits of not being affected by the homogeneity of medium. It means that MEG signals
are not disturbed by the skull and source localization and identification are easier. However,
MEG recordings need to be done in a specific environment, protected from external magnetic
fields. Very sensitive SQUIDS (Superconducting QUantum Interference Device) are used to
record up to femto Tesla magnetic field but they need to be cooled down to -269° to keep
their supraconductivity state. The system is not mobile and very expensive but does not need
any preparation time and does not touch the patient. If the materials are compatible, it is
possible to record MEG signal in parallel to EEG or SEEG and then to study more precisely
brain activity.

Electrocardiography (ECG)

The heart is a muscle (also called myocardium) which rhythmically contracts and induces
blood circulation in the body, as pomp would do. Heartbeats, or systoles, are triggered by
specifically patterned electrical currents that spread over the heart. These currents are mea-
surable on the body surface of a patient. The amplified and filtered resultant signal is called
an electrocardiogram (ECG or EKG). If Auguste D. Waller was the first one to record on human
a surface electrocardiogram in 1887, Willem Einthoven is recognized as the main contributor
to the evolution of ECG, with works on the ECG signal and on the acquisition systems in the
1900s.

In the heart, they are some specific cardiac cells, called pacemakers, which possess the
property of automaticity. They have the ability to spontaneously depolarize, following a
specific rhythm, which lead to a self-generation of an action potential that will propagate
to other cardiac cells. Unlike neurons, myocardial cells do not transmit action potentials
throughout electrochemical synapses but by direct current spread from one cell to the other
over a gap junction. Cells depolarize and repolarize in a precise order which gives rise to
a patterned contraction of the different part of the heart. A simple modelling of the heart
is a single equivalent dipole and the net dipole moment is known as the heart vector M(?).
This vector changes in direction and magnitude as a function of time depending on the
spreading of each depolarization wave. A reasonable approximation is to consider the torso as
ahomogeneous isotropic conducting sphere and the heart as a single point. The ECG signal
recorded by 2 electrodes placed on the torso with the heart in between is then a projection of
this cardiac vector [10]. The specific placement of these electrode is called a lead. 12 leads
were decided as standard by an international convention [11] and allow heart activity to be
looked at with various points of view. Einthoven was the first to describe what is now called
Einthoven’s triangle, the 3 bipolar limb leads I, II, and III between right arm and left arm, right
arm and left leg, left arm and left leg respectively. 3 other leads are unipolar (aVR, aVL and
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aVF) and located on the right arm, the left arm and the left leg respectively. Einthoven’s theory
claims that the heart is located in middle of an equilateral triangle between arms and left leg.
Thus, only 2 leads can be recorded and the 4 others calculated from:

IHHI=1I-1

e aVF=1I-1/2

e aVR=-1/2-11/2

s aVF=1-11/2
6 other leads (from V1 to V6) are located on the torso and report activity in the horizontal
plane. 12 leads involve some redundancies to image a 3D activity but this spatial over-sampling
helps human interpretation and compensates for minor inaccuracies in electrodes placement
and in body modelling (the torso is not a homogeneous sphere...). Further and detailed
explanations can be found in [10]. Fig 1.5 describes a standard ECG signal obtained from limb
lead I with typical patterns (PQRST complexes) whose amplitudes, axes and duration can give
information about abnormal heart activity:

¢ P wave is linked with left and right atrium depolarization

* QRS complex is linked with left and right ventricles depolarization. An atrial T wave,
corresponding with atrium repolarization is hidden by QRS complex.

¢ T wave is linked with the repolarization of ventricles.

* U wave can be observed after T wave but its amplitude is very low and its origin still
discussed.

Amplitude (mV)
£
)

Time (s)

Figure 1.5 - Standard ECG signal. Example of an ECG signal with highlighted PQRST complex.
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Electromyography (EMG)

Luigi Galvani was one of the first to highlight the fact that muscle contractions can be initiated
by electricity in 1792 and he gave rise to the field of bioelectronics. Conversely, it was shown
60 years after that muscle activity induces electrical currents that can be recorded by Emil Du
Bois Reymond [12]. EMG recordings and muscular stimulation are nowadays very common in
clinic and sport study centers. It permits the understanding of human kinetics by studying the
degree and sequence of contractions from various muscles participating in a movement while,
coupled with stimulation techniques, provides insight into the mechanisms responsible for
muscle force production during contraction. This technique is used in the clinical context as a
diagnostic tool for nerve and muscle injury.

To understand the genesis of EMG signal, it is important to highlight the motor unit (MU)
which is composed of a motor neuron in the spinal cord and the skeletal muscle fibers inner-
vated by this motor neuron [13]. When a movement order is given from the cortex, action
potentials circulate along the spinal cord to reach one or different specific motor neurons
associated with the muscle to move. This induces the muscle fiber contraction. Each human
muscle (composed of many muscle fibers) is associated with a various number of different
MUs: from about 100 for a small hand muscle to more than 100 for large limb muscle [14].
The force and the accuracy of the muscle movement are linked with the number of associated
MUs and by the number of muscle fiber in each MU. The depolarizations of muscles mem-
brane, associated with muscle fiber contractions, can be recorded from different places. An
example of EMG signal on Fig 1.5, recorded from surface electrodes, shows the rising potential
associated to slowly rising force of plantar-flexion contraction on a human volunteer. Invasive
techniques with penetrating electrodes allow the detection of potentials very close to the
source with minimal low-pass filtering due to biological tissues between the muscle and the
electrodes. Penetrating electrodes can give a precise decomposition of the MU associated
with the activity and define abnormal behaviors. The muscle contraction can be voluntary or
induced by an external upstream electrical stimulation. Surface EMG is performed with cuta-
neous electrodes. Since in this case, electrodes are further away from muscle and the signal
is disturbed by biological tissue in between, MU decomposition is more difficult. However,
the non-invasiveness of the technique authorized the use of large matrix of electrodes for full
spatial mapping of muscle activity.

Others

If ECG is the most common electrophysiological recording in clinic examinations, EEG and
EMG are also frequent. Other modalities exist but are less common and rarely used by clini-
cians for some very specific cases. They are still very interesting for more fundamental research
on body behavior. These techniques include (non-exhaustive list):

* Electroocculography (EOG): A potential difference exists between the back (negative)
and the front (positive) of the eyeball. By placing electrodes around the eye, eye move-
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Figure 1.6 — EMG signal during plantar-flexion contractionl. Example of an EMG signal
recorded from electrodes placed on the lower limb and associated with a rising force of
plantar-flexion contraction.

ments can be recorded with few degrees accuracy [15].

Electroretinography (ERG): It is the analysis of electrical answer of the retina to light
stimuli. With different light intensity and frequencies, cones and rods activities are
detected by electrodes placed on the cornea and the skin near the eye [16].

Electrocochleography (ECochG): It is a technique of recording potentials generated in
the inner ear after sound stimuli. Electrodes are placed inside the cochlea as a cochlear
implant would do [17].

Electrogastrography (EGG) and electrogastroenterography (EGEG): They are recording
of stomach and intestines muscles activities, respectively [18].

1.1.3 Overview on the acquisition chain for electrophysiological recordings

In previous sections, we defined what the electrophysiology was and explained the different
modalities. It is now time to focus on the technological means to record the signals.

A general acquisition chain for electrophysiology on humans is described on Fig 1.7. The
different steps, from the skin contact to data display and analysis, are described:

10

¢ Electrode: The electrode is the device made of conductive materials that records the

potential close to the target organ or from the skin. We showed on previous sections that
the placement is depending on the modality (EEG, ECG...). A minimum of 2 electrodes
is required to record a potential difference but their number can be up to few hundreds.
If needed, 2 specific additional electrodes (ground and reference electrodes) are placed
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on the patient, if possible on an electrically neutral place. More details about electrodes
will be given all along this manuscript and particularly on Chapter 2.

Amplification: The recorded biological signal is very low and need to be amplified
before processing. This needs to be done during the first step of the acquisition chain
in order to amplify the signal of interest and not extra noise coming from the different
components of the following stages. It is usually done by differential amplifiers with
common ground. In case of unipolar leads, the amplifier gives the potential of each
electrode compared to a common reference whereas in case of a bipolar lead, the
amplifier provides the potential difference between a pair of electrodes. The gain value
of the amplifier needs to be adjusted depending on the amplitude and the frequencies
of the recorded signals as well as on the specifications of the following analog-to-digital
converter. Efficiency of this amplifier is defined by both its own input impedance Z;,
and electrodes impedances Z; and Z,. If Vf is the potential difference recorded between
the two electrodes, the potential V; applied at the differential inputs of the amplifier is
close to:

V=V (L.1)

W+ 2o+ Ziy

In order to lose minimal signal of interest, it induces that Z;,, >> Z; + Z, and so that
input impedance of the amplifier should be higher than electrode impedance [19, 20].
In an ideal differential amplifier, the following relation is respected:

Vy-V_
2

Vout = Gamp - (V4 = V_)+ Guc - (1.2)

with Gpsc being the common mode gain. The common mode rejection ratio is defined
Gamp

by Yo and needs to be as high as possible [21].

Analog Filtering: Even with utilization of a high-quality large bandwidth amplifier, only
a specific frequency band is of interest for the analysis of the recorded signal. The
frequency band of interest is defined by the targeted analysis on a specific modality
(8-12 Hz for alpha waves in EEG, 1 Hz for heart beats at rest...) but modern components
allows to keep large band of signal (0.5 to 100 Hz for ECG). High-pass and low-pass filters
remove other frequencies, which are noise coming from electrodes, wires, organism
of the patient and environment. A cut-band notch filter can be found in most of the
acquisition systems, to remove unwanted 50 or 60 Hz frequencies coming from power
lines.

Analog-to-Digital conversion: After analog amplification and filtering, electrophysio-
logical analog signals are converted to digital signals for future processing and saving.
The resolution of the converter, defined by a number of bits #, is the amount of values
which can be processed. An EEG acquisition system with a resolution of 12 bits can pro-
cess 2" different values of amplitude. A high sampling rate permits the converted signal
to be closer from the recorded one. In the last decades, miniaturization of memories

11



Chapter 1. Introduction on electrophysiology and medical devices

authorized the conception of recording devices with high resolution and sampling rates,
even if data recorded from many leads for a long-time can be still long to process.

* Digital processing: Digitalization of the signal permits many manipulations such as
additional signal processing, data analysis with different algorithms and correlation
with external markers (finger claps or music with EEG for instance). Some algorithms
are now competing with doctors for data analysis performance.

» Signal Transmission: Since the rise of wireless systems, it has been possible to imagine
wireless recording devices that could fit with ambulatory monitoring thanks to a reduced
size. Nowadays, different wireless technologies (for instance Bluetooth Low Energy
[22, 23] or Wifi [24]) exist for such recording devices to transmit signal at any step of the
acquisition chain after A/D conversion.

* Display/Storage: Finally, recorded signal can be saved for future uses or displayed to
the patient or doctors for real-time monitoring.
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Figure 1.7 - Acquisition chain for clinical electrophysiology. Schematic of a usual acquistion
chain for electrophysiological recording device with the different steps

1.2 Analysis of medical needs for electrophysiology

1.2.1 Electrophysiology to diagnosis pathologies

EEG, EMG or ECG recordings are very common and well known procedures in clinics. Their
specific and repetitive patterns involve relatively easy observation of abnormalities. Associated
with context and other medical imaging system, electrophysiological tools are essentials to
clinicians.

12



1.2. Analysis of medical needs for electrophysiology

Imaging brain activity, an EEG would be able to give information about most of the activities
of a person. But because of its poor spatial resolution and a partial comprehension of neural
phenomena, EEG gives only general information of brain condition. The absence of EEG
activity is strongly associated with brain death. In France, a 30-minute long flat EEG following
by a second one after 4h is a one of the criteria for the declaration of patient’s death. Conversely,
active EEG is an important clue to define the level of consciousness of patients in coma or
with total paralysis (plegia). Strong abnormalities in the EEG pattern can reveal brain injuries
such as intracerebral hemorrhage or infraction [25]. Since brain shows very specific and well
defined activity during the different steps of sleep, EEG is a common tool for sleep disorders
monitoring. Brain pathologies induce modification of the EEG trace too. If EEG may be
used for Creutzfeldt-Jakob disease or encephalitis (sudden inset inflammation) diagnosis
[26, 27], epilepsy is certainly the most and best studied pathology with EEG. An epileptic
patient presents more or less frequently sudden and strong modifications of brain activity,
called seizures. A seizure is characterized by a transient functional impairment of a population
of neurons: neurons localized in a specific area generate a sudden, high amplitude and
synchronous electrical discharge which can propagate in one part of the brain or in its entirety.
Since the brain is “short-circuited”, a seizure induces local uncontrolled muscle movements,
convulsions or temporary absence which can severely disturb life of epileptic patients and
even brain capacities. The duration of each seizure, their pattern and the frequency of the
crisis as well as the temporal evolution of the seizure at the surface of the scalp are of great
help for accurate diagnosis. EEG can be used for short-term diagnosis, or for long-term (up to
3 weeks) brain monitoring, mostly at the hospital.

Doctors can easily read ECG signals and diagnosis pathologies from the form, the amplitude
and the timing of the different waves. However, some heart disorders are invisible on ECG.
Heart rate is calculated from the number of QRS complexes per unit of time. At rest, it is
around 70 beats per minute but it can increase up to more than 180 during sport activity
(to accelerate blood circulation during exercise). An abnormal speed, called tachycardia if
heart rate exceeds the normal resting rate or called bradycardia if the rate is too slow, can
reveal cardiovascular diseases which involve unexpected resource consumption from the
heart. In case of bradycardia, the heart pump is not efficient enough and the blood pressure
is too low, inducing a lack of oxygen for the irrigated organs. If a tachycardia is detected, it
may mean that the cardiac output of blood is also too low because in this case, the heart
is pumping too fast and does not have to time to correctly fill. An activity faster than usual
also induces strong mechanical stress and damages the tissues. The measure of the delays
between remarkable ECG patterns called PR interval, ST segment or QT interval is used to
check potential troubles. If short-term ECG tests are achieved at hospitals to diagnose some
diseases, some other problems can only be detected from long-term (hours or even days-long)
recordings, such as irregular tachycardia. A study of the general pattern of the PQRST complex
and comparison from different leads is essential to the diagnosis of a cardiologist.
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1.2.2 Electrophysiology to assist pathologies

If electrophysiology is mainly a passive recording procedure, it can be used to assist some
specific pathologies, either by recording and recognizing specific pattern and then by warning
the patient or inducing an external response, either by directly interacting with the body
(stimulating probes for instance).

20 years ago, neuroscientists discovered that epileptic seizure were not as sudden and abrupt
as they thought. Epileptic patients were talking about optical effects or non-usual feelings
which could occur before the seizure and warn them of its imminence. EEG pattern analysis
ended to convince researchers that seizures develop minutes before clinical onset. A lot of
results on positive seizure predictions were claimed from intracranial EGG (SEEG) data [28].
Martinerie et al. were one of the first to show that, thanks to non-linear analysis of monitored
patients, it was possible to predict seizure with high-efficiency rate up to 6minutes prior
to it [29]. Other methods using linear approaches, spectral power analysis or EEG pattern
classification were developed [30, 31]. Only few teams are claiming results from surface EEG
[32]. However, none of the long-term post-studies were successful enough to predict seizure
in any case and research is still going on. Potential applications are high: a warned epileptic
patient would be able to stop his car if he is driving or to avoid falling if he is using stairs. Since
repetitive seizures are crippling and can induce severe damages to the brain, a second step
would be to predict a seizure and then to stop it. It was shown that it is possible to do so by
electrical stimulation [33, 34, 35, 36] as well as by optical stimulation [37] even if the success
rate does not yet compare with resective surgery.

Changes induced by deep brain stimulation were highlighted in 1987 by French Dr Benabid
and Pollak [38] and applied to Parkinsons’s disease in 2003 [39]. It is now a well-established
procedure to treat the debilitating symptoms such as tremor, rigidity, walking problems...
Basically, penetrating electrodes are implanted in the brain by a stereotaxic method as close as
possible of a previously-defined brain area. High-frequency (>100 Hz) potential stimulations
are applied and inhibit affected neuron when the patient feels the need. Despite rare cases
of infection or hemorrhage, it greatly helps patients to stop the crisis. The process is not well
understood but the electrical stimulation would affect electrical and neurochemical commu-
nication between single neurons and astrocytes as well as oscillations of global structures such
as thalamus [40]. Studies are now on going to find other application to deep brain stimulation.
Brain connectivity is increased and patients with Alzheimer disease show some recovery [41].
It allows significant reductions in depressive symptomatology as well as encouraging rates of
remission for individuals suffering from treatment-resistant depression [42]. Long-term deep
brain stimulation applied to the thalamus involves a global reduction of tic without reducing
intellectual performances of subjects with Tourette syndrome [43].

Brain-Computer Interfaces (BCI) are using most of time electrophysiological signals. By
recording the electrical activity of neurons or muscles, they allow a disable person to act with
a computer, to induce movement for instance. If titles for general audiences such as “writing
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by thought” are catchy, BCI is now a broad research field and starts to have real applications
for patients. 2 modalities are mainly employed for BCIs: EEG, ECoG. Signals obtained by
ECoG allow commanding an effector, for instance a robotic arm [44] or an exoskeleton [45].
Despite the EEG signal inconvenient, non-invasive EEG BCls are also promising [46] and allow
a distant motor control of external devices [47]. Even if they are not literally BCIs, myoelectric
prostheses grant a precise control of the artificial members. In many case, contraction of
a specific existing muscle involves a specific motion of the prosthesis (for instance, biceps
contraction induces the artificial hand to close), but this order is not natural for patients and
implicates long training. State-of-the-art prosthesis use EMG residual activity of the amputee,
mapped by high-density cutaneous matrices, to finely control the prosthesis with natural
thought [48, 49, 50].

1.2.3 Current problematics for ambulatory electrophysiology

If electrophysiological recordings are now well established in clinic, some constraints, mostly
coming from equipment, disable a larger use of these signals for ambulatory monitoring.
Better understanding these problematics can help to conceive new ambulatory and high-
performing medical devices.

Size of the acquisition systems

The presence of many wires and the weight of the acquisition system has always been a
problem. In case of recordings made in the hospital on a patient at rest, there is no need for
small devices. But in other cases, such as emergency or long-term monitoring recordings, a
light and small device is necessary. One of the first ambulatory ECG systems was developed in
1949 by Holter [51]. It was a 34 kg-device working with radio signal. Later, lighter ECG systems
authorized cardiac monitoring inside ambulances [52]. Results were sent to the hospital by
cellular telephone for early diagnosis. In the last decades, the extreme miniaturization of
electronics and batteries involved the development of personal ambulatory recording systems,
for instance making possible epilepsy monitoring at home [53, 54, 55, 56]. Miniaturization
of recording systems is also important for aesthetic appearance reasons. Reduction o size of
electrodes and wires is a demand coming from patients, who do not feel comfortable with
very visible equipment. However, performances (related to the quality of signal, the number
of possible lead or the amount a saved data) of ambulatory systems are still limited compared
to clinical devices.

Skin interface

Toxicity of materials with biological tissues is one of the main issues for sensors in contact
with human body. It is obvious for penetrating electrodes but even cutaneous electrodes can
induce allergic reactions of the skin. This is the main limitation for long-term studies. In
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the particular case of high-density EEG recordings, other limitations for long-term studies
appear. The deposition of the conductive gel on the electrodes is time-consuming. This gel
dries after few hours and needs to be replaced to allow long-term recordings. Furthermore,
some gel leakages can induce bridges (interconnections) between electrodes and decrease
spatial resolution. More details on these problematics of electrodes are presented on Chapter
2.

Unwanted noise in the signal

The biological signal of interest is never recorded alone, but with a bench of unwanted pertur-
bations which can affect its analysis. This noise is coming from different sources which are
either biological or external:

¢ biological sources: The body is a complex and dynamic organism and the activity of
a part of it has often cascaded from many other activities. Moreover, most of body
components are conductive and then conduct electrical perturbations. This means that
an electrophysiological recording will be always perturbed by other electrophysiological
activities. A strong signal such as ECG is barely disturbed because of its high amplitude,
but on the contrary, EOG and ECG highly interfere with EEG or fetal ECG recording
respectively. Breathing also disturbe electrophysiological recordings by adding a low-
frequency component.

* external sources: The interaction of the environment with the measurement is also
important to take into account. First, the acquisition system itself is creating noise. For
many reasons, recording electrodes are slightly moving on the skin, creating motion ar-
tifacts (see Section 2.1.2). Movement of wires and electrical components activity (power
supply, thermal noise [57]...) are creating noise during propagation and processing of
the signal. Power-line frequency electromagnetic field (at 50Hz in Europe and 60Hz in
the USA) is a strong source of noise but other machines running close the recording
system can also affect it by electromagnetic noise.

Different techniques are used in parallel to reduce this noise. The environment around the
acquisition system can be adapted to reduce electromagnetic noise (for instance, patients
under long-term SEEG recordings live for few weeks in a Faraday cage-bedroom at the hospital)
but is it far from easy in other cases. Elements of the recording system can also be improved to
reduce their noise reception. Conformable or non-contact electrodes facilitates the reduction
of motion artifact, wireless systems remove disadvantages of wires and shielded electronics
is less sensitive to the environment. Hardware filters are used to reduce the amplitudes of
specific frequencies. Finally, digital processing highly facilitates noise removing.
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Analysis of the signal

For long-time, recorded electrophysiological signals has been printed on graph paper and then
manually analyzed by the doctor. The demonstration of the efficiency of analysis on computer
screens [58] enable full digital processing and analysis of electrophysiological signals. It
also means that a signal can be analyzed by a doctor days after the recording. This gave
rise to an intense development of ambulatory systems for long-term monitoring of patients
outside the hospital. Many devices facilitate electrophysiological recordings at home, with
data stored for further analysis or directly sent to a specialist in case of a problem. Advanced
digital processes using, among other techniques, wavelet and probabilistic approaches [59, 10],
neural network [60], or chaos theory [61] assist the progress of high-speed and high-performing
digital diagnosis. Thanks to an extremely large amount of data available online and the
development of machine learning, it easy to imagine that soon, algorithms will be able to
diagnose diseases from electrophysiological data with better performances than doctors.
However, humans are still the only one able to fully understand the context of the disease and
most of the digital processing methods need to be manually adjusted for each set of data.

Storage of the signal

The development of memory capacities of electronical system makes possible the storage of
large amount of electrophysiological data. To guarantee interoperability between systems
from different brands, to enable data exchange between research teams and to be sure that
all information about an examination (signal but also specifications of the recording and
the patient) is saved, standards are necessary. DICOM, a standard for handling, storing and
transmitting information of most medical images can be used to encode ECG but other
standard exist for ECG[62] or EEG [63]. Finally, the evolution of ambulatory recording systems
raises the question of personal data safety. If information can be sent to doctors, it can also
be intercepted by a third part. The necessity of data encryption has then to be integrated to
standards.

1.3 Industrial vision for medical devices conception

The term Medical Device (MD) can be applied to any tool, equipment, software or material
which aims to be used for diagnostic or therapeutic purposes related to any human healthcare
issue, with the notable exception of medications. Conception of state-of-the-art MDs usually
involves expertise from many different scientific fields such as mechanical and electrical
engineering, programming, physiology, signal processing, biology.... Academic and industrial
research laboratories are at the first place to develop innovative ideas for MDs. In this section,
we will discuss on how laboratories can have their place in the conception of such devices.
We will also focus on the certification of MDs. Industrial and regulation constraints should be
always in mind during the first steps of a MD development.
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1.3.1 From the idea to the mass production of medical devices

In the case of applied research for MDs, one of the goals is to develop proof-of-concept devices
by including state-of-the-art technologies highlighted by previous fundamental research.
Since the industrial process of MD conception is very long (almost a decade is necessary

before the commercialization of a hearth prosthesis), it is important to know from upstream

the constraints which will be applied to the future product [64, 65]. Fig 1.8 presents the general

stream of MD conception, associated with the main actors of the value chain. The stream

of MD development can be divided in different steps, each of them involving close relation

between the MD manufacturer and other actors:
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¢ Idea: Everything usually starts from a need, expressed by medical staff. The innovative

work is then finding how to answer to this need, by using new technologies and materials
(for example a new polymer can be developed to improve the interface of an electrode),
or by recycling and adapting ideas coming from other fields (for instance, an algorithm
for deblurring images of license plates on cars can be used in MRI images analysis).
When an existing device or tool is improved without important change in its use, we
talk about incremental innovation, which represents 70% of new products [64]. But
sometimes, disruptive technologies facilitate the introduction of innovative tools and
initiate the emergence of new therapeutic strategies. In this step, close collaboration
between academic research centers and internal Research and Development offices
are essential to have access to state-of-the-art technologies and scientific expertise
on literature and techniques. A lot of “start-up” companies are actually initiated by
researchers, associated with structures providing innovation support. MD company are
generally investing back a high ratio of their turnover in their Research and Development
centers.

CE marking process: Specific to MDs, the redaction of the technical file for the marking
is an essential step, developed in parallel and in relation with all the following steps. If
an international commercialization is envisaged, a lot of energy need to be spend on
the different regulatory specifications. Needs for CE marking are explained in details in
Section 1.3.3.

Feasability: During this step, specifications (including performances and followed
norms) of the future product are defined, as well as the different tests which will char-
acterize its performances. For this, a judicious collaboration with medical teams is
necessary, in order to be aware of precise constraints and needs of patients and medical
staff. A proof-of-concept, demonstrating the main performances of the future product
and validating the idea can be realized during this step, still in cooperation with the
different partners. If needed, and it is often the case, redaction of patents is done at this
step in order to protect the idea as soon as possible, before any advertisement. Finally,
risk management studies as well as first documents for the marking are initiated.

¢ Conception: All documents needed for industrialization of the product (nomenclatures,
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plans, specifications, fabrication processes, assembly notes...) are aggregated in a
conception file and a prototype as close as possible from the final device is made.
If possible, digital models and experimental validations are used to check if set out
specification are respected. Pre-clinical and clinical trials (see Section 1.3.3) are made
during this step to validate healthcare performances and absence of toxicity for the
users. It is important to keep in mind that in case of invasive or high-risk devices, these
trials can last for few years, delaying as much the industrialization of the product.

* Industrialization: If a clean environment is needed, this step can be done in controlled
atmosphere area, where gas concentration as well as temperature and humidity are
regulated to avoid contamination. First, pre-series facilitate the validation of series
fabrication process. Fabrication and control ranges are defined. First devices can
be sent/sell to close collaborators (= early adopters) in order to initiate and facilitate
adoption and diffusion on the market. Then, mass production of the device can be
launched.

e Commercialization of the product: An important and ramified network of distributors
and users (including, hospitals, doctors, patient associations...) helps for the recog-
nition of the device. If after-sales follow-up is supposed to be done by manufacturers
and distributors for any products, a specific process need to be set up for MD and is
part of the CE marking procedure. Data about long-term stability and mostly long-term
absence of danger for patients and users need to be kept and studied by manufacturers
and distributors. Feedbacks from patients and users are also important to collect in
order to understand how to improve the next products.

1.3.2 How can research and development add value to medical device concep-
tion?

By bringing innovative ideas and techniques, fundamental research fully participates to the
creation of value for medical devices. Small companies are more focused on research and
development since they need to innovate to be competitive against multinational companies
[66]. Mature and big companies are less focused on research, since it can be a risky field and
they can afford to buy the most competitive start-ups. However, few ideas can improve the
importance of research and development in the final product.

First, an early integration of MD regulation is necessary. The knowledge of the regulatory
environment from the beginning of the MD conception avoids some mistakes, as the use of
a material not compatible with sterilization techniques. Given the long duration of possible
clinical trials, it is important to take it into account as soon as possible. Moreover, some
regulatory environments (application of the MD, country of commercialization...) are more
favorable for easy and short access to the market and so need to be identified. Nowadays,
company and research laboratories need to be included into specific networks, also called
technological clusters, and innovation happen between the different collaborations. This
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Figure 1.8 — Schematic of the conception chain for medical devices. The different steps of
conception are marked in red. In blue are the different companies, managed by the product
manufacturer, involved in the different steps of the conception chain. The different actors
of the conception chain are in green, all of them are working in close collaboration with the
manufacturer for inputs, advices or validation. The two different ways of innovations are
highlighted in yellow.

improves the chances for the partners to get a more important access to private and public
funding for both technical development and clinical evaluation. Successful partnership
already exist between academic world, companies and innovation structures, such as PhD
funding, creation of spin-off or common application on governmental research projects,
but they need to be reinforced. In the case of MDs, working together with clinical teams
helps to better identify medical needs and then better understand the market. Equilibrium
on intellectual property needs to be found between the patenting of ideas and the global
propagation of scientific knowledge through publications. Indeed, the development of an
independent clinical research, led by academy, is essential to promote the rise of useful MDs
for public health. In another hand, the mass distribution of medical devices to medical
structures has to be carried out by companies.
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1.3.3 CE marking

Any company that want to market a product with medical purposes needs first to certify it.
The first main reason is that medical devices have short to long-term (from few seconds to
life-long) and intimate (from outside of the skin to inside the body) contact with the human
body and then can severely damage it. A wrong utilization or a malfunction can induce
unwanted supplementary risk to a patient or diagnose an erroneous pathology. Any medical
product sold in European Union countries needs to satisfy the conditions defined in the
Medical Devices Directive (93/42/EEC).Two other European Directives handle with more
details regulation around active implantable medical devices and medical devices for in-
vitro diagnostics, respectively 90/385/CEE and 98/79/CEE. The other worldwide important
markings for MDs is following FDA (Food and Drug Administration, USA) regulations. Despite
some differences that cannot be forgotten to avoid any commercialization delay, equivalences
and similarity exist between CE and FDA marking. Useful and complete information can be
found on this website (in French): [67].

Classification of Medical Devices

Firstly, the class of the MD needs to be defined to know the applicable constraints to conform
to the directive. 4 classes are defined and are related to possible risks for both patients and
medical staff: I, I1a, IIb and III. These 4 classes are given in Annex IX of the Directive and were
chosen in relation with different criteria:

* Time of use: The time during which a device is in contact with biological tissue is of first
importance to understand the associated risks. 3 category of duration are defined: less
than 1h, between 1h and 30 days, more than 30 days.

* Invasiveness: Any MD which needs to partially or totally penetrate inside the body by a
natural orifice or through the external layer is considered as invasive and so more risky.
Moreover, the device can be defined as implantable device if it is supposed to stay in the
body after penetration.

* Reusability: A MD, particularly surgical tools, can be reused for another operation after
appropriated procedures of washing and sterilization but this improves the risks of
infections.

* Active device: Any MD which needs a non-human source of energy (mostly electricity)
to be used is considered as active. In this case, the risk is that this source of energy
interacts and disturbs the body.

* Active device for therapy: Any MD which can restore, modify or replace a biological
function or structure needs to address more constraints.

* Active device for diagnosis: Any MD which can give information to diagnose pathology
needs to address more constraints.
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¢ Localization of action: Any MD in interaction with central nervous system or circulatory
system needs to address more constraints.

4 different rules are applied to the devices:
* For non-invasive devices (e.g. non-invasive MDs interacting with human fluids are Class
IIa or IIb)

¢ For invasive devices (e.g. temporary invasive devices, if they are not connected to a
Class I or more MD, are Class I)

* For active devices (e.g. an active device for diagnosis and monitoring of vital parameters
are Class IIb)

» Special rules (e.g. a device incorporating a blood-derivated substance is Class III)

The most critical use will be the one considered for the classification as well as the most severe
rule if different uses or rules can be applied to the device.

Here are few examples of MDs classification:

Class I: cutaneous electrode for ECG, gloves for examination, surgical scalpel...

Class IIa: syringe needle, thermometer, tubes for anesthesia. ..

Class IIb: men condoms, incubator for baby, sterile trocar...

Class III: heart catheter, artificial heart, prosthesis for hip articulation...

However, by focusing on their risks for patients and users, this classification does not reflect
the variety of MDs which are included in each class. Another classification for MDs, The
Global Medical Device Nomenclature, sorts them by applications and used technologies (for
instance: medical software, dental materials, devices for in vitro diagnostic, technical textiles,
active implants...).

Class I MD regulation

This section presents specifications dor Class I MDs, since most of the devices presented in
this thesis are for cutaneous applications. Class I MDs are the only MDs which can be self-
certified by the manufacturer. Regulatory organisms will check if the rules were followed only
in case of a problem with a user. A technical file needs to be established by the manufacturer,
gathering all information about the MD. The certification will be done regarding this specific
file, described in the Medical Devices Directive (93/42/EEC). Here is the list of the different
kind of information that composed this technical file for Class I MDs:
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* Input information

— Description of the product: In this part, a full description of the product is needed,
including the main targets, the secondary targets, the functions and mechanics,
the accessories, the other devices which will be connected with and the main
technical performances. From the reading of this part, one is supposed to be able
to understand how to use the MD and for which applications and what are the
critical performances.

— Applied norms: In here, standards followed by the MD are described. In theory,
the application of norms for the MD is not mandatory. But most of the time, the
conception of the MD will follow a lot of them because it allows the manufacturer
to standardize conception of different products and to ensure performances of
the devices. Three different kinds of standards can be used. “General” ones are
linked with safety during production, with user instructions or with risk man-
agement. “Product norms” are relevant to define and check the performances
of the device. Finally, medical devices conforming to the relevant harmonized
European standards (regarding biocompatibility, electromagnetic compatibility...)
are considered to conform to the requirements of the directive.

— Answers to the Directive requirements: In this part, it is explained and detailed
how the certified DM is positively answering the list of essential requirements
defined in the Annexe I of the Medical Devices Directive (93/42/EEC).

* Conception

- Conception documentation: This is a technical part, where everything about
the conception of the product is indicated: from reports of the first technical
meetings to the fabrication of the device. From this information, one should be
able to fabricate the product from scratch. All performances and related tests are
supposed to be included too.

— User manual: The user manual is stored in this part. Usually it follows harmonized
standards.

- Labelling: The labelling of the DM package is stored in this part. Usually it follows
harmonized standards.

¢ Evaluation

— Pre-clinical evaluation: This part is a record of verifications done by the manufac-
turer and/or by external laboratories to check the compatibility of the MD with
specific environment, its biocompatibility, its safety and its performances.

- Clinical evaluation: Depending on the device, clinical trials can be executed in
order to verify the efficiency and safety of the MD on human volunteers. Clinical
trials are not frequent for Class I MD, usually a literature review is enough.
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¢ Risk management: All along the process of conception, fabrication and marking, a risk
management procedure needs to be applied to avoid any risk for patients, users and
manufacturer.
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Electrodes

Electrophysiological activities can be recorded from cellular level up to a very integrated level at
the surface of the scalp. To do so, sensors, called electrodes, record a local potential generated by
the activity of cells or organs and deliver it to the acquisition system for processing, displaying
and saving. An electrode is made of metal or any conducting material, and records the potential
at the surface, or within, the biological tissue. In case of cutaneous recordings, to improve the
contact between skin and electrode, an intermediate layer of conductive gel is often used. In this
chapter, electrochemical phenomenon happening at the interface between the saline media and
the conducting electrode will be described and analyzed. Then, different protocols for electrode
characterization will be shown. We will not forget that these results will be applied to cutaneous
electrodes for recording of biological signals. And, after an overview of every available options to
fit an electrode to a specific application during its conception, a list of medical electrodes used
in clinic will be presented.

2.1 A model of the electrode and the reactions at its interface

2.1.1 Electrochemical model of the electrode
Definition of an electrode

An electrode is an electrical conductor which can release or capture electrons. It is in contact
with the non-electronically conductive part (which can be an insulator or an ionic conductive
part) of a circuit. In electrochemistry, electrodes behavior can be studied in the case of the
Galvanic cell, made of two half-cells (see Fig 2.1). In the Galvanic cell, two metals are in contact
to each other by a wire and are immersed in different solutions. Reduction and oxidation reac-
tions that occur between the electrodes and corresponding ions in the electrolytes generate a
potential difference between the electrode and the creation of a current. The loop is closed by
a saline bridge between the two electrolyte which allows ions to flow through. A succession
of such cells is forming a voltaic pile, called electrical battery. In this case, the electrode is
defined as an ionic-to-electronic current transducer.
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TS—

Figure 2.1 - The Galvanic electrochemical cell. Cartoon of a Galvanic cell. A copper (Cu) and a
zinc (Zn)electrodes are immersed in copper sulfate solution (CuSO,) and zinc sulfate solution
(ZnS0y) respectively. The two solutions are linked by a salt bridge and the two electrodes by a
wire. RedOx reactions induce ions movement in the salt bridge and an electronic current is
generated between the electrodes.

Reaction at the interface of the electrode

Electrodes are usually in contact with an ionic, or saline, solution called electrolyte. At the
electrode-solution interface, a redox reaction occurs, allowing charge transfer: the oxidized
specie Coy transforms to the reduced specie Cg.4 by transferring n electrons, following the
reversible equation:

Cox+n-e—=——= Cpgeq (2.1)

When the electrode is in contact with the electrolyte, excess of charges causes the creation of
an electrical double layer to establish potential equilibrium. Metallic ions tend to leave the
electrode whereas ions from the electrolyte tend to combine with the metal. Two layers of
opposite polarity are formed at the interface, separated by a molecular "dielectric" layer. This
creates a capacitive effect to the electrode. This simple model is called the Helmholtz model
[1], and was completed by the Stern-Gouy-Chapman model, which introduces the diffusion
effect of ions in the solution[2].
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2.1. Amodel of the electrode and the reactions at its interface

In the case of electrodes for bio-recordings, the electrolyte can have a biological origin (serum,
mucosa, sweat, cerebrospinal fluid, ...) or be synthesized (conductive gel like hydrogel).

2.1.2 Noise generation
Half-cell potential

In the electrochemical cell, the cell potential is the difference between the two potentials of
electrodes, called half-cell potentials:

0 _ 0 0
ECell - ERed,Cuthode + EOx,Anode 2.2)

Each of the half-cell potential is generated by an oxidation or a reduction reaction between
the electrode and the corresponding metal ion in the electrolyte. These half-cell potentials are
defined for a given concentration (1M) and pressure (1bar), and measured with respect to a
standard hydrogen half-cell, declared to be zero. The Nernst equation is applied to correct
these values if conditions are different.

In the case of biological signal recordings, if the electrodes are made with different materials,
the half-cell potentials of the electrodes are not equal to each other and this adds a DC com-
ponent (i.e. a continuous component) to the signal that can affect low-frequency recordings.
Some acquisition systems are also sensitive to the presence of a strong DC component, which
can induce the recorded signal to be out of a specific range. To reduce this effect, it is then
important to measure a biological signal with the same type of electrodes even if a small
half-cell potential difference is inevitable.

Polarizable electrode versus non-polarizable electrode

Depending on the conducting material used for electrode fabrication, electrodes can be polar-
izable or not. In the first case, for polarizable electrodes, modification of ionic concentrations
in the surrounding electrolyte involves the creation of a current in the electrode without any
charge crossing the electrolyte-electrode interface. In this case, the electrode acts like a capac-
itor. If a polarizable electrode is displaced in the electrolyte, there is a change in the charge
distribution around the electrode and in its potential. This produces a strong variation in the
recorded low-frequency potential, called a motion artifact, described in the next Section 2.1.2.
For this reason, non-polarizable electrodes are preferred, for example made of silver/silver
chloride (Ag/AgCl). In an ideal non-polarizable electrode, the current moves freely between
the electrolyte and the metal, without inducing any change in the ion distribution around the
electrode. In this case, the electrode acts as a resistor. In practice, non-polarizable electrodes
are never perfect and have small capacitive effects.
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Motion Artifacts

The term "motion artifact" covers all movements from any sources that could add noise to a
recorded signal. And since some biological signals are very small, any disturbance can "hide"
them. Fig 2.2 shows two ECG signals recorded from electrodes placed close to each other on a

human volunteer. The purple signal is coming from a gel-assisted electrode and the green one

from a dry electrode. Because of the absence of gel (discussed below), the green ECG signal is

disturbed by motion artifacts. It is clear that this noise can limit the recognition of important

part of the signal, like full PQRST complexes in this case.

To better understand how to prevent these motion artifacts, Webster [3] describes five move-

ments that can cause them:, , electrode, cables and medical staff.
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* Noise created by patient’s muscles: Any muscle activity that creates unwanted EMG

noise can be recorded by the electrodes. It is the main problem for ambulatory record-
ings since the measurement has to be done while the patient is moving. Even for
recordings at resting state or during sleep or coma state, ECG potentials generated by
heart beats can disturb EEG or EOG. Solutions to avoid or reduce this noise are to filter
out some frequencies (for example, most of EMG noise is at higher frequency, 30-200
Hz, than significant frequencies for ECG, 0.05-100 Hz) or to place electrodes somewhere
on the body where they may be less affected by muscle activity (close to a bone for
instance).

Noise created by patient’s skin: The potential difference between the inner and the
outer part of the skin can be modified by the applied pressure from the electrode and
causes a noise artifact. By removing the first layer, abrasion of the external part of the
skin can reduces this effect.

Noise created by the electrode itself: As soon as the recording part of the electrode is
moving with respect to the skin (because of a moving subject), the electrical double-
layer is disturbed and a motion artifact is created. It is a real problem for clinicians
since patients are active during most of the electrophysiological recordings and will
most likely move, as presented in Fig 2.2. The use of gel between the skin and the
electrodes highly reduces these motion artifacts: gel elastic properties involves that
the two interfaces with the double layers, skin-gel and gel-electrode, are locally almost
stationary but move by respect to each other.

Noise created by wiring: Motion artifacts can also be generated by cables movements.
Friction and deformation of the cable insulation produce triboelectric noise, like a piezo-
electric movement transducer would do. Many systems are now wireless, in particular
to avoid this effect.

Noise created by surrounding medical staff: Friction-induced static electricity, gener-
ated by a nurse or anyone close to the patient, moving or touching him, interferes with
the signal of interest.
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Figure 2.2 — Motion artifacts on ECG signal. ECG signals recorded at the same time on a
human volunteer from electrodes placed close to each other on the wrists. Purple signal is
coming from a wet electrode and green signal is coming from a dry electrode. Motion artifacts,
generated by motion of the patient, are highlighted by circles on the green signal.

2.1.3 The electrolyte in electrophysiology

Invasive electrodes, implanted in human body,are surrounded by physiological ionic media.
This aqueous media is strongly conductive and plays the role of electrolyte.

However, most of the electrodes used everyday for applications in human electrophysiology
are cutaneous and contain a synthetic conductive gel as interface between metal and skin.
This gel is a synthesized ionic conductor (an extreme solution could be to use sweat as saline
solution) and decreases the skin impedance. Usually it is a chloride to stabilize the AgCl
half-cell potential. The cation is commonly a sodium (Na), a chloride (Cl) or a potassium
(K) ion. Coloring, perfume, stabilizer, humectant and antibacterial agents can also be added
to commercially available conductive gel or paste. The gel is either directly included on the
electrode (as it is in almost all commercial ECG electrodes), either needs to be manually added
(with a syringe for most of the EEG electrodes).

To facilitate long-term recordings, the gel has to stay stable for at least few hours (to avoid
evaporation) and can be adhesive. Because of his liquid or semi-liquid state, this gel grants
a good and permanent contact with the skin and can cross a thin layer of hair. Moreover, by
moistening, thus making more conductive the insulated external layer of the skin, the gel
greatly improves the contact impedance with the electrode.
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2.1.4 Skin specificities for cutaneous electrophysiology

For cutaneous electrophysiology, two interfaces are important and explain the behavior of
the electrode: electrode-gel and gel-skin. Gel conductivity, skin preparation or electrode
performances are parameters that modify these two interfaces, thus the global impedance of
the system and the quality of the recorded signal.

A quick focus on skin composition is needed to understand the interface with an electrode
and its gel. As described in Fig 2.3, the two main layers of the skin are, from the outer one to
the inner one, the epidermis and the dermis. The epidermis is the first protection barrier of
the human body. It is itself composed of 4 or 5 layers with different functions. The outer one,
called stratum corneum and composed of dead skin cells, acts usually as an insulator. It needs
to be removed most of the time (by abrasion with sandpaper) or crossed (with pins electrode)
to give a low impedance interface with the recording electrode. The dermis contains most of
the mechanoreceptors (to allow heat and touch senses), hair follicles, sweat and sebaceous
glands as well as blood vessels to feed the epidermis. The hypodermis, or subcutaneous layer,
is not part of the skin. Its purpose is to attach the skin to the bones muscles and it is mainly
composed of fat.

Stratum
Corneum

Sweat

Gland  Erector

Muscle Hair Sebaceous
Folicle Gland

Figure 2.3 — Skin layers. The outer layer, the stratum corneum, is made of dead cells and can
be removed by abrasion

2.1.5 Equivalent model of skin-electrode interface

To explain the electrical behavior of the interaction between electrode, electrolyte and skin,
it is possible to model all the interfaces with an equivalent circuit. This equivalent circuit is
based on mathematical models of each “components” which characterize the system and
facilitates the fit of the system behavior with R(RC) models.

Fig 2.4 shows an equivalent circuit for the interfaces electrodes-electrolyte-epidermis-dermis
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2.2. Electrode characterization

[4]. The potential source Ej. models the half-cell potential of the electrode (see Section 2.1.2),
thus the additional DC component on the recorded signal. As described in Section 2.1.2,
any electrode presents both capacitive and resistive effects, modeled by R,; and C,;. These
two last components can be defined with impedance measurements (see following Section
2.2.2). R, is the effective resistance associated with the gel between the electrode and the
skin. Ej¢, Re;, Ce; and R, are mainly depending on the materials of the electrode, and then
can be tuned during electrode conception. The potential difference Es, can be found from
the Nernst equation for the electrolyte, and is due to the semipermeability of the stratum
corneum. The epidermal circuit acts as a parallel RC circuit, with a high resistance due to the
stratum corneum. The dermis and subcutaneous layers are conductive and represented as a
single series resistor.

Electrode
-~
Epidermis
N
C
Dermis
\\ J

Figure 2.4 — Equivalent circuit for the electrode-skin interface.

2.2 FElectrode characterization

2.2.1 Three-electrode cell and potentiostat
Presentation of the three-electrode system

Most of electrode characterizations (electroanalytical experiments) are done by a potentiostat
connected to a three-electrode cell. The potentiostat is an electronic device which controls
voltage between a working electrode (WE, the electrode to characterize) and a reference
electrode (RE) through the injection of current from a counter electrode (CE). For a specific
potential applied between WE and RE, the current between WE and CE is measured. In the
following sections, impedance and cyclic voltammetry characterizations performed with a
potentiostat and a three-electrode cell will be presented more in details. RE is able to keep
a constant electrochemical potential if no current is flowing through it. The most common
RE is a saturated calomel electrodes or a Ag/AgCl electrode. CE is usually made of an inert
conductor such as platinum and preferably presents a bigger surface area than the WE. The
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three electrodes are immersed in an electrolyte, such as NaCl.

Working principle of a potentiostat

Fig 2.5a presents the schematic of a potentiostat electric circuit with a simple operational
amplifier. This circuit is equivalent to the one shown on Fig 2.5b, with Z; related to the
recording resistance Ry, in series with the interface impedance of CE and the electrolyte
resistance between CE and WE. 7, is related to the interface impedance of WE and the
electrolyte resistance between WE and RE. Because we make the hypothesis that no current is
flowing through RE, we can write at the output of the op amp:

2

=———.E,,;=06-Eout 2.3
7+ 72 our =P u (2.3)

E,
with § as the feedback factor. As we work with a non-inverting amplifier (with a gain A), we
then obtain:

E, pB-A

E 1+8-A 24

When - A is very large with respect to one, we obtain E; = E;, which proves that the control
amplifier works to keep the voltage between RE and WE as close as possible from the input
source voltage [5].

@ (b)

Figure 2.5 — Schematic of a potentiostat system(a) with the electrochemical cell, (b) with
electrochemical cell replaced by two impedances.

2.2.2 Impedance
Electrochemical Impedance Spectroscopy

The concept of electrical resistance is defined by Ohm’s law: R = V' /I. However, this relation
is limited to one element, the resistor. For more complex elements or systems, the concept
of impedance Z replaces the resistance: Z = Vyc/I4c. Impedance is a complex function
expressed in terms of a magnitude and a phase.To measure impedance, an AC voltage (usually
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sinusoidal) is applied to the electrochemical cell. The phase is the time shift between the
potential input and the current output. The last important parameter for impedance is the
frequency at which it is measured.

These three parameters are often plotted on a Bode plot, with both magnitude and phase
logarithmically plotted against frequency. Impedance can also be plotted in polar form in
the Nyquist plot. Magnitude is then the length of the vector and phase is its angle. An
example of both Bode plot is presented on Fig 2.6. More details on electrochemical impedance
spectroscopy theory and application can be found here: [6, 7].

Simple equivalent circuits can be used to characterize an electrode after impedance measure-
ment (see previous Section 2.1.5. When a sine wave potential is applied to an ideal simple
resistor, the current through it is a sine wave with no time shift. A system acting similarly to
aresistor presents on Bode plot a constant phase at 0° and a constant magnitude R over all
frequencies. Another element very common in electrodes equivalent circuits is the capacitor.
In Bode plot, it matches with a horizontal line at 90 ° for phase and magnitude is linear to
frequencies with a slope of —1. As it can be analyzed in Fig 2.6, the Ag/AgCl electrode (in
black) is close to be a perfect non-polarizable electrode with a constant and low impedance
and a phase close to 0°. Impedance analysis of bare gold electrodes shows that they behave
as resistor at high frequencies but behave as polarizable electrodes below 1 kHz. However,
one gold electrode has a surface area 6.25 times bigger than the other one, and shows an
impedance approximately one order of magnitude lower. Indeed, the surface area of the WE is
directly linked with impedance magnitude.

To resume, impedance can be defined by a combined measurement of the opposition to
current through the electrode interface (resistance) and the ability to store charge at the
interface (capacitive reactance), in response to a sinusoidal current [8].

Importance of impedance for bio-signal recordings

For bio-medical applications, extracellular signals are very low (from microvolts to milli-
volts) and can be hidden by the ion-based noise fluctuations surrounding the electrode or
by environmental noise such as breathing or electromagnetic interferences. If the electrode
impedance is not low enough, the interesting signal may be lost [9]. In the same way, a high
current density is necessary to induce activity during electrical stimulation. In this case, low
impedance involves low applied electrode potential, leading to less unwanted electrochem-
ical reactions which could damage the surrounding cells [10]. It is explained on Eq 1.1 how
impedance of electrodes interacts with input impedance of the acquisition system.

Application to cutaneous electrodes

If electrodes are usually characterized with an electrochemical cell, that is to say in contact
with a liquid electrolyte, a part of most of the cutaneous electrodes is made of gel or hydrogel
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Figure 2.6 — Example of Electrochemical Impedance Spectroscopy. Results are displayed for
a 18.8 mm? Silver/SilverChloride electrode (in black), for a 50 mm? Gold electrode (in red)
and a 0.8 mm? Gold electrode (in orange). Impedances are plotted with full lines and phases
with dash lines. The electrolyte was a 0.1 M NaCl.

which could dissolve in water. It is then impossible to characterize the gel-skin interface. Two

other ways of measuring impedance are then possible:

40

¢ Gel-to-gel impedance: Accordingly to the ANSI/AAMI EC12:2000/(R)2005 standard,

impedance can be measured by placing active areas of two electrodes in contact to each
other, in gel-to-gel configuration. In this case, the electrochemical cell is formed by two
electrodes and one electrolyte (made of the two gels together). If this configuration has
the merit of being simple and fast to set up, it gives the opportunity to study only the
electrode-gel interface and is not as accurate as a measurement with three electrode
electrochemical cell. The norm recommends to apply a 10 Hz sinusoidal current which
does not exceed 100 pA peak-to-peak and to measure the resulting voltage for at least 12
electrode pairs. The resulting impedance of each pair should not exceed 3 kQ and the
mean impedance over the 12 pairs should not exceed 2 kQ [8].

Impedance on skin: Since cutaneous electrodes are in contact with skin, which can-
not be considered as a purely conductive electrolyte, an impedance test on skin was
developed by Leleux et al. [11]. It facilitates the test of different gels and electrodes
by inducing characterization of both electrode-gel and gel-skin interfaces. To do so,
the three-electrode configuration is kept and these electrodes are placed on a healthy
volunteer. Working and counter electrodes are placed 2 cm away from each other on
the forearm, and the reference electrode is placed 30 cm away on the arm. Both refer-
ence and counter electrodes are medical gel electrodes in order to keep stability over
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measurements. Then, a regular potentiostat can be used in the same way as for an elec-
trochemical cell. This method is more adapted to cutaneous sensors but the resulting
impedances cannot be qualitatively compared to each other without decomposition to
equivalent models. This is because subject-to-subject skin impedance variations are
too important, as well as time variation of skin hydration over a subject.

2.2.3 DC voltage offset measurement

As explained previously, the half-cell potential difference between the two recording elec-
trodes (bipolar measurement) or between the recording electrode and the reference (unipolar
measurement) generates a DC offset. Depending on the acquisition system, a too high DC
offset can hinder a correct recording because the resulting signal is too high compared to
ground and the range of the amplifier. It has to be as low as possible. Accordingly to the
ANSI/AAMI EC12:2000/(R)2005 norm, DC offset is characterized by placing two electrodes in
a gel-to-gel configuration and applying a continuous 200 nA current. The DC change should
not exceed 100 mV over at least 8 hours [8].

2.2.4 Cyclic voltammetry

During a cyclic voltammetry (CV), the potential of an electrode, immersed in an unstirred
electrolyte, is cycled and the resulting current is measured [12]. This characterization is
performed in a three-electrode cell, as defined in previous Section 2.2.1. The potential of the
WE is controlled versus the RE and is considered as the excitation signal. For CV, the excitation
signal is ramped versus time at a specific scan rate (unit: Vs~!) with a triangular waveform.
Multiple cycles are usually performed. A cyclic voltammogram is the plot of the measured
current between WE and CE during the potential scan.

CV is mainly used to study electrochemical properties of an analyte in the electrolyte. Indeed,
reduction-oxidation reactions occur during the potential scan. Theses reactions are character-
ized by peaks in the CV at specific potentials. During negative potential scan, the reduction
peak is reached when all the substrate at the surface of WE has been reduced or when all
species in the electrolyte have been reduced. After the switching potential, the potential is
scanned positively and the oxidation peak is reached when all the substrate at the surface of
WE has been oxidized (or when all species in the elctrolyte has done so). Stopping the CV after
one of the redox peak can facilitate a cleaning of the WE for specific applications. Usually,
the potential scan is usually limited by water electrolysis potential (around 1.23 V in pure
water). Indeed, unwanted reaction between WE and the water contained in the electrolyte
can damage the WE. However, such reaction is used to define water window limits (as well as
electrochemical window), to characterize what is the maximum voltage that can be applied
to an electrode for stimulation without damaging the electrode and the surrounding tissues
(or to avoid spoiling energy that is intended for another reaction). Finally, CV facilitates the
characterization of charge storage capacity of the WE. Cathodic charge storage capacity is cal-
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culated by integration of the cathodic current (current generated during the negative potential
scan) over one cycle of CV.

An example of CV measurement is shown on Fig 2.7. The potential was scanned from —0.25
to 0.5 V at a speed rate of 0.25 Vs~! and a bare gold electrode was used as WE. In presence of
redox neutral electrolyte, such Poshpate buffer solution (PBS), no redox reaction is detected
during the scan (in red). However, if this electrolyte is mixed with a 1 mM solution of the
[Fe(CN)6]3_/4_ couple, composed of ferrocyanide [Fe(CN)g]*~ and ferricyanide [Fe(CN)g1®™,
typical oxidation and reduction peaks are detected by the CV at 0.12 V and 0.28 V (in blue) [13].

0,15+
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0,05+

0,00- pp——— /—

Current (mA)

-0,05 -

-0,101

0,0 0.5
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(@)

Figure 2.7 — Example of Cyclic voltammetry measurement. The CV was performed with a
0.25 um? gold electrode. For the red curve, electrolyte was a 0.1 M phosphate buffer solution
solution, neutral for redox reactions. For the blue curve, a1 mM F e(CN)g‘/ 4= solution was
mixed with the previous solution.

2.2.5 Biocompatibility
Definition of Biocompatibility

Ideally, any material in contact with or close to a living tissue should not disturb its regular
behavior. Obviously, any foreign material in contact with a biological tissue will induce an
immune (defense) response and the goal is to minimize it. Biocompatibility is then the ability
of a material to induce an appropriate host response in a specific situation [14]. This term is
ambiguous because biocompatibility does not mean no damage at all, and a biocompatible
material in a specific situation could be very toxic in another situation: if it is no problem to
manipulate plastic parts with our fingers for a long time, it is not recommended to swallow
them. The multiple interactions of a living tissue with the rest of the body and the presence
of multiple different materials in modern medical devices make the determination of their
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toxicity increasingly complicated. However, specific standards such as ISO 10993, have to be
respected in order to get a FDA-approved,or a CE marked, medical device.

Application to cutaneous electrodes

Because the purpose of cutaneous electrodes is to be in contact with the skin, it is important
that none of the materials and parts of the electrode would harm it. The ANSI/AAMI/ISO 10993
list of standards define the necessary tests to prove the safety of electrodes and to be able to
sell them for medical purpose. The ANSI/AAMI EC12:2000/(R)2005 [8] standard for disposable
ECG electrodes addresses few important tests in the case of any cutaneous electrodes (not
only for ECQ). First, cytotoxicity of the electrode has to be tested: the electrode is brought
together with cultured cells (from the organ which will be in contact with the electrode) and
should not disturb their growth. Then, tests using an appropriate model validate the absence
of sensitization and irritation of the skin because of the device, which means the absence (or a
minimum) of any allergic response.

2.3 Medical Electrodes for electrophysiology

2.3.1 Options around the conception of an electrode

When a research team is about to start the development of new kind of electrodes, many
possibilities are offered, depending on the needs. All these options have to be considered
because they influence each other and they can change the design, the structure, the properties
and the constraints of the new device. A summary of these options is presented as a cartoon
on Fig 2.8:

» Spatial organization of the recording areas. The device can offer a single recording site
or multiple ones. Usually, matrices of electrodes are used for spatiotemporal analysis of
a signal recorded on a large area (surface of a muscle for instance). But if this area is too
large (e.g., entire scalp) many single devices will provide a better contact than a single
matrix. In the case of depth probes, one single device with many different recording
sites is used in order to reduce the invasiveness.

* Materials. The choice of materials is important to define mechanical properties of the
device. They can be soft and thin to be light and to comply with the contact surface
or harder and thicker to allow easy manipulation by the users. For cutaneous and
external applications, less invasive or even invisible device are the new trend, patients
need to forget that they are wearing cutaneous devices. Each material will affect the
biocompatibility of the final device and need to be accordingly chosen.

* Environment around the device. For invasive probes or devices, the biologic fluids (e.g.,
cerebrospinal fluid, blood), but also sweat in case of cutaneous devices, will surround
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Material

Spatial organization » Soft/Hard

» Single electrode « Biocompatibility
* Matrix of electrodes Environment
* Dry
« Wet/lonic

Electronical device

» Connectivity

» Power Supply Options around

the conception

« Stimulation
of an electrode

* Recording

Time of
utilisation

* Long-term Specific constraints
+ Short-term *+ Surgery Invasivity
 Sterilization » Cutaneous
» Healthcare * Invasive
Compatibility «  Wearability * Surface
* IRM + Ease of use » Penetrating

* MEG « Washability

Figure 2.8 — List of options for electrode development. Arbitrary list of choices and con-
straints that need to be taken into account at a first stage of electrode development.
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the active sites. Because biological fluids are conductors, an electrolyte may be not
necessary.

Monitoring or Therapy? If electrodes are usually made to record bio-signals, it is also
possible to use them to modify the local electrical field and then to interact with a specific
organ. Depending on the passivity of the electrodes, certification can be changed as
well as materials in order to be able to deliver high potentials or currents.

Invasivity. It is obvious than the biocompatibility of a cutaneous device, only in contact
with the skin, will be easier to certificate than the biocompatibility of an invasive device
that penetrates a living tissue. But some subtleties exist: if the device is meant to
stay outside of a tissue but is still in contact with fluids coming from the tissue, the
non-contamination of theses fluids has to be demonstrated. For invasive devices, its
penetration (and so the materials) need to be defined since an ECoG does not need to
be thick to penetrate the brain compared to a depth probe.

Clinic specifications. In the hospital, most of devices need to be sterilized in order to
avoid any extra contamination. Autoclave, radiation or chemical sterilization involve
a high-level of constraints for the components of the device that need to keep their
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properties. If the device is meant to be used during surgery, surgeon and nurses may
have specific constraints to handle the device since he is wearing gloves and little space
to move around the patient.

* Out of clinic specifications If the devices is intended to be used in a normal environ-
ment, it has to comply with high wearability standards. It has to be easy to handle, to be
washable or at least waterproof, to be as invisible as possible for the user and to resist to
high mechanical constraints because of motion.

e Compatibility with other recording modalities. To learn more about the patient state,
doctor can try to use an MRI (Magnetic Resonance Image) or a MEG (MagnetoEncephalo-
graph) at the same time as an electrophysiological recording device. High magnetic
fields applied by the MRI can damage some materials whereas the extreme sensitivity of
the MEG to magnetic fields forbids the use of some other materials.

* Time of utilization. The time of utilization and the time of the contact between living
tissue and the device are another parameter. The immune response can be different
after some time and long-term devices are more difficult to certificate. Usually, devices
for short-term utilization are consumables, they are meant to be used only once.

* Electronics. Some electrodes, called active, include close by electronics for filtering and
amplification. Stimulation device also need a power source. The presence of electronics
modifies the size, the mechanical properties, the price and the compatibility of the
devices.

2.3.2 Presentation of different medical electrodes

A quick overview of some commercially available electrodes which are used in clinic is impor-
tant to fully understand what the needs of medical staff are. It is important to notice that only
few technologies that will be presented later in the thesis are commonly used by clinicians,
even if they were already developed years ago. This means it is difficult to convince clinicians
to use new devices. There is a big technology gap between medical devices developed in
research institutes and devices used at the hospital. In this section, we aim to present couples
of common cutaneous and invasive electrodes. Choices are of course biased and limited but
give a general idea.

Cutaneous electrodes

Most of the cutaneous electrodes are for ECG or EMG examinations, and Ambu (Denmark)
and 3M (USA) are the main worldwide suppliers, even if other brands exist. Usually big (with a
surface area in contact with skin up to 50 mm of diameter), most of them are made of large
adhesive part which ensure a strong contact with skin and less motion artifacts, and of foam
soaked in a Sodium Chloride Hydrogel. The sensor material, place beside the foam, is usually
Silver/Silver Chloride, to obtain an electrode as non-polarizable as possible. The electrode
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is either delivered with an integrated connection wire, either with a connector which can be
clipped to wires.

EEG electrodes are usually called cup electrodes. Indeed, they are made of a Silver/Silver
Chloride- or Gold-coated metal cup with a hole in the middle axis and wire to be connected
to an acquisition system. The diameter of the electrode is around 10 mm and the diameter
of the hole is around 2 mm. The hole enables clinicians to fill the space between the scalp
and the electrode, often full of hair, with a gel electrolyte. To fill the electrodes with gel is a
time-consuming step but this allows the electrodes to be reusable for many patients after
cleaning.

Stainless steel, sterile, subdermal electrodes are also very common in clinics, to be used
as reference cutaneous electrodes during surgery or to record EMG or EEG in specific case.
However, they are painful for patients and trigger a fast immune response which avoids a
recording longer than few days.

Invasive electrodes

Depth electrodes are the only invasive electrodes widely used in clinic; even if the applications
are few and recent. As an example, we can examine sterile SEEG depth electrodes from
Ad-Tech (USA). They are around 15 cm long, to facilitate connection outside of the brain,
with a diameter between 0.8 and 2 mm to reduce brain damage during insertion. Between
5 and 10 electrode pads are distributed along the stick. Each pad is coated with platinum or
irridium-platinum and in direct contact with brain. Figures of these electrodes can be found
on this website. Sterile, single-use and silicone-based ECoG (subdural) grids can be found on
Ad-Tech Medical website. These ECoG grids can be linear or in the form of a matrix. Electrode
pads are with a diameter of 4 mm, with a 10 mm spacing and coated with stainless steel or
platinum. Color codes on the connecting wires facilitate electrode identification.

Electrodes arrays developed for artificial retina give patients the ability to distinguish big
patterns with strong contrast or few pixels on a computer screen. The Argus Il retinal prosthesis
(from Second Sight Medical Products, USA) was the first to receive both FDA and UE approvals
after certification. They provide a matrix of 6 * 10 stimulation electrodes, coated with platinum
gray, with diameter of 200 um. The substrate is made of silicone and the grid is inserted in
the eye and applied on top of the retina, as showed in this movie. More information can be
found on this website. Another retinal implant, called Alpha-IMS Implant and conceived by
Retina Implant AG(Germany) consists of a 3mm * 3mm * 70um silicon chip mounted on a 20
pm-thick polyimide substrate with gold-coated circuits. A matrix of 1500 pixels transduces
photon signal to an electrical stimulation. The 50 um? stimulation electrodes are made of
titanium nitride. More information can be found on this website.
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Improving skin-electrode interface
with conducting organic materials

Most of the work to improve the performance of an electrode has to be done at the interface with
the skin. The skin-electrode interface is subject to motion which can increase noise level of the
recording signal. Different materials can be used to modify and improve the usual interface.
In this chapter, we first suggest to work with conducting polymers, coated on top of the surface
of electrodes, to improve electrodel/skin interfaces. Then, in addition to conducting polymers,
we present the use of ionic liquid-based gel to replace the common conducting hydrogels in
electrodes for cutaneous applications. The interests of these two approaches are evaluated.
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Chapter 3. Improving skin-electrode interface with conducting organic materials

3.1 Introduction on organic electronics

3.1.1 Organic materials

Organic materials are chemical species made of at least two different chemical elements, one
of which is carbon. Only few elements can be associated with carbon in organic compounds:
hydrogen (H), oxygen (O), nitrogen (IV), sulfur (S), silicium (Si) and halogen elements. A cova-
lent bond is the share of two valence electrons by two atoms. Carbon atoms are linked together
by directional covalent bonds almost indefinitely. Thus, long and various covalent chains
characterize organic molecules. Two categories of organic compounds can be distinguished,
depending on their size and weight: the small molecules and the polymers. In opposition,
inorganics compounds are any other compounds, mostly made of ionic bonds. Allotropic
forms of carbon, such as graphite or diamonds, are only composed of carbon atoms and so
are classified as inorganic compounds. Some simple carbon compounds, such as carbon
oxides (CO, CO»...) and inorganic carbonates and bicarbonates are also classified as inorganic
compounds, following a European Union directive [1].

3.1.2 Conducting polymers

Polymers are macro-molecules made of a sequence of polymerized (i.e. covalently bonded)
subunits, also called small molecules or monomers. These polymers can have a natural origin
(such as the cellulose, main constituent of wood) or can be made via synthetic reactions (as
the polystyrene, one of the most widely used plastic for packaging). Conductive polymers,
also called intrinsically conducting polymers, are able to conduct electricity. The electronic
structure of semiconducting organic materials were first introduced in the 1960s [2, 3] with
polypyrrole and anthracene molecules. Polyacetylene is a good example to study the conduct-
ing behavior of some polymers, as described by Shirakawa, Heeger and MacDiarmid, who
won in 2000 the Nobel Prize for the discovery of conducting polymers [4]. Fig 3.1a shows the
chemical representation of trans-polyacetylene. Most of the chemical representations omit
the direct figuration of carbon and hydrogen atoms, as in Fig 3.1b and a polymer can also be
represented with the monomer into brackets (Fig 3.1c). The double bond symbolize covalent
bonding but it is easy to imagine an equivalent representation, as shown in Fig 3.1d. The
alternation of single and double bonds is known as conjugation (such a polymer is then known
as conjugated-polymer) where single and double bonds are called o and 7 bonds respectively.
This is similar to semi-conducting behavior. The second electron of the 7 bond is actually delo-
calized and moves almost freely without encountering resistance, thus giving to the polymer a
good conductivity. Shirakawa showed that it was possible to dope the polyacetylene and then
to obtain metallic properties with a massive increase of conductivity. Even if polyactylene is
not easy to process and lacks of stability, its study facilitated the development of new families
of conducting polymers [5].

The main property of conducting polymers is their ease to be processed. Stable and repro-

50



3.1. Introduction on organic electronics

ducible dispersions are commercially available and can be deposited as films by straightfor-
ward processes like spin coating, dip-coating, doctor-blading, ink jet-printing. This allows
large-scale and low-cost fabrication of flexible devices [6]. Moreover, most of the conducting
polymers can be stored for long periods in non-controlled environment without degradation.
First applications of conducting polymers rose with the development of organic photocon-
ductors for copying and printing [7]. Flexibility, low-cost and variety of families explain the
omnipresence of organic materials in nowadays copier systems. Electroluminescence proper-
ties [8] of organic materials facilitated the conception of light-emitting devices such as the
OLED (Organic Light-Emitting Diode) [9], which enabled the conception of the first flexible
screens [10]. Conductive polymers are also very present in conception of state-of-the-art
photovoltaics cells, flexible and cheaper than inorganic cells, as well as field-effect-transistor.
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Figure 3.1 — An example of conducting polymer: trans-poylacetylene.(a) Lewis structure
of the organic polymer. (b) Skeletal representation, omitting carbon and hydrogen atoms.
(c) Short representation of the polymer with the monomer into brackets. (d) Equivalent
representation of the trans-poylacetylene, highlighting th epossbility for electrons to move
along the chain.

3.1.3 Organic bioelectronics

The term “organic bioelectronics” was recently introduced by Berggren and Richter-Dahlfors
[11]. It describes the coupling, which works in two directions, between organic devices
(such as OLEDs, polymers electrodes, organic transistors...) and biological systems (cultured
cells, tissues such as muscles, fluids such as blood, organites such as proteins, organs...)
[12]. To better understand the bidirectional coupling of bioelectronics, we can imagine the
interface of a futuristic ideal hand prosthesis with the arm of a patient. If the patient wants to
manipulate an egg, neural information from the brain to control fingers needs to be transfered
to the prosthesis. Pressure sensors from the prosthesis need to send back the information of
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“touching” to the brain through neurons to let the patient adapt the applied pressure. [13]. This
feedback loop is only possible via a bidirectional neural-robotic, or bioelectronical, interface.

Soft nature of organic electronics facilitates the interface with living tissues [14], with bet-
ter mechanical and material compatibilities with biology than “hard” electronics materials.
Polypyrrole and PEDOT:PSS proved their great biocompatibilities in many studies [15, 16]. The
ability of conducting polymers to conduct ions as well as electrons and holes is a big advantage
to match with ion fluxes from biology. Furthermore, conjugated polymers can be fonctional-
ized by the immobilization of specific bio-agents (such as enzymes, anticoagulants....) that
interact with biochemical reactions [17].

Example of the biology-to-electronics interface

Biosensors are made of a biomaterial layer (with enzymes, antigens...) that constitutes
the recognition element, providing specificity, and of an electronic device that acts as a
transducer to create a measurable signal from the recognition event. Glucose and lactate
monitors are perfect examples of biosensors [18, 19]. These metabolite sensors use a specific
enzyme that get oxidized with glucose or lactate in an analyte (the sample to test, blood,
saliva...) and then a mediator (such as ferrocene or glucose oxidase) to transfer electrons to
an electrode. Organic conducting materials are then used as supports to immobilize these
reacting chemical compounds and as electrodes to record the resulting signal. As explained
in the following Section 3.2.1, conducting polymers has been extensively used to improve
the electrode interface for better recording of electrical signals from biological origin. They
facilitate the translation of ionic currents to electronic currents. The bioelectronical transducer
can also be made of an OLED, with optical properties changing in accordance to recognition
events [20].

Example of the electronics-to-biology interface

In the reverse way, biological events can be controlled by electronics. 3D macroporous
scaffolds made of conducting polymer can support cell growth. The application of a potential
to the scaffold offers the possibility to better control the conformation of adsorbed proteins as
well as cell adhesion [21]. It is already possible to control proliferation and differentiation of
cells [22] and then to imagine the future of wound healing with tissues repairing themselves.
In another field, our team recently showed the possibility to control epileptic activity of brain
slices with organic electronic ion pumps, by the very local delivery of drugs, contained in a
reservoir, induced by an applied potential [23].
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3.2 The use of conducting polymers for electrophysiology

3.2.1 State-of-the-art on the use of conducting polymers to improve electrode in-
terface

An improved interface for electrophysiology

The coating of an electrode with conducting polymers grants lower impedance to the interface,
which is a great advantage to improve recorded signals quality. Two elements can explain
this decrease. Thanks to ability of conducting polymers to conduct ions, the biotic/abiotic
interface is improved; ions can penetrate inside the conducting polymer and increase the
effective surface area of contact between electrode and media [24, 25]. Moreover, the surface
of the polymer films is slightly structured, which again means that the effective surface area
with the media is increased and so does the capacitance effect [26, 27]. A large charge storage
capacity renders polymer-coated electrodes very efficient for electro-stimulation [28, 29].
Finally, the flexibility of conducting polymers facilitates their conformability to the different
organs for accurate local recordings. However, other inorganic thin diamond- or graphene-
based materials, often micro- or nano-structured, can provide biocompatibility, flexibility,
improved interface and deposition ease properties similar to conducting polymers, and then
are their first competitors [30, 31, 32].

Polypyrrole and PEDOT-coated electrodes

Two conducting polymers are mainly coated on electrodes for electrophysiology. Polypyrrole
is usually electrochemically deposited on metal electrodes [33, 15, 28]. In electropolymer-
ization, current is driven through a three-electrode cell (see Section 2.2.1) with a working
electrode immersed in an electrolyte containing the monomer and conterions. As a result,
monomers form polymer chains including counterions. The resulting coating is stable in
water. Recently, it was shown that another conducting polymer, PEDOT could provide better
impedance and above all, better long-term stability. Poly(3,4-ethylenedioxythiophene) (PE-
DOT) is a conjugated polymers that carries positive charge. Doped PEDOT, for example with
poly(styrene sulfonate) (PSS), provides high hole conductivity (> 1000 Scm™ 1) [34]. APEDOT
layer can be deposited on electrodes by polymerization of the EDOT monomer with vapor
phase polymerization (VPP) [35] or electropolymerization [26] techniques. PEDOT:PSS is also
commercially available as a dispersion and this facilitates its coating with various methods,
which need to be following by a hard-bake. Blau et al. proposed to design micro-channels in
poly(dimethylsiloxane) (PDMS) and then to coat them with PEDOT:PSS [36]. Khodagholy et al.
developed a process based on photolithography, which makes possible the spin-coating of
PEDOT:PSS on an etched electrode site and then to remove a sacrificial layer to get rid of the
excess of polymer coating [37]. It is also possible to cast the solution usign doctor-blade, as
well as to draw accurate pattern with ink-jet printing [38]. To form a thick layer of PEDOT:PSS,
the conducting polymer dispersion can be drop-casted [39, 40] or spray-casted.
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Great performances in various applications

Thanks to their excellent biocompatibility and ion/electron transduction, conducting poly-
mers coat most of state-of-the-art electrodes for in vivo experiments with neural probes
[41, 42]. They facilitate long-term recordings with minimal immune response [26]. Polypyrrole
as well as PEDOT are used on silicone shanks which penetrate the brain to record neurons
activities [15, 43]. Taking advantage of conformability properties of polymers, PEDOT:PSS
electrodes are successfully able to record LFPs an even action potentials from an ECoG array
[44]. Thanks to a thick layer of PEDOT:PSS, dry coated-electrodes are also able to record
electrophysiological activity from the skin, such as ECG [45], EMG [40] or EEG [39].

3.2.2 Fabrication processes and characterization of dry PEDOT:PSS electrodes
Presentation of PEDOT:PSS

PEDOT:PSS is a mixture of two electrically charged polymers, also called ionomers. The
sodium polystyrene sulfonate carries a negatie charge. The other component, poly(3,4-
ethylenedioxythiophene), is a polythiophene-based conjugated polymer that carries positive
charges. PSS is doping PEDOT chains to improve the conductivity of the whole. Fig 3.2 shows
the chemical structure of the PEDOT:PSS. PEDOT is a hole conductor by the ion transport is far
to be negligible when the polymer is hydrated. Recently, Rivay et al. studied how the structure
of a PEDOT:PSS layer facilitate the high ionic conductivity that characterize this polymer [25].
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Figure 3.2 — Chemical structure of PEDOT:PSS.

Fabrication process of PEDOT:PSS solution

The PEDOT:PSS solution is prepared by mixing an aqueous dispersion (19 ml, Clevios PH
1000 from Heraeus Holding GmbH) with ethylene glycol (1 ml) and dodecyl benzene sulfonic
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acid (50 ul), to improve conductivity and enhance film formation. The resulting solution is
sonicated for 40 min, then (3 glycidyloxypropyl) trimethoxysilane (1 wt%) is added to prevent
delamination of the film. The solution is finally sonicated for another 5 min.

Coating methods of PEDOT:PSS

To form a homogeneous and solid PEDOT:PSS film on top of a substrate, the PEDOT solution
needs to be spin-coated. Spin-coating speed and time define the thickness of the film, for
instance a speed of 3000 rpm for 90 s allows to target a thickness of 90 nm. The film is then
soft-baked at 90° for 90 s. An hour long hard-baking at 125°C is the last step of PEDOT:PSS
deposition. This solution is compatible with a fabrication process by photolithography in clean
room environment and facilitate the coating of a PEDOT:PSS layer with a defined thickness.
In this thesis, we also used drop-casting, deep-coating and brushing techniques, followed by
hard-baking, to cover the active areas of our electrodes.

Characterization of dry electrodes with a PEDOT:PSS interface

As defined in Section 2.2.2, an impedance measurement was performed with a potentiostat
(Autolab equipped with FRA module, Metrohm B.V.) to highlight properties of the addition of
a PEDOT:PSS layer on top of an electrode. In Fig 3.3a, orange and red curves show impedance
measurements performed on bare gold electrodes with a diameter of 1 mm and 8 mm, re-
spectively. Cyan and blue curves show results from PEDOT:PSS-coated gold electrodes with a
diameter of 1 mm and 8 mm, respectively. Bare gold electrodes present typical behavior of po-
larizable (i.e. capacitive) electrode below 10 kHz signals: phase is close to 90° and impedance
exponentially increases. If a fit with the R(RC) model developed in Section 2.1.5 is applied
to these electrodes, high interface resistance (4.48 MQ and 1.11 MQ for the 1 mm and 8 mm
electrodes respectively) explain why only few electrons can cross the interface.

For both sizes, the addition of a drop-casted PEDOT:PSS layer highly decreases the impedance
of gold electrodes. They show almost pure non-polarizable behavior above 10 Hz (which is
low enough for many electrophysiological signals) and still very low impedance (up to 3 order
of magnitude compared to bare gold electrodes) at below 10 Hz.

The CV presented on Fig 2.2.2 highlights the capacitive properties difference between bare
gold electrode and PEDOT:PSS-coated gold electrode of same size (8 mm diameter). Because
the electrolyte is NaCl, so neutral for redox reactions, no oxidation or reduction peak is
visible for Gold and PEDOT-coated electrodes (still, small peaks are visible on PEDOT-coated
electrode, certainly due to some impurities). By integrating the cathodic current over one
cycle of CV, the charge injection capability can be found. For the bare gold electrode it is
0.012 mCcm™2 whereas the charge injection capability of the PEDOT-coated electrode is
39.6 mCcm™2, conforming with results from other studies [46, 29]. This shows the high
performance of PEDOT:PSS coating for stimulation electrode.
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Figure 3.3 - Impedance and CV characterization of PEDOT:PSS elecrodes. Results are dis-
played for 50 mm? electrodes coated with bare gold (in red) and gold + PEDOT:PSS (in blue)
and for 0.8 mm? electrodes coated with bare gold (in orange) and gold + PEDOT:PSS (in cyan).
The electrolyte was a 0.1 M NaCl solution. (a)lmpedances are plotted with full lines and phases
with dash lines. (b) CV was performed for the 8 mm diameter electrodes, at a sweep rate of 0.5
Vsl

3.3 The use of ionic liquids for electrophysiology

3.3.1 Introduction on ionic liquids

Definition and properties of ionic liquids

Ionic liquids (ILs), also called Room Temperature Ionic Liquids (RTILs) or room temperature
molten salts, are ionic compounds with negligible vapor pressure and evaporation rate [47].
They are free of any molecular solvent and are liquid at room temperature or below. The
first truly ionic liquid, ethylammonium nitrate, [EtNH3][NO3], was discovered by Walden
in 1914 [48], but ionic liquid started to be extensively studied after the 1970s. Quickly, ionic
liquids with groups combined with imidazolium cations proved their greats performances in
term of melting point and electrochemical stability [49]. Complete reviews devoted to RTILs
can be found in the literature [47, 50, 51, 52, 53]. They are nowadays a key tool for emerging
technologies using electrochemical reactions, since they allow the electrodeposition of water-
sensitive metals or semi-conductors at low temperature [54, 55]. Thanks to their remarkable
large electrochemical window, RTILs are also perfect solvents for the electrodeposition of
reactive elements such as tantalum for the coating of biomedical implants [56]. In the actual
context of the fast growing development of “green” technologies, lithium batteries are a key
solution to store energy and power systems. Because they are non-flammable, ionic liquids
could be a future common and safe electrolyte for these batteries [57, 58], to replace the
conventional flammable and volatile electrolyte which can lead to thermal runaway and
non-wanted explosion reactions. Other applications of RTILs are in the field of bioscience.
More specifically, they are used to replace the traditional media for enzymatic reactions or to
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dissolve biomaterials. For instance, the properties of ionic liquids allow them to be a good
solvent for the dissolution of cellulose, the most common polymer found in nature used as
“green” polymer for fabricating new attractive materials [59].

Toxicity of Ionic Liquids

Although ionic liquids were initially defined as green solvents, one of the most actual con-
cerns regarding ionic liquids is their toxicology [60]. It is widely accepted that among all the
different types of ionic liquids, some of them are toxic and hence should not be released to the
environment, while some others are not toxic[61, 62]. As a general rule, even though there is a
certain contribution from the anion([63], the toxicity of the ionic liquid is largely determined
by the headgroup of the cation[64, 65, 66].

3.3.2 Ion gels as solid electrolytes

Integration into a gel matrix

Ionic liquids are usually immobilized in gels to provide them solid-like mechanical prop-
erties while preserving their ionic conductivity and other unique properties[67, 63]. Ion
gels are already introduced as solid electrolytes in different devices such as batteries and
supercapacitors[69], fuel cells[70], electrochemical and biochemical sensors[71], actuators[72],
or drug delivery systems[73]. Compared to solids, ionic liquids lack mechanical properties
such as persistent structure and mechanical integrity. This absence can be supplied by mixing
them with polymeric components. The polymer network acts then like a sponge filled of
ionic liquid with comparable ionic conductivity as the neat ionic liquid. It is worth to note
that ion gels can be prepared using different types of polymeric matrices such as cellulose,
poly(ethylene oxide), or even inorganic siloxane networks made by sol-gel chemistry.

However, poly(ionic liquid) networks are usually preferred due to their excellent compatibility
with the free ionic liquids preventing their future leaching problems. For instance, polymer
ionic liquids have been successfully used as polyelectrolyte in supercapacitors and batteries
[74, 75] or fuel cells[76].

Ion gels for cutaneous electrodes

As we explained in previous Section 2.1.3, a gel improves the contact between the skin and
commonly used medical electrodes. Usually, it is a hydrogel mixed with NaCl or KClI solution.
The main problem for long-term recordings is coming from leakage of the gel (that can involve
a short-cut between 2 nearby electrodes) and from the evaporation of water. Moreover, in
some case of EEG studies, this gel has to be added manually to each cup electrode. The
presented ion gels could solve these problems. They can be integrated during fabrication
of the electrodes and they do not leak or dry out. The first presentation of such an ion gel
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integrated on top of the active area of a cutaneous electrode was made by Leleux et al. in
2014[77]. By regularly measuring the impedance of gel-assisted electrodes in constant contact
with the skin of a human volunteer, it was proven that long-term (more than 3 days) recordings
were possible, unlike recordings from medical electrodes.

3.3.3 Synthesis and integration of ion gels on electrodes

In a first time, we used the ion gel conceived by Leleux et al. [77]. The IL gel was prepared
by mixing the IL (1-ethyl-3-methylimidazolium ethyl sulfate) and the polymer poly(ethylene
glycol) diacrylate (30% of the total weight solution). The latter facilitates the formation of a
matrix encapsulating the ionic liquid. We then added 0.3% of the photoinitiator 2-hydroxy-
2-methylpropiophenone (see Fig 3.4). We mixed until no phase separation was visible. For
an electrode with a diameter of 8 mm, ten microliters of the solution was pipetted onto the
electrode. Finally, the gel was cross-linked using exposure to UV light for approximately 1
min, directly on top of the electrode to improve the attachment. As a result, the gel-assisted
electrode can be stored as it is without too much constraints, and the gel can be reused weeks
after. Results obtained from this gel are presented on Sections 5.3 and 5.4.
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1-ethyl-3-methylimidazolium poly(ethylene glycol) 2-hydroxy-2-methyl
ethyl sulfate diacrylate propiophenone
lonic liquid Polymer matrix Photoiniator

Figure 3.4 — 1-ethyl-3-methylimidazolium ethyl sulfate ion gel preparation. General patway
for the preparation of the ion gel.

3.4 Introduction of a novel biocompatible ion gel for electrodes

3.4.1 Biocompatibility of cholinium-based ionic liquids

Choline based ionic liquids seem to present a promising low toxicity[78, 79] but cholinium
family is even more favorable. Cholinium refers to trimethylethanol ammonium cation and it
is an essential micronutrient assisting several biological functions. For this reason, cholinium
cation-based ionic liquids are known also as bio-ionic liquids due to their biocompatibility,
biodegradability and low toxicity[80, 81]. Since the gel is continuously in contact with the
skin for cutaneous applications, these properties made a cholinum-ionic liquid-based gel
promising.
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3.4.2 Chemical materials

2-Dimethylaminoethyl methacrylate (98%, Aldrich), 2-bromoethanol (95%, Aldrich), cholin-
ium hydroxide (80% by weight in methanol, Aldrich), lactic acid (85% solution in H20, Aldrich),
2-hydroxy-2-methyl propiophenone (97%, Aldrich), ethyl acetate (99.5%, Aldrich), methanol
(99%, Aldrich) were all reagent grade and used without further purification.

3.4.3 Preparation of the ion gel

In this section, we report the preparation and the characterization of cholinium-based ion gels
(with different ratio of ionic liquid content) that will be used as solid electrolytes for cutaneous
electrophysiology.

Synthesis of the 2-cholinium lactate methacrylate monomer and cholinium lactate IL has
been explained in detail in previous studies[82, 83]. Ion gels were prepared through pho-
topolymerization of the ionic liquid monomer (cholinium lactate methacrylate) with the ionic
liquid (cholinium lactate) and a small amount of a commercially available crosslinker such as
ethylene glycol dimethacrylate. The amount of free IL with respect to the polymer matrix was
varied from 0 wt% to 60 wt%. Fig 3.5 shows a representation of the preparation method of the
ion gels. Calculated amounts of IL, IL monomer and ethylene glycol dimethacrylate crosslinker
were mixed in a vial. Appropriate amount (1.5% by weight vs monomer) of photoinitiator
was introduced before exposure to UV light. Dymax UVC-5 conveyor belt system with 800
mWecm ™2 intensity operating at a wavelength of 365 nm was used for photopolymerization.
Photopolymerization is a common technique to produce polymers at room temperature and
short reaction times. Sample to lamp distance was 10 mm and the belt speed was fixed at 1
mm™ . Five repetitive cycles were applied to achieve a full photopolymerization. The mixture
was casted into a mold, photopolymerized and then gently removed from the molds to be
characterized. The ion gels were coded as cholinium IG-0, IG-10, IG-20, IG-30, IG-40, IG-50
and IG-60 where the number represents the weight percentage of the free ionic liquid. One of
the important parameters regarding the synthetic reproducibility and proper design of ion gels
through photopolymerization is the conversion of the monomer to form the polymer matrix.
Uncontrolled polymerization will yield non-reproducible ion gels which will result in gels with
incoherent properties. The conversion of the polymerization was controlled by 1H NMR and
ATR-FTIR spectroscopy. The crosslinked structures of ion gels prevent their dissolution and
make it impossible to obtain direct 1H NMR spectra from solution. Therefore, to evaluate
non-polymerized content of the monomer, the ion gels were immersed into D20 for 1 day.
The soluble fraction was then analyzed by 1H NMR spectroscopy. Since the cholinium lactate
methacrylate ionic liquid monomer is highly soluble in water, any unreacted monomer will be
dissolved in the aqueous phase. The signals associated with the reactive methacrylic group
disappeared for all the ion gel compositions after exposure to UV light, indicating the com-
plete photopolymerization of the monomer. The further studies using ATR-FTIR spectroscopy
affirm the full conversion of the monomer in solid ion gel samples.
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Figure 3.5 — Cholinium lactate ion gel preparation. General patway for the preparation of
the ion gel.

3.4.4 Characterization
Rheological properties of the ion gels

The mechanical properties of ion gels are one of the most important properties for their
practical application as part of the electrode in contact with the skin. This interface has to
be soft to conform to skin surface and hair, as well as flexible to absorb mechanical shocks.
Therefore, rheological properties of the ion gels were analyzed by frequency sweep measure-
ments. Elastic (G0) and viscous (G00) moduli of the ion gels were examined as a function of
angular frequency at 25°C as shown in Fig 3.6 for 3 different ion gel formulations. Ideal gels
display almost purely elastic response where the elastic modulus is higher than the viscous
modulus and is independent of angular frequency. For the sample that does not contain any
free IL (IG-0), highest elastic modulus (G0) was obtained which is around 4.08 MPa and is
approximately four times greater than the loss modulus (G00) throughout the entire frequency
range. Both GO and GO0 were frequency independent until 1 rads™! and after there was a very
weak dependency. This confirms that the sample was a gel network of rubbery nature. As
expected, introduction of free ionic liquid into the polymer network acts as plasticizer and
reduces the mechanical strength of the ion gels as revealed by the decreased GO and GO0
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values. With the introduction of 10% IL into the structure, the GO value decreased to 0.83 MPa
at 100 rads™!. The G0O was lower than GO over the entire angular frequency range and both
moduli were slightly frequency dependent indicating that the material behaves as a soft solid
material. Although increasing the IL content further reduced the elastic modulus down to
0.55 MPa, GO0 was lower than the GO over the entire angular frequency range and dependence
of both moduli was similar to the previous formulation indicating a soft solid ion gel. The
gradual decrease of both moduli was observed while increasing free IL content in the ion gel
formulations. All the ion gels until 50% IL displayed similar frequency behavior over the entire
measured angular frequency range. In all cases, the elastic moduli of the ion gels were higher
than loss moduli suggesting that the elastic components of the dynamic moduli were greater.
The ion gel IG-60 is the sample that contained the highest amount of free IL and displayed the
lowest mechanical property with respect to the samples containing less IL. At high angular
frequencies, the GO and GO0 values were almost the same, around 0.02 MPa. The GO0 became
higher than GO over the entire lower angular frequency range and both moduli were frequency
dependent indicating that the sample was a pregel. These findings indicated the gel type
behavior of the ion gels due to the crosslinked poly(ionic liquid) matrix blended with ionic
liquid. All in all, these cholinium ion gels presented soft solid and elastic behaviors which are
ideal mechanical properties for the application as cutaneous electrodes.
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Figure 3.6 — Rheological properties of cholinium lactate ion gel. Frequency dependances of
ynamic storage G’ (circular symbols) and loss G” moduli (square symbols) of the ion gels.

Thermal properties of the ion gels

Thermal properties of the ion gels were analyzed by differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA). DSC signals are provided in Fig 3.7a. The glass tran-
sition temperature (Tg) of the homopolymer of 2-cholinium lactate methacrylate is around
—50°C[82]. Similarly, DSC analysis of the sample IG-0 revealed a Tg around —40°C which is
slightly higher due to the crosslinked nature of the sample. Introduction of free IL acts as
a plasticizer to the polymer matrix, decreasing the Ty of the ion gel. Therefore, T values
gradually decrease with the increasing IL content. The lowest glass transition being found was
around —70°C for IG-60 in which 60% free IL content was blended. Additionally, the change
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in the glass transition temperature with changing ionic liquid content is provided in Fig 3.7b.
As clearly seen from the figure, addition of ionic liquid plasticizes the material resulting in
a gradual decrease of the glass transition temperature with increasing amount of free ionic
liquid in the polymeric matrix. Low Ty behaviour of ion gels provides a broad operational
window from —70°C to higher temperatures. To determine the thermal stability of ion gels,
TGA measurements were carried out. The TGA signals are provided in Fig 3.7c, d. As reported
in literature, cholinium based ionic liquids display onset temperatures starting from 170°C[81].
For the ion gels composed of cholinium cation combined with lactate anion, the trend ob-
served for the thermal stabilities were similar to the glass transition temperatures. Although
the onset temperatures were similar to one another for all the ion gel formulations at around
180°C, the weight loss after that point were distinctive as it can be seen from Fig 3.7d. Samples
containing higher amounts of free IL displayed a sharper weight loss compared to the samples
with low IL contents. The sample IG-0 showed a decomposition temperature (50% weight
loss) at 292°C and this temperature gradually dropped down to 250°C for IG-60. To better
demonstrate the change in the decomposition temperature of the ion gels with changing
ionic liquid content, Fig 3.7e is provided. As clearly seen, introduction of ionic liquid into the
solid matrix gradually decreases the decomposition temperature as the amount of ionic liquid
increases. To summarize, the ion gels showed in general glass transition temperatures way
below room temperature and good thermal stability up to 200°C which provides a flexible
operational window.
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Figure 3.7 — Thermal properties of cholinium lactate ion gel.(a) Differential scanning
calorimetry (DSC) curves of the ion gels containing different amounts of IL. (b) Glass transition
temperature change vs free ionic liquid %. (c) Thermal gravimetric analysis (TGA) profiles
of the cholinium ion gels. (d) Decomposition temperature vs free IL content in the gels (the
temperature at which 50% weight loss was observed and was taken as the decomposition
temperature.
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Electrical properties of the ion gels

Due to the presence of the free IL embedded in the polymer matrix, ion gels present higher
ionic conductivities than other solid polymer electrolytes[75]. Therefore, the ionic conductivity
of anion gel becomes one of the most characteristic properties and is usually responsible for its
good performance in the different device application. For this reason, the ionic conductivities
of ion gels were determined by impedance spectroscopy from 0°C to 110°C as shown in Fig
3.8. As expected, the ionic conductivities change dramatically with the introduction of free
ionic liquid and its weight content. The slight curvature observed in the Arrhenius plot is in
good accordance with the Vogel-Tamman-Fulcher (VTF) model which is commonly seen in
amorphous polymer electrolytes due to the amorphous nature of the polymer matrix. The
conductivity values were gradually increasing with the increasing free ionic liquid amount in
the ion gel. The ionic conductivity reached values between —108 Scm™! for the pure poly(ionic
liquid) and —103 Scm™! for ion gels having 60 wt% of free IL. Values range from —10% Scm™! at
20°C to —10* Scm™! at 110°C for the sample that does not contain any free IL. When 20 wt% of
cholinium lactate is introduced into the ion gel, the ionic conductivity at 20°C was —10% Scm™!
which gradually increased to —103 Scm™! at 110°C. As expected, the highest ionic conductivity
values were obtained for the ion gel which contained 60 wt% free ionic liquid IG-60, values
ranging from —10% Scm™! at 20°C to —10> Scm™! from 20°C to 110°C, respectively.
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Figure 3.8 — Electrical properties of cholinium lactate ion gel.lonic conductivity of the ion
gels from 0°C to 110°C.

Long-term stability of the ion gels

It is worth to mention that the ion gels are composed of water soluble ingredients. Therefore,
direct exposure of the ion gels to water or excessive sweat will result in loss of gel integrity.
However, the exposure of the ion gels to environmental humidity does not affect their integrity.
The % weight gain due to moisture uptake was limited up to 4% and did not cause any integrity
issues of the gels during the evaluated time period, as shown in Fig 3.9. The water uptake from
the environment was more important for the ion gels containing higher amount of free ionic
liquid.
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Figure 3.9 — [Long-term stability of cholinium lactate ion gels and water absoprtion. This
graph represents % weight gain of the ion gels when they are left at ambient humidity. The
ion gels were left at ambient temperature (24°C) having relative humidity values set between
60-70%. Environmental humidity seems to not affect the integrity of the ion gels. The water
uptake was evaluated gravimetrically over 80hrs. We observe that the water uptake was more
important for the ion gels containing higher amount of free ionic liquid. The highest % weight
gain being around 4.

3.4.5 Discussion

New cholinium-based ion gels were synthesized by photopolymerization in less than two
minutes. The ion gels showed mechanical properties of an elastic gel soft solid and low glass
transition temperatures and thermal stability. As an important property, the ion gels showed
values of ionic conductivity values at 20°C up to 1 mScm ™. It can be directly polymerized on
top of a cutaneous electrode and be used later. These properties make the cholinium-based
ion gel good candidates to be used as the electrolytic interface with the skin in transcutaneous
electrophysiology. However, more experiments would be needed to compare properties of this
cholinium-based ion gel with hydrogels contained in commercial medical electrodes. On top
of that, full cutaneous biocompatiility should be run before to consider commercialization.
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Organic conductors in wearable
Sensors

We showed that organic materials are the best candidates for the skin-electrode interface. But
another way of modifying the electrode to improve the recorded signal is to look after the sub-
strate. This main component of the electrode, that supports the conductive materials as well as
adhesives and interconnections, gives to the device its main mechanical characteristics. Since
the skin and other organs are soft materials, rigid devices in contact with them are unacceptable
after few minutes. New devices should be flexible, even stretchable and should allow the skin to
breath in order to able long-term and painless recordings. If plastic electrodes, with Kapton as
substrate, will be presented, the main interest of this work is in the development of innovative
textile electrodes, detailed in the last section of this chapter.
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Chapter 4. Organic conductors in wearable
Sensors

4.1 Electrodes on flexible substrates

4.1.1 Review of flexible electrodes to monitor internal organs

There is a deep mismatch between soft and curvilinear biological tissues and the hard and
planar surfaces of silicon devices. Regular electronic devices are wafer-based, thus made of
silicon with very high Young’s modulus (between 130 and 188 GPa [1]). In comparison, living
tissues are much softer and more elastic since they present low Young’s modulus: between
0.5 kPa and 6 kPa for brain tissues [2, 3], around 1 MPa for human radial artery [4] and
even between 3.2 and 18.6 GPa for bones [5]. It is then important that electrode substrates
for surface recordings are at least as elastic as the organ to record. This facilitates a better
conformity with the 3D micro-structure of the living tissues and thus a better surface contact
with active area of the device to lower impedance contact. Polymer materials such as parylene,
easily synthesizable, are often used as substrate for invasive devices. Parylene films are usually
created by vapor deposition. It is also possible to encapsulate and insulate sensors with
such a film. Strong but flexible at the time (4 GPa) and with low thickness (800 nm to 3 um),
parylene film induces minimum invasivity [6, 7, 8]. Polyethylene terephthalate (PET) and
polydimethylsiloxane (PDMS) are inert and flexible polymer films, also well known in invasive
devices fabrication [9, 10]. Polyimide substrates offer a cheap and easy-to-process solution for
thin and flexible arrays of electrodes, adapted to in-vivo studies [11, 12]. In order to minimize
as much as possible the invasivity of the device, Kim et al. [13] even suggested making the
substrate disappearing inside the body, once in place. To do so, a dissolvable film of silk fibroin
is used, and once the latter dissolved, only metal lines and insulating are in contact with the
living tissues. In the case of penetrating probes, materials need to be harder than the brain
in order to pierce through the tissues without flexing and deviating. This produces of course
tissue damage and disrupt neural network but the probe has to penetrate. In case of a chronic
implantation, microscale movements of the brain can induce forces between the depth probe
and the tissue. However, a rigid shuttle can be used to allow a flexible thin probe to penetrate
and then removed to minimize long-term damages [14]. If organic materials offer many
advantages for invasive flexible devices, silicon devices have not lost yet. Far away from the
success of the rigid and damaging Utah array [15], semi-conductor nanomembrane/ribbons
(known as NMs) technologies [16] allow conformable and high-speed multiplexing ECoG
recordings [17].

4.1.2 Review of flexible electrodes for cutaneous applications

To improve the interface of state-of-the-art cutaneous sensors with skin, two visions confront
each other. In order to penetrate the first very insulating layer of the skin and avoid long
skin-preparation or painful invasive probes, electrodes with micro-structured interface are
developed (see Section 5.1.1). Usually, the overall impedance is decreased for better quality
recordings. Other researches focus on thin and flexible substrates which conform intimately
to skin roughness. One of the disadvantages of micro-structured electrodes is the fact that
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the external part is usually solid and thick, preventing the conception of “invisible” sensors
for the user. A solution could be to fabricate micro-structured electrodes area on ultra-thin
substrates. In this part we will focus on flexible technologies. To improve the contact area with
skin but enable easy handling by clinicians, conformable electrodes or matrices of electrodes
can be integrated to polyimide or polyester substrates thinner than 125 pm [18, 19, 20]. On an
even smaller scale, electronic skin, or e-skin, is a recent concept: new thin and conformable
substrates facilitate the integration of sensors and electronics to record biological activities,
or to replace some skin properties in an imperceptible way [21, 22, 23, 24, 25, 26]. Flexible
and thin electrodes for cutaneous electrophysiological recordings are obviously one of the
important e-skin components for healthcare applications. Indeed, new generation of medical
devices has to take advantages of new materials properties, beyond traditional standards,
for a better answer to the recent request of the ambulatory monitoring market [27, 28, 29].
For intimate contact with skin, repeating its surface topology, ultra-thin substrates (<10 um
facilitate the development of stamp or tattoo-like electrodes [30, 31, 32]. These sensors are
even able to wrap around usually inaccessible area such as hair [33] or auricle [34] for high-
performing BCI applications. They possess mechanical properties which give them the ability
of being crushed [6] or highly stretched [35] and then to follow all skin motions. Silicon (usually
PDMS) or parylene layers are adapted substrates for these applications, but exotic substrates
such as bioresorbable bioscaffolds in poly(L-lactide-co-glycolide) (PLGA) [36] or hydrogel
[37] are even more compatible with the skin for long-term monitoring. Finally, a last sort of
flexible substrate, based on textile, is developed for human health monitoring and aim to be
integrated to clothes (more details in Section 4.2.1).

4.1.3 Fabrication of plastic cutaneous electrodes

An easy process was developed to able reliable and quick fabrication of cutaneous electrodes.
A polyimide, Kapton (from DuPont), was used as substrate. Kapton is flexible but still easy
to handle, which is important for manual fabrication process. It also helps when the final
electrode needs to be placed on the body of the subject. The protocol was previously described
by Leleux et al. [18]. Briefly, a 125 um thick Kapton was cut by a LPKF ProtoLaser S equipment.
It is also possible to pre-cut the polyimide to enable post process on an easy to handle-
substrate as shown in Fig 4.1a. 10 nm of chromium and 100 nm of Gold were then deposited on
the polyimide by metal evaporation. This evaporation can be done on the whole substrate (in
case of an electrode with a single active area) or just on specific area define by a shadow-mask
(as in Fig 4.1b). PEDOT:PSS solution (see Section 3.2)was then drop-casted (or spin-coated)
on the active area and baked (110°C for 1 h) and an insulator (such as polish nail) was casted
on the non-active parts, as for the electrodes presented on Fig 4.2a. Then a defined quantity of
ion gel (see Section 3.3) was drop-casted and polymerized. The cartoon on Fig 4.2c describes
the final electrode with the different layers.

We also developed another protocol to fabricate a matrix of small electrodes for cutaneous
applications. To improve the contact of the electrode with the skin a thinner Kapton is used
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(@) (b)

Figure 4.1 — Laser-cutting of Kapton substrates.(a)Pre-cut polyimide. (b) Gold-coated poly-
imide substrate patterned through shadow-mask.

(12,5 um as substrate. Then, a photolithographic process facilitates the conception of small
insulated gold lines for the connection of the matrix. This process is presented on Section
6.1.3 but basically, a first lithography enable the patterning of gold lines, 2 layers of parylene
are deposited and etched after lithography. PEDOT is spin-coated and the second layer of
parylen is removed. The final flexible matrix is shown on Fig 4.2b. We could imagine using this
protocol to make flexible EEG matrices.
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Figure 4.2 — Examples of Kapton-based electrodes.(a) Exploded view of the different layers of
a cutaneous electrode with a 120um thick Kapton substrate. (b) Electrode matrix developed
by photolithography for EMG aaplications with a 12,5um thick Kapton substrate.

4.1.4 Discussion

4.2 Introduction of innovative electrodes based on textile substrate

4.2.1 Introduction on textile electronics

If most of the actual electronics is still made of hard and planar materials, the recent emerging
field of flexible electronics is now merging with the fields of connected and wearable embedded
sensors. Textile is one of the new target substrate. Textile as substrate offers many advantages
such as well-known and low-cost mass fabrication process, broad presence in everyday life
(clothes, sheets, car seats...) and direct contact with a large area of human skin (in the case
of healthcare applications). To be integrated into fabric, conductive parts and components
need to fulfill textile characteristics: flexibility, stretchability, high porosity, fiber orientation,
resistance of the structural integrity to treatments such as washing [38, 39]. The most common
materials and techniques used for textile electronics are presented in this section as well as
possible applications.
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Materials to coat fibers with

The choice of materials is of first importance for textile electronics conception. These materials
need to confer high carrier mobility even under important mechanical stress, together with
safety and time stability. Carbon-based materials are widely used for flexible electronics
due to their unique properties coming from the different allotropes of carbon such as high
conductivity, possible transparency and high elastic modulus. For instance, single-walled
carbon nanotubes are mechanically flexible and can conform to the shape of the fibers. They
exhibit large Van der Waals forces with many polymers but also with cellulose, as well as strong
hydrogen bonds with the latter [40, 41]. Intrinsically flexible and easily tunable, conducting
polymers are other promising conductive materials for e-textile. Various conducting polymers
are reported in the literature to be coated on textile: Polypropylene [42], PEDOT [43, 44, 45, 46],
PEDOT:PSS [47, 48, 49, 50], Poly(styrene- f-isobutylene- -styrene)-poly(3-hexylthiophene)
(SIBS-P3HT) [51], P3HT only [52], polypyrrole and polyaniline [53, 54, 55, 56, 57]. Thanks
to their high conductivity, metallic nanowires, nanoparticles or nanolayers are also good
candidates for fiber-based electronics. Aluminium or gold alone are used to create conductive
lines [58, 52] but the addition of metallic nanoparticles in a conductive solution allow to highly
increase the conductivity of the created film (for instance combination of gold nanoparticles
with tosylate-doped PEDOT [49] or silver nanoparticles with carbon nanotubes [59]).

Coating fabrication processes

Once one’s has matched the material properties with the specific application, the integration
into textile has to be performed. For textile electronics, 2 ideas are competing. The first one is
to integrate external fibers (or flexible ribbons) into the textile mesh. These external fibers are
either conductive on their own, either used as a substrate for embedded electronics. If the
strip has similar elastic and bending radius properties as the yarns of the fabric, the former
can be woven into it. For instance, few woven polyimide strips with embedded LED chips [60]
or patterned electronics [61] or woven optical fibers [62] give new properties to a textile while
keeping its properties. A fabric can also be fully made of electronically improved PET ribbons,
woven to form a sheet [63]. Another method is to use the textile as a direct substrate for the
conducting materials. 2 solutions are then possible: coating of the single yarn, or coating
of the full fabric surface. Single yarn coating allows each fiber to be independently coated
before weaving. This usually induces a stronger conductivity for the resulting textile since
the repartition of conductive material is more homogeneous on the fabric, especially in its
bulk. It gives also the possibility of using different fibers in the same fabric to obtain patterns
or different functionalities. However, the fiber coating process needs to be done upstream
fabric conception. If vapor-phase polymerization (VPP) can be used to polymerize EDOT
monomer at the surface of the thread [43, 49], coating from a solution by dipping the fiber
(48, 52, 49, 41, 64] may be more adapted to an integration to large-scale textile fabrication
process. Takamatsu et al. present a die-coating system that can be easily integrated in a
roll-to-roll process [65]. Surface coating of fabrics gives some different advantages: it is a
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low-cost and large scale downstream process that can be done after textile fabrication by
different ways. The easiest way is to soak the fabric in a solution of conducting materials for
fully coating [47, 44, 40, 54, 45, 55, 56]. Vapor phase polymerization of conducting polymer is
also possible [54] but seems difficult to adapt to large scale needs. Techniques compatible with
roll-to-roll processes able industrial surface coating of fabric: spraying [54], blade-coating
[57], screen-printing [66] or ink-jet printing [67, 68]. Nonetheless, if the usual hydrophilic
behavior of textile fabric allows a good absorption of solution, it avoids the possibility of
precise patterning. Moreover, conducting materials coated in between fibers can reduce
flexibility of the fabric.

Textile electronics applications

Because textile is everywhere, applications for textile electronics are various and promising.
Similarly to more common sensors that are included in our electronic devices as smartphone
or watches, functionalized or coated fibers are able to sense their environment [61], to inter-
act with humans by displaying information suing electrochromic properties of conducting
polymers [47]. It is possible to use these improved fabrics for very specific applications such
as energy storage elements [40] or as local heater [69] and take advantage of the flexibility
of the textile substrate. But because clothes offer a large area of contact with the skin and
offer a maintained conformal contact, a lot of interest is brought to textile embedded sensors
that could monitor health parameters while being invisible [70, 62]. Textile electronics allows
already the monitoring of electrophysiological parameters [71, 64, 72, 73], for nerve electrical
stimulation [66] or for the analysis of living samples such as blood or sweat to detect pathogens
[56, 74] or specific proteins [41]. Indeed, shirts [75], gloves [39], and wristbands [76] outfitted
with sensors have been used to demonstrate the potential of this technology. Furthermore,
the way is now paved for the conception of elemental electronic components [77]: fiber-based
OFET and OECT were developed [58, 49] and elements such as multiplexers, inverters or AND
operators were made from textile transistors [48, 52].

4.2.2 Coating of PEDOT:PSS and ion gel on knitted textile
An innovative fabrication process to coat PEDOT:PSS on knitted textile

Despite the large interest in cutaneous electrodes, patterning conducting materials on stretch-
able fabrics has been hampered by their three-dimensional nature, which makes difficult to
apply conventional patterning processes. The fibers in knitted textiles are assembled in a
snake shape that can be altered by applying a mechanical force to the knit varying its design.
Such wave-form fibers mimic a mechanical spring design, providing the textile with a consid-
erable resisting force when its shape is changing. We previously showed that technique such
deep-coating, inkjet or screen-printing can be used for making conductive patterns on textiles.
If the creation of a precise pattern is impossible in deep-coating (because of the ink diffusion),
the controlled transfer of a pattern using the other techniques on thick knitted fabrics can
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be obstructed. The conductive materials need to be coated not only on the surface of the
knitted structure but also inside, providing continuous contact between the yarns during
its mechanical deformation. Micro-contact and inkjet printing allow direct pattern transfer
which is usually done on thin textiles since a small amount of the ink can be transferred at the
time. The coating happens only on the top layer of the textile however the pattern conductivity
is maintained even under stretch. In the screen printing, additives are used to reduce the
spreading of the ink (i.e., silver paste) and improve spatial resolution [78, 79]. The viscosity of
inkjet printing inks must also be engineered for printability [80]. As a result, in both screen
and inkjet printing, ink optimization has a negative impact on the final conductivity.

We developed a technique was inspired from the Japanese kimono dyeing process (the Yuzen
method). According to this method, a rice paste is initially painted on the textile surface to
form a stencil. The dye is subsequently applied, coating only the areas that are free of rice paste
which is subsequently removed in water, resulting in the precise and beautiful patterns of a
kimono. In Fig 4.3 we show the adaptation of this technique to the patterning of PEDOT:PSS
on textiles. PEDOT:PSS formulation is the same as the one developed in Section 3.2.2 , with
ethylene glycol, DBSA and GOPS. The textile used was 100% interlock knitted polyester fabric
from VWR International (Spec- Wipe® 7 Wipers) with a thickness of 300 um and a stretch
capability up to 50% (in the knit direction).We used polydimethylsiloxane (PDMS, RTV615,
elastomer and curing agent kit) as the stencil due to its hydrophobic nature, which can confine
the aqueous PEDOT:PSS solution, as well as due to its mechanical properties, which are a good
match for the soft and stretchable structure of knitted textiles. The patterning process started
by preparing a negative master made of a polyimide (Kapton HN100, DuPont) film on which
the outline of the desired pattern was carved by a laser cutting machine (Protolaser S, LPKE
from the same process developed on previous Section 4.1.3). PDMS was subsequently applied
on this master by spin coating at 550 rpm for 18 s (step 1). The textile was then placed on top
of the PI master, and the PDMS was progressively transferred into the textile in 10 min (step
2). By adjusting PDMS viscosity (using different amount of the curing agent) and thickness
(using different spin coating speeds) it is possible to control its diffusion into the textile and to
replicate the master design. A short thermal annealing (at 100°C for 10 minute was used to
cure the PDMS completing the transfer step. The PI master was then delaminated from the
textile surface. Finally, the conducting polymer solution was brush-painted on the textile and
baked to dry (at 110°C for 1 hour) (step 3). Contrary to the Yuzen method, in which the rice
paste is removed, the PDMS stencil remains in the textile after the patterning process, and can
be used to pattern additional layers (see below). Furthe more this PDSM mask offers some
interesting adhesive properties that help fixation to the skin. Typical patterning results can be
seen in Fig 4.4. A flower pattern with regularly spaced curved features and a lines-and-spaces
test pattern are shown. These results show that patterning of structures as fine as 0.5 mm is
possible on tightly woven textiles.
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Figure 4.3 — Process flow for the patterning of PEDOT:PSS on textile. PDMS is first deposited
on a polyimide master defining the outline of the desired pattern. The textile is then placed
on the polyimide film and the PDMS is progressively transferred into the bulk of the textile.
After a short thermal annealing, the PEDOT:PSS solution is brush-coated on the unprotected
area of the textile and dried.

Coating of ion gel to improve cutaneous textile electrodes

Depending on the application, an ion gel layer can be added on top of the PEDOT layer to
help establish low-impedance cutaneous contacts. By adding about 45 pLcm ™2 of ion gel
formulation (see Fig 4.5), patterning was achieved on the active area of the electrode. In these
textile electrodes, the ion gel was a mixture of ionic liquid 1-ethyl-3-methylimidazolium-ethyl
sulfate, poly(ethylene glycol)diacrylate and photoinitiator 2-hydroxy-2-methylpropiophenone
at a ratio of 0.6/0.35/0.05. The fabrication method and the properties of this ion gel are
presented on Section 3.3.

Connection of the textile electrodes

Because textiles are soft and flexible connection with hard regular electronics is never easy.
In our work, electrodes were connected to acquisition systems by regular copper wires. The
wire was sewed into the knitted textile on a specific patterned connection pad. To ensure
both strong mechanical and electrical connection, a small amount of silver paste and then
few drop of PEDOT:PSS solution were deposited between the wire and the PEDOT patterned
textile and then hard-baked. To avoid possible contact between the naked wire and the skin,
an insulation (such as PDMS or other silicone paste) layer can be added on the connection
pad.
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Figure 4.4 — Examples of PEDOT:PSS-patterned knitted textiles.(a) (b) Pattern tests with
different thickness lines (in blue/purple) (c) Flower pattern to show the possibilities of our
patterning process.

4.2.3 Characterization of textile electrodes

Electrical conductivity characterization

The electrical surface conductivity of the samples was measured with a four-probe set-up,
made up by four equidistant copper lines on top of which the fabric sample is compressed to
make contact in a 3D-printed holder, similarly to what was developed by Hiremath et al. [81].
A constant current source generated applied by a Keithley 2621 is applied between the two
outer probes. The voltage drop is measured by a DAQMx between the two inner probes to get
the resistance of the fabric. Data are recorded by a LabVIEW software at a 0.5 Hz frequency
during 1 minute. The conductivity is then deduced by the formula:

L

o= 4.1)
t+*W=xR

where L is the spacing between probes, W is the length of the line probe in contact with the
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Figure 4.5 — Integration of ion gel on textile for cutaneous electrodes. (a) The ion gle mix-
ture is first dropped at the surface of the active area of the electrode. After few minutes of
penetration, the gel is polymerised by UV light to be encapsulated inside the kintted textile. (b)
Picture of an PEDOT:PSS/ion gel electrode on textile. The top square is the active area coated
with ion gel and the bottom square is the connection pad.

sample, t is the thickness of the sample and R is the resistance between the inner probes. For
all the samples presented here, L = 0.4 cm and W = 1.5 cm. The sheet resistance can also be
deduced in the same way by the formula:

w
Ro=— +R (4.2)

The sheet resistance of the patterned PEDOT:PSS stripes was 230 Q/sq. This value was the
same as that of a dip-coated textile, showing that there is no influence of the patterning process
on the electrical properties of the conducting polymer.

Mechanical characterization

The use of a knitted textile as a substrate endows stretchability due to its inherent horseshoe-
shaped structure, while at the same time offers natural compatibility with a wearable format.
The knitted textile consists of loops that provide natural stretchability in both the x and y
directions. Coating the fibers with conducting polymers yields electrodes that can be deformed
elastically, up to the limit where the fibers are straightened (see Fig 4.6a. This is shown in
stretching tests, for which a piece of textile with a width of 0.5 cm and a length of 1 cm was
coated with PEDOT:PSS (as described above) and placed in a tensile tester. Fig 4.6b shows a
negligible change in resistance when the conducting electrode is stretched with up to 30%
applied strain. Beyond this value, the resistance increases nonlinearly as the fibers in the textile
are themselves stretched, leading to plastic deformation of the polymer film. For extreme
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stretching, the PEDOT:PSS coating breaks apart, as shown in Fig 4.6c. The results of cyclic

tests are shown in Fig 4.6d,e, confirming that even after 1000 cycles of 20% applied strain the
resistance change is about 10% and the electrode can be stretched repeatedly without plastic

deformation, making it suitable for wearable applications.

Stretchable keyboard
with electrode of conductive polymer-goated knit

002000
Wittty
Ittie

ot
‘0:0 csgzszf‘i::z:
) 0

‘
NGO
% 0‘9’0‘0 O

Stretchable

Stretchable

(b)

(e)

Cycle number

20 40 80 100
Stretch [%]
(©)
| I . E— 50
40
1
30 5
3
=
20 —
S
10
LV LW 0
50 100 150 200 250 300
Time [s]
(d)
I
A——
]
200 400 600 800 1000

Figure 4.6 — Mechanical properties of the textile electrode. (a) Structure of the patterned
knitted textile. (b) Stretch test of the PEDOT patterned electrode showing a degradation of the
resistitivity after 30% stretch. (c) SEM image of the broken PEDOT:PSS coating (bright islands)
on a fiber after 80% applied strain. (d) Resistance variation of a PEDOT patterned electrode
from 0% to 25% for10 times. (e) Resistance variation of a PEDOT patterned electrode during a

cyclic stretch from 0% to 20% for 1000 times.
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4.2.4 Discussion

The technique discussed here allows the patterning of conducting materials with a demon-
strated resolution of 0.5 mm, a value that is adequate for the majority of envisioned biomedical
applications. These include applications requiring small cutaneous electrodes, such as neona-
tal care and high-density electroencephalography, where the feature size is larger than several
millimeters. In the described patterning process, we were able to combine the direct pat-
terning with relatively thick knitted textiles. We have benefitted from the scalability of this
approach and we adopted it for thick structured textiles in a time and cost efficient way.
This technique makes use of industrially accepted techniques such as contact printing and
deep painting, and can be easily applied not only during textiles manufacturing but also in
post manufacturing by processing existing garments. PDMS and PEDOT:PSS materials that
are used in the patterning are fully compatible with knitted textile platform thanks to their
rheological properties. The rubber-like PDMS stencil integrated with textile conserves the
mechanical freedom of its structure. The viscoelastic properties of PEDOT:PSS formulation
allows to achieve homogeneous coating of elastic and flexible knitted textiles, in our case,
polyester. The technique developed here is generic and would work with any material soluble
in aqueous media, provided that post-processing (annealing, sintering, etc.) temperatures stay
within the range that the textile can support. The ability to pattern a second layer on top of the
conducting polymer paves the way for the development of a wide variety of devices, including
organic electrochemical transistors that can be used for simple logic circuits, and biosensors.
In addition to applications in healthcare (along the lines of a “smart” bandage), such sensors
will extend the scope of bioelectronic textiles to areas including sports and recreation. Finally,
the integration of energy and communication modules on textiles represents an important
step in the evolution of this technology. Components such as batteries and antennas, which
can be made out of conducting polymers, can be patterned in a straightforward way with the
technique developed here.
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Cutaneous electrophysiology with
organics

From the two previous chapters, we know that organic materials such as conducting polymer
PEDOT:PSS and ionic gels can improve the interface with the skin. The choice of substrate
such as polyimide or textiles is also important and give the opportunity to consider different
applications for ambulatory recording of electrophysiological activity. In collaboration with La
Timone Hospital and Aix-Marseille University, in Marseille, we had access to various acquisition
systems and recorded ECG or EEG signals to validate the performances of our electrodes. The
results and the corresponding analysis are presented in this chapter. We will briefly describe dry
electrodes and show their limitations before to demonstrate the excellent electrophysiological
recordings obtained with our ion gel-assisted electrodes as well as with our innovative textile
electrodes.

Data presented in this chapter were included in the following publications :
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Textiles, Adv. Health. Mater., doi: 10.1002/adhm.201600299 (2016)
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5.1 Dry electrodes

5.1.1 State-of-the-art on dry electrodes

To circumvent the long and fastidious preparation for electrode placement (with skin abra-

sion and potential gel application) and offer the possibility of long-term recordings without

gel-evaporation problems, dry electrodes can be used. Three different possibilities of dry-

electrodes demonstrated their efficiency:

94

* Dry electrodes with micro-structures: The 3D structure can be at a macro-, micro- or

nano-scale, and gives the possibility to penetrate the streatum corneum layer (without
involving pain for the patient, at the difference of subdermal electrodes) [1, 2, 3]. This
involves a reduced contact impedance. Moreover, the active surface of the electrode
is multiplied (but not the effective macro-size of the device) and the impedance is
again significantly decreased. Such structured electrodes can even be produced by 3D
printing [4]. These electrodes can record high-quality EEG signals, with comparable
performances as usual gel-assisted EEG electrodes [5]. However, if long microstructures
grant better penetration in the stratum corneum, they also are more fragile and limit the
number of utilization of the electrode. Another disadvantage of structured electrodes is
that they still need to be in contact with the skin. In case of EEG recording, hair layer
restricts the contact with skin instead of being shortcuted by a conductive gel which
can penetrate through hair. A solution with macro-pins (at a centimeter-scale) to cross
hair was proposed to integrate electrodes in a helmet [6]. EEG was successfully recorded
by this solution is painful for the patient, since a pressure needs to be applied by the
helmet to ensure a permanent contact.

Capacitive non contact electrodes: It is possible to record electrophysiological signals
by using capacitive coupling between the body and an electrode. In this case, the
electrode is not in direct contact with skin, thus can be separated from the epidermis by
a fabric or hair layer. Such a non-contact capacitive electrode is made of conductive part
insulating from the body by a thin plastic layer or a metal oxide. Lopez and Richardson
conceived one of the first capacitive electrode in 1969 and successfully demonstrated
its performances similar to those of a gel-assisted Ag/AgCl medical electrode on ECG
recordings [7]. Capacitive electrodes are able to record @ and § waves associated to EEG
[8] and can be integrated to BCI system [9]. However, the use of a capacitive electrode
imply to deal with a high impedance. Only in situ electronics can adapt the impedance
to fit with input impedance of the amplifier. These capacitive electrodes have to be
"active" (see Section 6.4.1) and thus very expensive, which limits the diffusion of their
use.

Dry electrodes on flexible substrates: By taking advantage of the conformity properties
of the substrate, it is possible to perform high-quality electrophysiological recordings
with dry electrodes. Both the unique properties of organic conducting polymers (see
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Section 3.1.2) and a better conformity to the skin facilitate the acquisition of high-quality
signals, as it was demonstrated on PEDOT:PSS-coated polyimide electrodes [10]. Next
generation sensors, with ultra-thin substrates, facilitate a perfect conformity with the
skin and a maximum surface of contact. In this case, gel are not useful anymore and
performing EMG, ECG or EEG can be recorded [11, 12, 13]. Howeve, these electrodes
are still sensible to motion artifact.

5.1.2 Discussion

If dry electrodes present important advantages, their massive use is still limited by high-price
or difficulties of fabrication or manipulation. We decided to focus on gel-assisted electrodes,
which allow better performances for ambulatory recordings where constraints are numerous.
Since the user is moving as soon as he is active, a maximum reduction of motion artifact effexts
is necessary. From an industrial point of view, the use of substrate such as polyimide or fabric
can be justified by their flexibility, low-cost, ease of process and ease of integration in clothes
for fast integration in a future medical device.

5.2 Ionic gel-assisted electrodes

5.2.1 Experimental

Preparation of electrodes

The same electrodes than the one presented on Section 4.1.3 were used as substrates, with
polyimide, chromium, Gold and PEDOT:PSS layers.

Choice of the ion gels

Cholinium-based ion gel, developed on Section 3.4 was incorporated onto electrodes. It is
then used as the electrolytic interface between the skin and the electrode itself. This interface
is an important element in successful transcutaneous signal transduction. As a reminder, this
ion gel is made of an ionic liquid polymer (cholinium lactate methacrylate, to give the matrix
structure), a changeable amount of ionic liquid (cholinium lactate, to improve conductivity), a
crosslinker (ethylene glycol demethacrylate, to help polymerization) and a photoiniator (to
initiate polymerization).

15 mL of choliniumion gel solution mixed with the photoinitiator were deposited on top
of the PEDOT:PSS layer of 0.5 cm2 (size of the recording area) and UV cured until the full
polymerization, as described above. The resulting layer of ion gel was around 2 mm thick.
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Acquisition systems and signal processing

Gel-to-gel and skin impedance spectra were acquired using a potentiostat (Autolab equipped
with FRA module, Metrohm B.V.). The CardioTOMM acquisition system was provided by
Microvitae Technologies and allowed ECG recordings. Signals were then filtered and processed
by LabVIEW software using a standard wavelet approach.

Signal-to-Noise Ratio (SNR) was calculated by using the Crest factor, or Peak-to-RMS value,
which is the ratio between the R peak amplitude and the RMS value of the signal all along a
PQRST complex [14].

5.2.2 Electrode characterization

Gel-to-gel characterization

The electrodes were characterized accordingly to the ANSI/AAMI EC12:2000/ (R)2005 norm:
AC impedance and DC offset voltage are 300 Q2 and 25.4 mV, respectively.

Skin impedance characterization

In order to compare the performance of these electrodes in cutaneous recordings, we tested
the electrode/skin impedance on a healthy volunteer, following the protocol described on
Section 2.2.2. The electrodes were placed on the subject’s arm using a three-electrode config-
uration, where both counter and reference electrodes were commercial Ag/AgCl electrodes.
Fig 5.1] shows typical electrical impedance spectra, both magnitude and phase angle, for
the electrodes tested including different ion gels with different free IL contents. To record
physiological potential variations, a good contact with the skin and low impedance are impor-
tant to ensure a good ionic/electronic translation. All the tested cholinium ion gels showed
good long-term adhesion to the skin. This is an important factor since in long-term record-
ings the electrodes have to endure some mechanical constraints during movements such
as friction and delamination fromthe skin. Interestingly, impedance values obtained using
electrodes containing different cholinium ion gel compositions are comparable to the ones
from regular medical electrode, as shown in Fig 5.1. Similar to the data presented above the
impedance measurements of the ion gels coated electrodes containing different amounts
of the free IL displayed a slight decrease of impedance magnitude at low frequency range
with increasing the free IL amount. The phase curves show that ion gel electrodes behave
similarly to standard Ag/AgCl electrodes, i.e. their phase shift is close to 01 at low frequen-
cies, as mostly non-polarizable electrodes. The comparison of impedance values with the
commercial Ag/AgCl electrode standard indicated that cholinium ion gels can effectively be
used in electrophysiological recordings. Although impedance of all gels was comparable to
the commercial Ag/AgCl electrode, the lowest impedance was obtained with 1G-50 ion gel
formulation. This composition presented a good compromise between mechanical properties
and ionic conductivity of the material.
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Figure 5.1 — Skin impedance characterization of cholinium-based ion gels. Impedance val-
ues on skin over frequencies for different ion gels and comparison with a standard medical
Ag/AgCl electrode.

5.2.3 ECG recordings

The performance of the cholinium ion gel IG-50 was evaluated in cutaneous electrophysiology.
ECG recordings were performed by placing one electrode on each wrist of a healthy volunteer
to form a bipolar Limb Lead I derivation, one of the 12 ECG lead configurations used in clinics
(see Section 1.1.2). Medical electrodes (Sensor N medical grade Ag/AgCl electrodes, Ambu)
were placed as close as possible to the IG-50 electrodes to form a parallel bipolar Limb Lead
I. Signals from both leads were recorded at the same time, facilitating comparison of signals
from the same hearth beats.

Comparison of ECG signals with medical electrodes

Short-term evaluation of this electrode demonstrated similar performance in comparison with
medical standard (Sensor N medical grade Ag/AgCl electrodes, Ambu) after 3 h of contact with
the skin, shown in Fig 5.2. Processing of 48 seconds of signals confirmed that mean SNR (6.41
dB and 6.51 dB for medical and IG-50 electrodes, respectively) and mean R-peak amplitude
(430.9 uV and 451.4 pV for medical and IG-50 electrodes, respectively) are equivalent.

Long-term ECG recording

Then, a long-term study was done with cholinium ion gel coated electrodes. To avoid any
loose of contact due to the possible mechanical displacement of the electrode connected
to electrical wires during long-term evaluations, the electrodes were fixed to the skin with
3 M Steri-Strip and a protective bandage was rolled around each wrist. The ECG was then
recorded for 48 seconds several times a day during 72 hours. ECG signals recorded from
our electrodes are shown in Fig 5.3a. The PQRST complexes, corresponding to the different
depolarization phases of the hearth, can be easily identified. Fig 5.3b shows the evolution of the
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Figure 5.2 — Comparison of ECG signals between medical electrode and cholinium ion gel
electrodes. ECG signals (from Ag/AgCl medical standard electrodes in Black, and from cholin-
ium ion gel IG50-assisted electrodes in Green) simultaneously after 3h of contact with the
skin.

ECG signal with time. Amplitudes of R-peaks and evolution of SNT over time are shown. As the
recordings were carried out on a person performing regular activities (walking, office working,
taking shower...) many reasons cause daily variations of SNR and R-peaks amplitudes. The
physiological change of the skin impedance, the noise from different electronic sources can
interfere with the signal and modify the recording quality. However, the electrodes containing
cholinium ion gel allowed obtaining good quality electrophysiological recordings during 72
hours long with the reliable detection of the PQRST cardiac complex.
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Figure 5.3 — Cholinium-based ion gel electrode evaluation for long-term ECG evaluation.
Long-term ECG measurement performed with 1G-50. (A) ECG signals recorded on skin with

highlighted PQRST complexes. (B) Stability of the ECG signals over 72 hours with SNR (red)
and R-peaks amplitudes (blue) evolutions.

5.2.4 Discussion

Cholinium ion gels showed good long term adhesion to the skin without any loss of properties
caused by the evaporation of the electrolyte in commercial electrodes. Accurate physiologic
signals were recorded for a long period of time with a remarkable stability that outperforms

98



5.3. Wearable textile electrodes

the short-term stability of medical electrodes. Due to the recognized low toxicity of cholinium
ionic liquids, these ion gels are ideal candidates to assist the long-term cutaneous recordings.
However, further evaluations are required to assess the dermotoxicology of the ion gels in
clinical applications. The Kapton substrate we used proved to be a good candidate for fast
industrialization of such organic electrodes.

5.3 Wearable textile electrodes

We reported in Section 4.2.2 a simple and reliable fabrication process that allows the patterning
of conducting polymers on thick knitted textiles, thereby yielding wearable and conformal
electronic devices for healthcare monitoring. We applied this process to the fabrication of
cutaneous electrodes using the commercially available, high conductivity polymer PEDOT:PSS,
and an ionic liquid gel that promotes better skin contact. We evaluated the performance of
these devices in electrophysiological recordings of a human heart. A patricular interest was
given to ambulatory conditions.

5.3.1 Experimental
Preparation of electrodes

Textile electrodes were made accordingly to the protocol described on 4.2.2. Shortly, a con-
ductive layer of PEDOT:PSS was coated on knitted fabric thanks to a PDMS pattern. Then,
an ion gel made of ionic liquid (1-ethyl-3-methylimidazolium-ethyl sulfate), poly(ethylene
glycol)diacrylate and photoinitiator 2-hydroxy-2-methylpropiophenone is deposited on top of
the active area. This active area is a square of 1 cm?. Connection is made by a sewed copper
wire.

Acquisition systems and signal processing

Electrode characterization: Impedance spectrum was acquired using an Autolab potentiostat,
equipped with FRA module (Metrohm B.V.), applying sinusoidal voltage of 0.01 V.

Evaluation of ECG for ambulatory conditions: Textile electrodes were connected to a Sand-
sResearch system using EA68 or EA136 amplifiers during the 3 hours of evaluation sessions.
Signals were processed and filtered using LabVIEW (National Instruments) software with a
third-order Butterworth filter (passband with low and high cutoff of 0.5 Hz and 40 Hz, respec-
tively). To compare the signal quality recorded from textile electrodes with medical electrodes,
SNR values were calculated after filtering. A feature recognition program first isolated each
PQRST complexes and then found the Crest Factor, or peak-to-RMS ratio, which is the ratio
between the amplitude of the R peak (which is the peak with the highest amplitude) and the
RMS value of the signal all along the complex [14]. To extract baseline from ECG signals we
used a wavelet approach corresponding to a low-pass filter with a cutoff of 1.93 Hz). The
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algorithm for the calculation of heartbeat (R peak) frequency is a feature extractor LabVIEW
software (available in BioMedical Toolkit from National Instrument) with intern filters between
10 and 25 Hz.

long-term ECG evaluation: ECG signals were recorded with a portable and wireless RF-ECG2
acquisition system (from GM3 Corporation, intern passband with low and high cutoff of 0.16
and 100 Hz, respectively).

5.3.2 Electrode characterization on skin

As described in Section 2.2.2, impedance is an important characterization to define the qual-
ity of contact between the electrode and the material to be measured. We placed medical
cutaneous Ag/AgCl electrodes (Sensor N medical grade Ag/AgCl electrodes, Ambu) on the
skin as counter and reference electrodes. Working and counter electrodes were placed 2 cm
away from each other on the forearm, and the reference electrode was placed 30 cm away on
the arm. The Ambu electrodes were 0.95 cm diameter gel-assisted electrodes. Results from
3 diffferent volunteers are presented on Fig 5.4. In agreement with previous results [15], the
impedance of the PEDOT/ion gel electrodes is lower (2.5 times lower at 10 Hz) than the one
from medical electrode all over the frequency spectrum. This demonstrates the quality of
contact between textile electrode and skin.
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Figure 5.4 — Impedance spectra of textile and medical electrodes. Impedance results were
recorded in the 1 Hz to 1 kHz frequency range on 3 different volunteers (mean (straight line)
and standard deviation (confidence area)).
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5.3.3 ECG recording

The potential of the textile electrodes in biomedical monitoring was assessed using electro-
cardiography recordings. ECG is a common diagnostic technique in the clinic, and is also
used to monitor heart rate during exercise. ECG measurements in dynamic conditions are
usually performed with electrodes placed on the chest, in order to reduce motion artifacts.
To evaluate the performance of the textiles electrodes in a wearable configuration, we used
the limb lead II configuration (one electrode worn on the right wrist and a second one worn
on the left ankle) (see Section 1.1.2) and performed measurements on volunteers at rest and
various states of movement consecutively during 3 hours. In this study, conventional medical
electrodes were placed next to the textile ones for comparison.

Evaluation of textile electrodes in ECG monitoring at rest

During a first measurement, the volunteer was sitting at rest, to reduce muscle movements
and respiratory artifacts. This position allows obtaining high quality recordings that can be
used to detect heart function anomalies. Both, the textile and the medical electrodes show
the typical waveform of the heart activity with similar amplitudes (Fig 5.5a). High resolution
PQRST complexes, corresponding to the different phases of polarization and depolarization
of cardiac cells, can be clearly detected with both electrodes. The SNR value is averaged over
25 different complexes obtained with textile and medical electrodes and found to be equal to
16.3 dB (= 0.1 dB) for both electrodes.

Evaluation of textile electrodes under ambulatory conditions

The evaluations were performed first in the movement and then during long-term experiments.
Fig 5.5b shows recorded signals obtained while the volunteer was standing up and moving.
Movement can have a large impact on ECG recordings, inducing an undulating baseline that
can disturb the acquisition of the PQRST complex. This is evident in the recording obtained by
the medical electrode (in red), where the R peak is barely visible. In contrast, the influence of
motion is significantly lower on the recordings from the textile electrode (in blue), which show
richer signal content, with a well-defined R peak and even a visible T wave (the positive wave
following the R peak). We calculated that the baseline noise (low frequencies) is 13.1 dB higher
for the medical electrode. As a result, a standard algorithm for the calculation of heartbeat
frequency fares considerably better with recordings from the textile electrode. On a subject
with a mean heartbeat of 70 bpm (at rest or during low-level activity), Fig 5.5c demonstrates
that R peaks are more accurately detected in recordings obtained with the textiles electrodes
for a panel of different types of motion.
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Figure 5.5 — Textile electrode evaluation for amublatory ECG monitoring. ECG recordings
performed with the PEDOT:PSS ion gel textile electrode (in blue), and medical Ag/AgCl elec-
trodes (in red), (a) from volunteers sitting at rest and (b) during movement. (c) Percentage
of accuracy of heartbeat detection during different types of activity (seating, standing up, leg
moving, arm moving, walking) with medical and textile electrodes during a 50 s epoch.

Long-term stability evaluation of textile electrodes

The long-term signal stability is assessed by continuously placing two textile electrodes on a
volunteer’s chest during 3 days. ECG recordings from these electrodes are presented in Fig 5.6
and demonstrate that the signals are highly consistent during this recording time. The SNR
and R-Peak amplitude evolutions are presented in Table S1. Despite the signal variations from
day to day related with the skin hydration changes and environmental noise, their amplitude
and noise level remain stable. There was no skin reaction to the electrodes observed after 3
days. Moreover, the same electrodes were stored in ambient air for 1 month and then were
re-used in ECG recordings in the same setup. These electrodes were still able to record well
defined PQRST complexes, highlighting the long-term stability of the textile PEDOT:PSS/IL
gel electrodes.

102



5.3. Wearable textile electrodes

0.5s

Oh 24h 48 h
Skinr — — Textile) |
|
I
e pe g N
| 7/ | 7
72h Re-used
1 month later
(a)
7
ECG SIGNAL Continuously in contact with the skin / Re-used
EVOLUTION oh 1h 12h 24h 48h 72h % 1 month
R'Peak(m)p“t“de 1.27(£0.09) | 1.13(£0.05) | 1.45(+0.04) | 1.45(0.03) 0.76 (25) 1.23 (0.08) % 0.67 (£0.03)
/
SNR 4.64(x0.53) | 4.53(20.38) | 6.45(20.12) | 6.07(0.07) | 4.01(x0.16) | 4.88(x0.5) % 4.33 (x0.33)
(dB) oTER R e s . R % o

(b)

Figure 5.6 — Textile electrode evaluation for for long-term ECG evaluation. ECG signal evo-
lutions obtained with textile electrodes in permanent contact with skin over three days. The
inset shows a picture of the skin under the electrode after 72 h. The last ECG signals were
obtained from re-used textile electrodes stored in ambient air for one month.

5.3.4 Discussion

The combination of a low contact impedance provided by the PEDOT:PSS/IL gel electrode and
of a conformable support provided by the textile was shown here to diminish the impact of
motion artifacts, which paves the way for a variety of applications, including electromyography
(EMG). The high tolerance of textile electrodes to low frequency motion artifacts makes them
well-suited for this application. Finally, electroencephalography (EEG) is another obvious
application for these textile electrodes. EEG measurements are currently performed using
electrodes mounted on casks, then filled with gel. The monolithic fabrication of a cask with
integrated electrodes will make these measurements easier to perform. Such measurements
are currently ongoing in our own lab. As textile electrodes can be easily integrated with
hats, they can be used to render EEG electrodes imperceptible to the wearer. As a result,
this can increase the acceptance of EEG in applications beyond healthcare, such as gaming
and fatigue monitoring. In conclusion, we developed a technique that allows the simple
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patterning of conducting polymers on knitted textiles. The technique uses a PDMS stencil
to confine the spreading of the polymer to dimensions as small as 0.5 mm. PEDOT:PSS
electrodes fabricated this way and coated with an ionic liquid gel showed a low impedance
contact with the skin. They were able to record high quality electrocardiograms in clinic
and ambulatory conditions, and accurately determine heart rate, even when the wearer was
in motion. Moreover, these electrodes demonstrated high performance long-term stability
during 3 days of ECG recordings and after extended ambient storage without any special
reconditioning.

5.4 Recording and stimulation performances of textile electrodes

In this study we evaluated the potential of conducting polymercoated textiles in monitoring
and stimulating muscle activity. We first demonstrated the performance of textile electrodes
in surface electromyography of the lower limb during voluntary and electrically evoked con-
tractions. Then, we further test these electrodes in stimulating the tibial nerve in order to elicit
neuromuscular responses.

5.4.1 Experimental
Preparation of electrodes

Textile electrodes were made the same way as in previous Section 5.3.1.

Acquisition systems and signal processing

Electrode characterization: CV measurements were performed with an Autolab potentiostat,
equipped with FRA module (Metrohm B.V.) Electrical stimulation for EMG recordings: The
tibial nerve was stimulated by means of a high-voltage, constant-current stimulator (DS7AH,
Digitimer, Hertfordshire, UK), delivering monophasic, rectangular, 1 ms pulses. The anode
(10 x 5 cm) was placed 2 cm distally to the patella, after verification of an appropriate reflex
acquisition in the SOL muscle, and the cathode (an Ag/AgCl surface electrode, 9 mm diameter
or the textile electrode, 9 mm?) was fixed in the popliteal fossa.

EMG acquisition and analysis: Surface EMG was recorded from the soleus (SOL) muscle
bipolarly. To minimize impedance (<5 kQ), the skin was shaved, abraded, and cleaned with
alcohol. Electrodes were placed along the mid-dorsal line of the leg, about 5 cm distally to
the insertion point of the two gastrocnemii to the Achilles tendon. Medical electrodes were
Ag/AgCl electrodes, with a recording diameter of 9 mm and an inter-electrode distance of
20 mm (Contrdle Graphique Medical, Brie-Compte-Robert, France). Electrode position was
secured after verification of an appropriate M-wave acquisition (single response, highest
amplitude for a given intensity). Textile electrodes were placed in the same configuration

2

with 9 x 9 mm*~ recording surface and 20 mm inter-electrode distance. The connection to
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the acquisition system was provided by a metallic wire attached to the conducting textile
inter-pad. The ground electrode was placed on the contralateral patella. EMG signals were
amplified (x 500), sampled (5 kHz) and stored to computer via an analog-to-digital interface
(Biopac, MP150, Santa Barbara, CA). The EMG activity of the SOL muscle was quantified by
the root mean square (RMS) value of the filtered signal (10-500 Hz) at the 500 ms interval
preceding the stimulation artifact. The RMS value was subsequently normalized to Msup
(RMS/Msup).

Mechanical data acquisition and analysis: Voluntary and electrically evoked torque was
obtained from the right plantar flexors using a calibrated dynamometric pedal (Celians-Meiri,
France) interfaced with an acquisition system (Biopac, MP150, Santa Barbara, CA). Subjects
were comfortably seated on an adjustable chair with their right foot attached to the pedal
using Velcro straps to secure ankle positioning. The ankle joint was set at 90° and the knee joint
at 110° (180° full extension). The axis of the dynamometer was aligned with the anatomical
ankle plantarand dorsiflexion axis. The amplitude of the torque evoked by each 1 s stimulation
train for the force-frequency relationship was analyzed for the maximal value at 100 Hz.

5.4.2 FElectrode characterization for stimulation

We quantified textile electrode properties in electrical stimulation by measuring their electro-
chemical behavior in an electrolyte solution during cyclic voltammetry (CV) measurements
(Fig 5.7). CV were performed between potential limits of —0,6 and 0,8 V, with a three-electrode
cell with an Ag/AgCl reference electrode, a large Pt mesh counter electrode and the immersed
textile electrode as a working electrode, in a 0,01 M NaCl solution. In our study, the charge
transfer profile of textile PEDOT:PSS-coated electrodes follows Faradaic behavior while defined
by a rectangular shape of the CV profile. The CV data obtained at different scan rates indicate
capacitive charge storage with larger CV curve area for faster sweep rate. The CV profile of
PEDOT:PSS-coated textile electrodes with a scan rate of 0,01 Vs~! was used to estimate the
charge-injection capability of 56 mCcm™2. This value is close to the previously reported in
the literature [16], however its calculation is based on the planar surface area of the electrode
without taking into account the knitted textile structure, which in reality increases electrode’s
effective area.

5.4.3 EMG recording and stimulation
Set-up and validation of EMG recordings from textile electrodes

One healthy subjects participated in the study. He was physically active with no history of
injury of the lower limb. After having received information on the study, he gave their written
consent. All experimental procedures were approved by the local ethics committee and were
in accordance with the principles of the Declaration of Helsinki for human studies. Mechanical
and electrophysiological data were recorded from the right plantar flexors. In our experiments,
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Figure 5.7 — Cyclic voltammetric measurement on textile electrode. Cyclic voltammetry
measurements with textile electrodes at different scan rate (0.01 Vs~! in black and 0.02 Vs~!
in red.

EMG monitoring is performed bipolarly, i.e., two electrodes are placed over the soleus (SOL)
muscle of the lower limb. The schematic representation of the experimental setup is shown
in Fig 5.8a. In general, electrical stimulation is largely used to boost muscular activity and
to produce functional movements by recruiting motor units and triggering neural response.
As shown in Figure 1A, when an electrical stimulus is applied over the motor nerve (in this
example over the tibial nerve), the direct activation of motor axons and indirect activation
of the muscle via spinal loops can be achieved. The performance of these electrodes in
EMG monitoring can be seen in Fig 5.8b, where the mechanical torque, the muscle force
output produced by the leg during a plantar-flexion movement, is presented with concomitant
recordings of the electrical potentials produced by the firing motor units during voluntary
contraction. The two textile electrodes are able to monitor the potential variation of the
recruited motor units of the SOL muscle while a subject performs an effort to produce steady-
state contraction and then slowly increasing the level of contraction force.

Evaluation of stimulation performances for textile electrodes

Textile electrodes were then tested in terms of stimulation performance. The main require-
ment in cutaneous stimulations is for the electrode to provide optimum performance with a
negligible skin damage and pain [17]. In most applications, electrical stimulation is applied as
a series of biphasic current pulses [18]. The geometric surface area of the electrode defines the
charge and current densities [19]. We evaluated the performance of the conducting polymer-
coated textile electrodes to evoke a muscle contraction. In order to compare the stimulation
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Figure 5.8 —- EMG recording with textile electrode. (a) Schematic representation of the EMG
experimental setup and the pathway of the neuromuscular response associated with a stim-
ulated tibial nerve of the lower limb. The stimulation electrode is placed behind the knees
in the location of the tibial nerve. The reference and two textile electrodes are placed in the
lower part of the leg. (b) Raw EMG (in blue) and Torque data (in red) recorded with textile
electrodes during voluntary plantar-flexion contraction and then repeated after a short pause
with a slowly rising force.

performance of medical and textile electrodes, the relationship between the mechanical force
and the stimulation at different frequencies was established in one subject. This relationship
was obtained by stimulation trains of 1 s duration, delivered at an intensity of 9 mA and with
a pulse width of 1 ms, at different frequencies (1, 5, 10, 30, 50, 80, and 100 Hz). The evoked
mechanical response produced by the stimulation with medical Ag/AgCl and textile electrodes
is shown in Fig 5.9a. Fig 5.9 shows the normalized torque with respect to the torque produced
at 100 Hz, for both types of electrodes. These comparisons show that the performance of con-
ducting polymer-coated textiles electrodes is in general comparable with medical electrodes
in terms of the recruiting motor units needed to produce a muscle contraction.

5.4.4 Discussion

We have presented an approach which offers countless possibilities to directly integrate con-
ducting polymer-based electrodes in sport wears and monitor electrophysiological activities
during physical exercise. We evaluated the performance of PEDOT:PSS-coated textile elec-
trodes in recording voluntary and induced muscle activities in the human lower limb. These
electrodes were assisted with an ionic liquid gel to provide better contact of the textile structure
with the human skin. The recordings of voluntary and evoked activity in muscles from coated
textiles are comparable with those obtained from standard medical electrodes. Transcuta-
neous stimulations using PEDOT:PSS textile electrodes confirm their efficiency in evoking
mechanical contractions triggered by electrically excited tissues with stimulation frequencies
up to 100 Hz. Electrical characterizations of textile electrodes support these physiological data,
and show that these organic electrodes are able to efficiently conduct an electrical stimulus.
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Figure 5.9 — Performance of conducting polymer textile electrode in muscular stimlulation.
(a) Raw torque response (Nm) and EMG signals (V) obtained at different stimulation frequen-
cies with stimulation trains of 1 s duration, delivered at an intensity of 9 mA and with a pulse
width of 1 ms. Torque curves show the difference in the mechanical force produced by the
stimulation using medical Ag/AgCl and textile electrodes; (b) Normalized torque at 100 Hz
versus stimulation frequency relationship is showing comparable behavior between medical
and textile electrodes in recruiting motor units to produce a muscle contraction.

The developed technology in this study provides an affordable electrofunctional textile plat-
form for electrophysiological applications. It can be easily used in order to evaluate muscle
function and provide electrotherapeutical assistance in case of post-traumatic rehabilitation.
The potential of these electrodes in wearable applications has been demonstrated in the
previous Section 5.3, showing their outstanding long-term performance in cardiac monitoring.
Future applications will involve integrating these organic electronic textiles in garments with
bifunctional electrical capabilities. Such smart textiles are highly demanded in biomedicine
where wearable cutaneous electrodes are needed to diagnostic electrophysiological patholo-
gies, provide electrotherapeutic assistance of electroexcitable tissues, survey bioimpedance
on damaged epidermis, and to locally deliver chemicals by electrophoresis.
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Potential of OECT for next generation
electrophysiology

In the last years, active devices like transistors have shown their advantage of providing in-
creased SNR due to local amplification compared to simple electrodes. These devices combine
ease of fabrication, compatibility with mechanically flexible substrates, facile miniaturization,
stable operation in aqueous environments, and high transconductance, thereby constituting
a low-cost and efficient means to transduce low amplitude signals of biological origin. In this
work, we show that Organic ElectroChemical Transistors can also be used as active sensors to
monitor vital cutaneous electrophysiological information. After an introduction on organic
transistors, we will confirm that OECT can record a wide range of signals with applications in
multiple fields of electrophysiology. Then, we will show how it is possible to use it as a simple
voltage amplifier to enable direct connection with clinical acquistion systems.
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6.1 Introduction on Organic ElectroChemical Transistors

6.1.1 Organic transistors

The field-effect transistor (FET) is used for amplification and switching. This transistor is
nowadays omnipresent in all digital electronic devices. It is a three-terminal device, with drain
(D), source (S) and gate (Gate). Usually, source and drain electrodes are symmetric (in design
and fabrication) and connected by the channel region. Because FETs are unipolar transistors,
the channel is a semi-conductor made of only one charge carrier (n-doped transistor in case
of electrons, p-doped transistor in case of holes). The FET is regulated by an applied gate
voltage, Vg, which allows an electrical current, I, to flow through the channel by increasing
its conductivity (enhancement mode transistor) or conversely by reducing the current flow
(depletion mode transistor). The gate is insulated from the device. For the most common FET,
the MOSFET (for metal-oxide-semiconductor field-effect transistor), this insulating layer is
typically made of SiO,. Main advantages of FETs are their high input impedance (ratio of gate
potential versus drain current), low noise production, immunity to radiations, no offset voltage
at zero drain current and low-power switching. FETs integrated on planar and flexible devices
have been successfully used to record in vitro and in vivo neural signals from brain slices and
full brain [1, 2, 3, 4]. However, the integration on flexible substrate is not obvious. Moreover,
some oxide layer of FETs are not biocompatible and then need to be encapsulated. TFTs (for
Thin-film transistors) are another kind of FET made by successive deposition of nanometers-
thick layers (metal, semi-conductor and insulator) on a non-conductive supporting substrate
(unlike other FETs where substrate is the semi-conductor material). The main application for
TFTs is for display matrix for LCD (liquid-crystal display) screens.

An organic field-effect transistor, or OFET, is a FET with a channel made of a conjugated
organic semi-conductor material. Mass fabrication in a cost effective manner of large-area
organic products is possible since they can be solution porcessed. Moreover, organic tech-
nologies permit flexible, biocompatible and biodegradable OFET. Many OFET are based on
the TFT model. In order to reduce the number of wires in experiments with multi-electrode
arrays, pentacene-based OFETs were successfully used to build active switching matrices
and presented low toxicity to surrounding cell networks [5, 6]. OFETs can be integrated into
flexible ultra-thin substrates for e-skin applications, such as pressure, temperature and optical
sensors [7].

6.1.2 The Organic ElectroChemical Transistors

A schematic representation of the Organic electrochemical transistor (OECT) is given in
Fig 6.1a, b. The OECT is a three terminal device with electrodes called Drain, Source and
Gate. A semiconductor film, the channel, connects Source and Drain. It is usually made of
a conjugated polymer, typically PEDOT:PSS. The main difference between an OECT and an
OFET is that for the OECT, channel and Gate electrode are immerged directly in an electrolyte,
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instead of being separated by a dielectric. Thereby, OECTs are part of the family of electrolyte-
gated transistors [8][9]. In a basic configuration, a voltage, Vs, is applied beetwen Source
and Drain while Source is grounded. This involves a current, I, and thus electronic charges
(usually holes) flow through the channel. When a voltage is applied between Source and Gate,
Vgs, channel resistance (and then 1) is modulated: ions from the electrolyte are injected in
the bulk material and change the number of holes by dedoping the conducting polymer [10].
The OECT can work in both accumulation [11] or depletion mode. In the case of a PEDOT:PSS
channel, a p-type semiconductor, the OECT works in a depletion mode. In this thesis, OECT
channel are always made of PEDOT:PSS, a depletion mode will always be described. When
no gate voltage is applied, I, reaches its maximum amplitude and the device is ON. If a gate
voltage is applied, cations compensate sulfonate anions on the PSS chain. When the channel
is fully dedoped, I is very low and the device is OFF [12].

(a)

Figure 6.1 — Schematic of the OECT. (a) Electric configuration of the OECT for measurment.
(b) Cartoon of an OECT with Source and Drain gold lines, PEDOT:PSS channel, planar Gold/PE-
DOT:PSS Gate and the electrolyte.

6.1.3 Fabrication process
Standard fabrication process by photolithography

Initially developed for photography [13], photolithography is a process used in microfabri-
cation to pattern thin film on a substrate. A light-sensitive photoresist is deposited on the
substrate and then exposed to UV light through a photomask to define patterns. The substrate
is then immersed in a developer solution. If the photoresist is positive, exposed parts will be
removed by the developer solution. In the case of a negative photoresist, only the exposed
parts will stay. Another material is then coated on the substrate. After removal of the remaining
photoresist, this new material is patterned according to the initial pattern on the photomask.
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This fabrication process is used everyday in microelectronics field to pattern conducting lines
and components for circuits. The pattern resolution is now pushed down to 15 nm [14].

The use of organic materials for OECTs allows easy fabrication with low temperature processing
techniques, such as photolithography, screen printing or inkjet printing. It provides a future
perspective for large scale manufacturing of flexible, disposable and reasonably priced sensor
devices on a broad range of substrates [15, 16, 17]. OECTs have even be made by using plants
components such as xylem, leaves, veins, and plant signals after soaking them in a PEDOT
solution [18]. The fabrication process herein presented, including photolithography and
etching steps, was first developped by Sessolo et al. [19] to pattern Gold/PEDOT electrodes
and then adapted for OECT fabrication [20, 21, 22, 23].

All of this protocol was developed in a clean room environment in order to prevent any
contamination of micro-particles that could disturb the uniformity of the surfaces or induce
resistance on electrical lines. Standard microscope glass slides are cleaned via sonication
in an aceton and isopropyl alcohol solution and dried with nitrogen (Fig 6.2a) to remove
dust and contamination from the surface of the substrate. Positive S1813 photoresist is spin-
coated, baked and then exposed to UV with a SUSS MBJ4 broad band UV light mask aligner.
It is developed with MF-26 developer to remove exposed photoresist parts (Fig 6.2b). This
facilitates the patterning of connection pads and interconnects. After thermal evaporation
of 10 nm of Chromium (Fig 6.2c) as a bonding layer, followed by evaporation of 100 nm of
Gold (Fig 6.2d), the conductive lines are defined by lift-off: acetone is used to remove the
resist, and only the metal layers deposited directly on the glass stay (Fig 6.2e). A first 2 um
thick layer of parylene C, deposited via a SCS Labcoater 2 together with a small amount
of 3-(trimethoxysilyl) propyl methacrylate (A-174 Silane) to enhance adhesion, acts as an
insulator to define the active area and to prevent disturbing capacitive effects at the metal
liquid interface (Fig 6.2f). Subsequently, an anti-adhesive layer is spin coated using a 2%
dilution of industrial cleaner (Micro-90) (Fig 6.2g). A second 2 um parylene C sacrificial layer
is evaporated (Fig 6.2h). The final photolithographic patterning step is that of the PEDOT:PSS
channel and gate. AZ9260 photoresist is spin-coated, baked, exposed, and developed in AZ
developer (Fig 6.2i). The resist is then used to protect the Parylene C layer from a subsequent
plasma reactive ion etching (15 min) via an Oxford 80 Plasmalab plus. Where no photoresist is
present, the layers of Parylene C and soap are removed by etching, but not the gold (Fig 6.2j). A
dispersion of PEDOT:PSS with ethylene glycole, DBSA and GOPs (as presented in 3.2.2) is spin-
coated (3000 rpm), on top of the device and soft-baked (Fig 6.2k). Changing speed and time
of spin-coating give the opportunity to tune the PEDOT:PSS thickness and so the geometry
and performances of the OECT [24]. The PEDOT:PSS thus covers the whole glass slide and
fills the “wells” defined in the second photolithographic patterning step. The sacrificial top
Parylene C layer is mechanically peeled off to pattern the PEDOT:PSS channel (Fig 6.21). The
completed device is hard-baked (annealed) at 130 °C for 1 h, and then rinsed/soaked in DI
water overnight to remove excess low molecular weight components.
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Figure 6.2 — OECT fabrication process with photolithography. (a) Blank glass slide. (b)
Positive developped resist. (c) Evaporated layer of Chromium. (d) Evaporated layer of Gold.
(e) Device after liftoff (f) Evaporated insulating Parylene C layer. (g) Deposition of a soap layer.
(h) Evaporated sacrificial Parylene C layer. (i) Positive developped resist. (j) Etched device. (k)
Spin-coated PEDOT:PSS. (1) Final device after peel-off of the sacrificial layer.

Modification of the annealing temperature of the channel

For some specific reasons, other materials present on the device could not be able to keep
their properties during the usual annealing of the PEDOT:PSS channel (130 °C during 1 h). We
showed that, if needed, the hard-baking of the channel can be reduced to 55 °C for 12 h. To
investigate the stability of this PEDOT:PSS low temperature cross-linking, transconductance
of OECTs achieved by this method was continuously measured for 8h (Fig 6.3a). The result
showed minimal changes (1.7%) all along the measurements and prove long-term stability of
the transconductance. In addition, there was only a 15% change in the transconductance and
a 1.5% change in the response time between the typical condition and the low temperature
condition, obtained by comparing the data for each condition of the OECT with a channel
width (W)/length (L) = 32 pm/8 pm (Fig 6.3b, c). This result allows the integration of different
materials, less resistive to heat, during the fabrication process.
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Figure 6.3 — Characteristics of low temperature annealed OECTs. (a) Long-term stability of
the transconductance of an OECT annealed at 55 °C for 12 h (V;5 = —0.6 V; Channel Width =
100 pm; Channel Length = 100 um). (b) Transconductance comparison in the same condition
of the OECTs annealed at 55 °C and 150 °C (Vs = —0.6 V; Channel Width = 32 um; Channel
Length = 8 uym). (c) Transconductance comparison in the same condition of the OECTs
(V45 = —0.6 V; Channel Width = 32 um; Channel Length = 8 um).

6.1.4 Applications of the OECT

Matured by Wrighton’s group in 1984 [25], the OECT has been improved, characterized and
included in multiple devices for the last 15 years. Its numerous advantages such as low-cost
and adjustable fabrication processes, biocompatibility, high-transconductance and tunable
response —time pave the way for a broader use of the OECT in fields as different as bio-sensors
and neuromorphic computing. It can be used as a regular transistor and then be included in
logic circuits (invertor, NAND or NOR gates...)[26]. Recent works showed that neuromorphic
functions can be realized from OECTs [23][27]. In this case, the OECT can process spatiotem-
poral information the same way as neurons are processing the same information: short-term
depression, dynamic filtering, orientation selectivity and short- to long-term memory tran-
sition. The OECT is also a useful tool to verify and dynamically measure the integrity of a
cultured cell layer located between the channel and the Gate electrode. Here, a phosphate-
buffered saline acts both as media for cells and electrolyte to de-dope the PEDOT:PSS channel.
The presence of the cell barrier reduces the mobility of ions in the electrolyte and thus in-
creases the response time of the OECT. Then, toxins for the cell layer (ethanol, H, O, thylene
glycol-bis(beta-aminoethyl ether)-N,N,N’,N’-tetra acetic acid (EGTA) for the gastrointestinal
epithelium for instance) can disrupt the tight junctions between the cells and increase the
response time back to the initial value [28][29]. Compared to conventional methods for mea-
suring barrier tissue integrity, the OECT presents an increased temporal resolution and greater
or equal sensitivity. It can detect bacteria such as Salmonella typhimurium in a complex
media (milk) [21] and this electrical sensing can be combined with optical sensing to follow
evolution of kidney cell layers [30]. By adding (functionalize) new components on the OECT
components, it is possible to modify its behavior and to make it sensitive to specific biological
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components. A chitosan-ferrocene solution can be added to a solid-state electrolyte in order
to develop a screen-printed glucose and lactate sensor [31]. Most of time, the Gate electrode
is functionalized to facilitate reactions with the electrolyte that contains the component to
be measured. Tang et al. showed a great-performing glucose-oxidase Platinium Gate for
glucose sensing [32]. Lin et al. demonstrated the feasibility of a flexible OECT integrated
onto a micro-fluidic channel to detect DNA targets [33]. In this case, the Gate electrode was
functionalized with DNA probes and the hybridation with the complementary DNA target
changed Gate properties and then channel current. A new technique involving poly(vinyl
alcohol) (PVA) addition on the PEDOT:PSS-coated Gate was developed by Strakosas et al. to
help bio-functionalization of the Gate and anchorage of biomolecules while maintaining
OECTs performance [34]. It allowed the fabrication of a sensing platform for glucose, lactate
and cholesterol using OECT and able to sense at the same time these components from few
drops of saliva [35]. Recently, OECT were used as neuro-sensors. If an OECT is placed close
to a neuron or any electroactive cell, the generated electric field will overlap the Gate signal
and then modulate the channel current. Since bio-fluids (Cerebrospinal fluid, blood...) can
conduct electrical currents, they can act as electrolyte for the OECTs and theses OECTs are
then able to measure in vivo electrophysiological activity. Khodagholy et al., presented organic
transistors integrated on a flexible and biocompatible substrate that gave the opportunity
to record brain activity from the surface of the brain with signal-to-noise ratio compared
to surface electrodes, which hold great promise for diagnostic purpose and brain-machine
interfaces [36]. It is also possible to integrate OECTs on delaminating depth probes to interact
and measure from inside the brain [37]. In this case, the transistors can measure activity or
stimulate a small population of neurons without affecting the nearby other neurons.

6.2 OECT as a pre-amplifier for electrophysiological recordings

Results from other teams, coupled with the potential for low-cost fabrication, show that OECTs
constitute a promising solution as amplifying transducers for electrophysiology and calls for a
broader investigation of their capabilities to record cutaneous electrical signals of relevance
to the clinic. In this section, we show that OECTs are able to measure a wide range of typical
clinical physiological signals of a human volunteer: ECG, EOG and EEG.

6.2.1 Connection set-up and Characterization
Experimental part for cutaneous recordings

OECT fabrication: OECT were fabricated following the protocol presented on Section 6.1.3.
OECT electrical characterization:All characterization was done with a solution of 0.1 M NaCl in
DI water as the electrolyte and a Ag/AgCl wire (Warner Instruments) as the gate electrode. The
measurements were performed using a National Instruments PXIe-1062Q system. The channel
of the OECT was biased using one channel of a source-measurement unit NI PXIe-4145. The
gate voltage was applied using a NI PXI-6289 modular instrument. Qutput and transfer curves
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were collected using the SMU channel used to apply the bias. For time response and bandwidth
characterization of the OECT, one NI-PXI-4071 digital multimeter measured the drain current,
and a channel of the NI PXI-6289 measured the gate voltage. The bandwidth measurements
were performed by applying a sinusoidal modulation (10 mV peak-to-peak), Vs = -0.6 V, and
measuring the modulation in the drain current, and therefore g m as a function of frequency.
All the measurements were triggered through the built-in PXI architecture. The recorded
signals were saved and analyzed using customized LabVIEW software.

In vivo recordings: All patients provided informed signed consent to participate in the study.
Commercially available Ag/AgCl electrodes (Comepa Industries) were used to established
contact between the skin and the appropriate terminals of the transistors. The measurements
were performed using a National Instruments PXIe-1062Q system. In both cases, the channel
of the OECT (V;; = —0.6 V) was biased using one channel of a source-measurement unit NI
PXlIe-4145 and the recording of the drain current was made using the same SMU channel
with a sampling rate of 1 kHz. All the measurements were triggered through the built-in PXI
architecture. The acquisition system was controlled using customized LabVIEW software.
Post-acquisition data treatment: All recordings were digitally filtered using a 0.1 Hz high pass
filter (in principle, an appropriate low pass filter could also be used to reject high frequency
noise). The data were analyzed using custom-written tools in MATLAB (Mathworks). Spectral
analysis was performed using fast Fourier transform of the EEG signal between 0.1 and 50 Hz.
A Gabor wavelet time-frequency analysis was used to determine the frequency content of the
recordings.

in vitro characterization of the OECT

As shown in Section 1.1, electrophysiological signals recorded from skin range from a millivolt
to tens of microvolts, a range that is representative of the majority of the noninvasive signals
measured in the field of electrophysiology. EEG, in particular, represents a challenge, as it
requires the ability to measure signals that are two orders of magnitude lower than the ones
usually measured by OECTs [36, 38]. We used an OECT that shows a high transconductance
at zero gate voltage, [39]. The OECT had a PEDOT:PSS channel with length of 100 pm, width
of 100 pm, and thickness of 140 nm, and a Ag/AgCl external gate electrode. Its output curves,
shown in Fig 6.4b, are typical for operation in the depletion mode. The transfer curve and
corresponding transconductance for V;; = —0.6 V are shown in Fig 6.4c. At zero gate voltage,
the OECT shows a high transconductance of 1.3 mS. The frequency response of the transcon-
ductance was measured by applying V;; = —0.6 V and using a small AC modulation at the gate,
as shown in Fig 6.4a. The resulting bandwidth is shown to exceed 100 Hz 6.4d, and is therefore
adequate for the applications pursued herein.

6.2.2 Results on ECG

After in vitro characterization, we wired the transistor as shown in Fig 6.4a and 6.5a, using
electrical potentials of the human body to drive the gate circuit. We first demonstrate the
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Figure 6.4 — Set-up of the OECT as pre-amplifier and caracterization. (a) Schematic of an
OECT and the wiring diagrams used in vitro (top) and in vivo (bottom). (b) Output charac-
teristics for V gs varying from 0 (top curve) to +0.6 V (bottom curve) with a step of +0.05
V. (c¢) Transfer curve for V3 = —0.6 V, and the associated transconductance. (d) Frequency
dependence of the transconductance. The device was biased with Vs = -0.6 Vand Vg =0
V, and an additional 10 mV peak-to-peak gate voltage oscillation was applied to measure the
small signal transconductance.

application of OECTs in electrocardiography, which corresponds to the signal with the largest
amplitude among the ones considered here. Here we measure ECG in the standard config-
uration used in the clinic. The measurement configuration, shown in FIG 6.5a, consisted of
two identical OECTs making four contacts to the body. The first OECT measured the voltage
difference between electrodes placed at the left and right arms, while the second one measures
the voltage difference between the left leg and left arm. This is the standard two main limb
lead configuration, however, the setup can be extended in a straightforward way to the full
“12-lead” system for diagnosis purposes (see Section 1.1. Representative recordings of the
drain current of the two OECTs are shown in Fig 6.5b. The temporal coincidence of the peaks
in the traces recorded by the two OECTs confirms the biological origin of the recorded activity.
The recorded traces correspond to the expected electrical activity of a human heart: The main
peak, called the QRS complex, reflects the depolarization of the ventricles. It has a peak-to-
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peak amplitude of the order of a mV, and a duration around 100 ms. The P and T waves
correspond to normal atrial depolarization and repolarization of the ventricles, respectively.
They are usually around 200 pV in peak-to-peak amplitude with a duration around 80 and
160 ms, respectively. These peaks are well resolved with the OECT, with the QRS complex
corresponding to an easily readable change of 1 pA in the drain current, demonstrating the
potential of this device for measurements at a clinical setting.
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Figure 6.5 — ECG with OECT as pre-amplifier. (a) Wiring configuration of the OECT for spon-
taneous ECG recordings. (b) Spontaneous heart activity measured on a human volunteer.

6.2.3 Results on EOG

We investigated the suitability of OECTs for the application of electrooculography by mea-
suring both horizontal and vertical eyeball movements. We used two OECTs, wired as shown
in Fig 6.6a, to simultaneously track both the horizontal (blue traces) and vertical (red traces)
movements of the eyes of a human volunteer. The volunteer looked straight in front of him
at a specific marker, and was then asked to move his eyes into extreme positions. Fig 6.6b,c
shows the recorded signal, in the case of horizontal and vertical eye movement, respectively.
The baseline corresponds to the eyes looking at the central position. The amplitude of the
recorded signal is larger on the channel following the movement direction: The blue trace,
following horizontal eye movements is larger in Fig 6.6b than in Fig 6.6¢, and vice versa for the
red trace. In the case of the horizontal eye movements, the signal presents an equal amplitude
change around the baseline when the eyes move to extreme left and extreme right positions.
This symmetry is lost in the case of the up/down eyeball movement, which is expected due
to the presence of the supraorbital ridge that limits the movement of the eyeball in the up
direction. These recordings, which show drain current changes in the range of hundreds of nA,
confirm that the OECT can be used to monitor eye movement. It should be noted that diagonal
or unusual movements of the eyeballs could also be tracked by analyzing the horizontal and
vertical components of the movement registered on the two transistors.

As explained in Section 1.1.2, an additional use of EOG is to detect drowsiness, which is ex-
tracted from the amplitude, frequency, and duration of spontaneous blinking. We measured
the blinking pattern of an awake human volunteer, and compared it to the pattern corre-
sponding to the intentional closing of the eye in Fig 6.7 (The wiring configuration used here is
the same as for the EOG measurement (see Fig 6.6a). The OECT was able to record both of
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Figure 6.6 — EOG with OECT as pre-amplifier. (a) Wiring configuration of the OECT for
EOG recordings. (b) Recording of electrical activity during left/right eyeball movements. (c)
Recording of electrical activity during up/down eyeball movements. Both up/down (red) and
left/right (blue) activities are measured.

these signals, showing a larger amplitude in the vertical direction, which corresponds to the
direction of eyelid movement. The blinking pattern shows a rise time around 100 ms whereas
response time was about three times longer when the eye was closed intentionally. OECTs,
therefore, can accurately resolve eye blinking and are suitable for applications in the detection
of drowsiness.
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Figure 6.7 — Eye blinking and closing recorded with OECT as pre-amplifier. (a) Electrical
recording of eye blinking, where 7 corresponds to the rise time of the signal (approximately
100 ms). (b) Electrical recording of eye closing, where 7 corresponds to the rise time of the
signal (approximately 300 ms). The red curves correspond to the vertical direction recording
and the blue curves correspond to the horizontal direction recording.
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6.2.4 Results on EEG

The last clinical diagnostic technique we investigated is electroencephalography. We mea-
sured alpha rhythm on an awake human volunteer using the recording configuration shown
in Fig 6.8a. A sample extracted from a recording is shown in Fig 6.8b (top), demonstrating
that spontaneous brain activity induces drain current changes of the order of tens of nA.
The corresponding time—-frequency analysis (bottom) reveals frequency components corre-
sponding to the alpha rhythm, as expected regarding the behavior of the subject during the
measurement [40]. The high quality of the signal can be seen in Fig 6.8c, which displays the
fast Fourier transform of a 3 min recording: A clear peak corresponding to the alpha rhythm is
well resolved over the 1/ f background activity of the brain. This confirms that OECT provides
sufficient resolution to successfully capture brain oscillations.
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Figure 6.8 — EEG with OECT as pre-amplifier. (a) Wiring configuration of the OECT for EEG
recordings. (b) Recording of spontaneous brain activity (top) showing the alpha rhythm, and
associated time-frequency spectrogram (bottom). (c) Fourier analysis of a 3 min recording.
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6.2.5 Discussion

In this work, we showed the ability to perform high-quality and clinically relevant recordings,
with an OECT. We used an OECT that shows a high (>1 mS) transconductance at zero applied
gate voltage, which necessitated only one power supply to bias the drain, while the gate circuit
was driven by cutaneous electrical potentials. The OECT was successful in recording cardiac
rhythm, eye movement, and brain activity of a human volunteer.In each case, the OECT was
connected to patient’s body through cutaneous electrodes that were peaking up potentials.
It means we were using the OECT as a pre-amplifier. However, the recorded signal was a
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current and thus not compatible with standard medical acquisition systems, which amplify
and process voltage signal.

6.3 Enabling the compatibility of OECT technology with medical
systems

As shown in previous section 6.2, a key limitation of OECT, lies in the fact that their output is
a current, while most electrophysiology equipment requires a voltage input. In this section,
we focus on the integration of the OECT into a simple voltage amplifier circuit (with a drain
resistor) to provide a voltage-to-voltage transduction, as first introduced by Rivnay et al. [39].
A simple circuit is built and modeled that uses a drain resistor to produce a voltage output.

6.3.1 Experimental part

OECT fabrication: OECT were fabricated following the protocol presented on Section 6.1.3.

Device characterization: All experiments were done using a NaCl solution (0.1 M) as electrolyte
and a Ag/AgCl pellet (Warner Instruments) as gate electrode. The IV curves were recorded
using a Keithley 2612A dual SourceMeter. For the pre-characterization experiments with the
drain load a Voltcraft R-BOX 01 decade resistor box was connected to the OECT and a Keithley
2612A dual SourceMeter was used for the supply voltage, the output voltage was recorded using
a National Instruments USB- 6251 BNC data acquisition system and a customized LabVIEW
software. The ECG recordings were done in a low noise room at the hospital La Timone in
Marseille, France. Ambu sensor N medical Ag/AgCl electrodes with 0.95 cm diameter gel-
assisted contact area were used as standard ECG electrodes to make contact with the skin. A
battery was used for the supply voltage to reduce the noise coming from building ground and
the output voltage was recorded using a Braintronics voltage recording system with Brainbox
EEG-1166 amplifiers. The data were treated subsequently using a 49-51 Hz band block fast
Fourier transform (FFT) filter, a 100 Hz low pass FFT filter, and a 0.05 Hz high pass FFT filter.

6.3.2 Addition of a load resistor

As described in Fig 6.9a, a resistor, called load resistor Rj,,4, is added on the drain side of the
OECT. Resistance of the channel is represented by Ry. With V1, as the supply voltage of
the circuit, it forms a voltage divider and the drain voltage V,,; floats and depends on the
drain current I 45, which itself depends on both gate Voltage Vg and Vo y;:

Vour = Vsupply —Rioaa- Ids(vgs; Vout) (6.1)

This circuit forms a voltage amplifier since any modification of gate voltage is related to a
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change in V,,;. An operation point (OP), depending on R;5qq and Vyppiy, can be defined
because each gate voltage is related to a specific output voltage. By solving Eq 6.1 for I,:

2 1y = Vout
Ids(Vgs» Vout) = PRy = (6.2)
Rioaa

a so called load line can be plotted on top of the IV curve of the OECT (see Fig 6.9b).The
operation point is then extracted at the intersection between the load line and the specific
IV curve. It is important to take into account that the resulting transconductance g, =
0145/6Vgs can be modified because Vy,;,; is linearly dependent of I;5. A distinction is done
between linear and saturation regime of the OECT and two corresponding operation points
are chosen: OPj;, = —0.2V (at Vgs = 0V) and OPs4 = —0.8V (at Vgs = 0V) (circles on Fig
6.9b). Corresponding transconductance curves are calculated and presented on Fig 6.9¢, d
with and without load resistor. In the linear regime the peak transconductance is shifted
toward a higher voltage compare to the same OECT without load resistor. This involves the
transconductance at Vg; = 0V dropping by more than 50%. However, in the saturation regime,
the transconductance is identical to an unload OECT for positive voltages. It can be seen that
it deviates only for negative gate voltage. This can be explained by the fact that at negative gate
voltage, the OECT operates back at linear regime. Because working at Vg; = 0V) avoid the use
of a supplementary power source and because targeting electrophysiological signals are small
(from few pV to few mV), we are mainly interested in operating the device in the saturation
regime.
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Figure 6.9 — Characterization of an OECT with drain load resistor. (a) Voltage amplifier
schematic. (b) Load line diagram and IV characterization of the OECT. The gate voltage is
varied from Vg; = +0.4 V (top green curve) to Vgs = —0.4 V (bottom green curve) in steps
of 0.1 V. The black lines indicates the output as Vgs = 0 V and the open circles denote the
operation points. A load resistor of R;,,4 = 500 Q is used for saturation (blue) and linear
(red) regimes. OECT characteristics are W/L = 2 and thickness d = 70 nm. A solution of 100
mmol NaCl is used as electrolyte. (c) Dashed lines represent transfer curve and solid lines
represent transconductance of the unloaded OECT (black) versus the loaded OECT (red) for
linear regime. (d) Same as (c) with loaded OECT (blue) in saturation regime. For (c) and (d),
values of I, are extracted from (b) via the intersection of the load line with IV curve for each
value of Vgs.

6.3.3 Voltage gain in linear and saturation regimes

Because drain current is depending on both gate voltage and source-drain bias, we can use
the differential form of 155(Vgs, Vou, to write:

ol ol
dlgs= =21 dVe+ =2 | dVous
avgs Vout Vou[ VgS (6.3)

=8m- dVgs +8a-dVour
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where g; and g;, are the intrinsic transconduction and drain conductance respectively. Eq 6.1
can be derived:

~dVour (6.4)

And by inserting Eq 6.4 in Eq 6.3, we get:

dVour _ 8m- dVgs

dVou[ = - (65)
Rload *8d 8d
Which leads us to:
dv,
Gain = ‘ out | — T Em (6.6)
dVgs Rload * gd

In case of saturation regime, the drain current is independent of source-drain bias so it
means that g; = 0. Then, from [equation 6] it appears that gain is directly proportional
to the transconductance times the load resistor. But in linear regime, the gain is far less
important and saturates for high load resistor since 1/Rj,,4 goes to zero. This model and
corresponding experimental data are shown on Fig 6.10. A 2 Hz sinusoidal signal with an
amplitude of deltaVgs; = 1 mV was applied at the gate. Linear and saturation regime are
again distinguished: V,,; was adjusted to obtain OP;;,, and OP;,; for each values of the load
resistor. The experimental data fits very well with the model, except for the high load resistor
in saturation regime. It could be due to small drift of drain current induced by evaporation of
electrolyte and amplified. This would cause the shift toward higher source-drain bias of the
operation point at zero gate bias.
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Figure 6.10 — Experimental data versus model for amplification gain. Voltage gain
6 Vour!6 Vg, for different load resistor for an input signal of 6 Vgs = 1mV in both the linear
regime (red, OPj;;, = —0.2 V) and the saturation regime (blue, OP;,; = —0.8 V). The solid line
shows an analytical model extracted from Eq 6.6.

6.3.4 Voltage amplification of ECG signals

In the same manner as in Section 6.2.2, we record heart activity by connecting the body
to the OECT through cutaneous medical electrodes. One electrode is likewise connected
to source and ground (to simulate Vg5 = 0 V while the second electrode is connected to an
immerged Ag/AgCl gate. Then heart activity is doping and dedoping the OECT channel. In this
configuration, the OECT is still not in contact with the skin and acts as an external amplifier
but it allows us to modify the load resistor value. Thanks to the voltage conversion carried out
by the circuit, we can directly connect the output voltage V,,; to a medical acquisition system
and supply the circuit with a battery to avoid supplementary noise. We record ECG signal with
OECT in saturation and linear regime for comparison (see Fig 6.11). As expected, variations
of load resistor affect the amplification of the ECG signal. Even if all relevant features of ECG
(such as PQRST complexes) can be seen in the case of linear regime, amplification saturates
for values of Rjyqq > 5 * Ry (see Fig [FIGURE]). At best, a one-to-one amplification is done.
The use of the OECT in saturation regime shows stronger amplification of ECG signal, up to 30
V/V. The fact that the experiment was conducted in a low-noise environment (inside Faraday
cage) could explain why the SNR seems not to change for the different recordings.
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Figure 6.11 - Amplification of ECG signals in saturation and linear regimes. (a) ECG record-
ings for different load resistors from OECTs in linear and (b) in saturation regime. OECT
characteristics are W/L = 2 and thickness d = 70 nm.

6.3.5 Discussion

In this work, we showed the working principle of a voltage amplifier circuit base on a high-
transconductance OECT and a simple resistor in series. A floating voltage point is generated,
linearly depends on drain current and transduces signal picked up by the OECT. We demon-
strated that much better performance was achieved upon driving the transistor in saturation
regime. In this case, I, is independent of V,;; and thus output voltage is only dependent on
the gate voltage input. Thanks to the voltage-to-voltage amplification of cutaneous signals,
we were able to record and save high-quality ECG by using clinical recording systems. To our
knowledge, this is the first time voltage-to-voltage amplifying transduction of electrophysi-
ological activity has been demonstrated with an OECT, rendering this device directly useful
in a clinical setup. Similarly to what was done in previous Section sec:OECTasPreamplifier,
the OECT-based voltage amplifier was deported from the patient and connected to him by
cutaneous electrodes.

6.4 Outlook: Improved OECT in direct contact with skin as active
electrodes

This section is will present a work that is on going, the integration of OECT and drain load
resistor on flexible substrate for cutaneous recordings. Results are not obtained yet, but we
give an overview of the working principle of the promising device.
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6.4.1 OECT and active electrodes

For most of the electrophysiological recordings, clinicians prefer the use of “passive” electrodes.
These passive electrodes are only recording a potential and delivering it to the acquisition
system. They are usually cheap, easy to fabricate and for single-use only. An “active” electrode
is actually a device containing a passive electrode as well as embedded electronics, all in
one package. This on-board electronics usually consists on filters, amplifiers and potentially
wireless systems, to in situ improve signal quality before it gets disturbed by any external noise
[41, 42]. Miniaturized bipolar transistors can be embedded with the electrode, as well as power
supply. State-of-the-art active electrodes are less sensible to electromagnetic perturbations
and are compatible with clinical recording systems for electrophysiology. Because active
electrodes can adapt their impedance to the skin, a conductive gel is unnecessary. Research
on active electrodes was initiated at the end of the 60s, but their use was limited to signals
with high amplitude such as ECG (see Section 5.1.1). The use of active electrodes for EEG
measurements was validated in the 90s. Nowadays, recording systems with active electrodes
are available on the market (BioSemi from The Netherlands, Acticap (BrainProduct) from Ger-
many or g.SAHARA (Cortech Solutions), USA). They are performing as good as conventional
electrodes but are much more expensive and have difficulties to find their public.

As it was demonstrated in the two previous Sections 6.2 and 6.3, OECT can be used as a voltage
amplifier for clinically relevant electrophysiology recordings. It is possible to remove the
cutaneous electrode that was connected to the Gate of the OECT, and to bring the electrolyte
in contact with skin at the same place where was the electrode. The local potential changes
at the interface skin-electrolyte will modulate the drain current, as the Gate electrode was
doing. In a sense, the same set-up that was previously explained can be used, minus a wire
and a cutaneous electrode. The working principle of the OECT for cutaneous recordings was
demonstrated by Campana et al. [38]. They realized a cross-thoracic recording by placing the
channel of their OECT on a forearm of a volunteer and a ground electrode connected to the
Source on the chest. They were able to record ECG with performances similar to recordings
from conventional electrodes.However, transconductance of their OECT was not high and
they had to apply two voltage bias (Vgs and Vy;).

6.4.2 Integration on flexible substrate for skin contact

A permanent contact with the skin cannot be done with a rigid glass slide and thus integration
of OECT on conformable substrate is needed. Integration of OECT on flexible substrates were
mostly done on Parylene C (see Section 4.1.1 for more details). However, a few micrometer-
thick device is actually too thin to be easily manipulated by clinicians. We aim to integrate
our device on a flexible 15 um-thick polyimide (Kapton) for easier handling during fabrication
steps and further manipulations. To improve the lift-off fabrication step (to pattern gold lines
on the substrates), the first photolithography step (see Fig 6.2b) needs to be modified by the
deposition of a lift-off resist (LOR 5A) layer beneath S1813 layer [43, 44]. The drain load resistor
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will be also integrated to the flexible substrate and made of gold or PEDOT for a resulting
device presented on the cartoon of Fig 6.12

Figure 6.12 — Cartoon of an active electrode with an OECT. Source and drain electrodes are
visible as well as the channel, the electrolyte which will make contact with the skin, and
drain load resistor. The PEDOT-coated electrode close to the channel can be used for in vitro
characterization of the OECT but also as a passive electrode to compare signal recorded from
the OECT.

6.4.3 Work on going

Based on our previous work, we make the hypothesis that it is possible to perform high-quality
electrophysiology recordings with a high-transconductance OECT which works at zero gate
bias and associated to a drain load resistor. The resulting electrode will be only made of an
OECT, an electrolyte, a resistor and one battery. The recorded potential will be amplified by
the OECT at the place of the recording, before the addition of external noise to the signal
of interest. It is possible to tune the low-pass filtering effect of the amplification by playing
with the OECT channel dimensions [24]. Thus we can adapt our active electrode for ECG
or EEG specifications and remove frequencies higher than the ones of interest. The use of a
liquid electrolyte is impossible for cutaneous applications because it will dry out or leak, and
signal recording will be deteriorated or lost. Based on our previous work on gel electrolyte
for cutaneous electrodes, an electrolyte made of ion gel or hydrogel will grants an improved
contact with the skin as well as the possibility of long-term recordings. The recording area of
such a device will be made of a small channel (typically, values of 100pum * 50pum * 100nm are
adapted to EEG monitoring) and of the electrolyte drop. The microscopic size of this sensor
will give the possibility of EEG recordings between hair or high-density EEG arrays.
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Conclusion and outlook

The work presented in this thesis contributed to the development of improved interfaces
between electrophysiological sensors and skin for healthcare applications. We first introduced
the field of electrophysiology, to explain the genesis of electrical signals that can be recorded
from the skin. We defined the medical and technological needs for cutaneous recording sen-
sors, as well as the industrial conception steps for medical devices. The fundamental working
principle of electrodes was described, particularly for cutaneous recordings. Commercially
available medical electrodes used in clinics were presented for comparison. Once technology
challenges and medical context understood, we focused our work on the development of
innovated cutaneous sensors. We demonstrated the efficiency of conducting polymers such as
PEDOT:PSS to better interface with biological tissue than medical standard do. We developed a
new cholinium-based ion gel, with low toxicity, to replace traditional conductive gel in medical
electrode. If a polyimide substrate is adapted for a fast industrialization of organic cutaneous
electrodes, we also introduced an innovative process to coat organic materials within a knitted
stretchable fabric. Then, we successfully evaluated the performance of our polyimide- and
textile-based organic electrodes by the recording of electrophysiological signals on human
volunteers. High-resolution, long-term and clinically relevant ECG and EMG were performed
and compared with standard medical electrodes. Textile electrodes proved their ability in
muscle stimulation and showed a strong resistance to motion artifacts, making them suitable
as wearable healthcare sensors, integrated into clothes. Finally we explored the use of OECTs
as active electrodes. We established their performance as pre-amplifier for clinical EEG, EOG
and ECG recordings and studied their association with a drain load resistor for voltage-to-
voltage amplification. Integration of OECTs and resistors on flexible substrates is now under
development, to create active devices that can be in direct contact with the skin and connected
to medical acquisition systems. Properties of OECTs such as in situ amplification and filtering
will increase the sensibility of cutaneous recordings, particularly in EEG.

Our organic materials-based sensors exhibit an improved interface with the skin and can
participate in the development of wearable sensors for long-term ambulatory monitoring.
Our collaboration with an hospital facilitated the comprehension of medical requirements.
Methods and materials presented in this thesis are now being integrated on medical devices
for future industrialization.
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notamment en enregistrant les signaux électrophysiologiques. L’¢lectrophysiologie consiste a étudier
les signaux électriques et électrochimiques générés aussi bien par certaines cellules spécifiques que
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diagnostic et la compréhension de pathologies aussi diverses que les arythmies cardiaques, 1’épilepsie
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