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Abstract—Electrodes are used to transform ionic currents to
electrical currents in biological systems. Modeling the
electrode-electrolyte interface could help to optinze the
performance of the electrode interface to achieveidher signal
to noise ratios. There are previous reports of acecate models
for single-element biomedical electrodes. In this gper we
develop a model for the electrode-electrolyte intéace for
tripolar concentric ring electrodes (TCRE) that are used to
record brain signals.

I. INTRODUCTION

Physiological systems such as the cardiovascudesy

nervous system, and muscular system all generatie io

current flows in the body. Each physiological pscds
associated with specific signals that reflect tmglaslying
nature and activities of each source. One suchigbgscal
signal of interest is the electroencephalograpiyQEwhich
is the recording of brain electrical activity.

Biomedical signals can be obtained with electroithes
sense the variations in electrical potential geedraby
physiological processes. Electrodes convert thie icurrents
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Figure 1: Electrode-electrolyte interface
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There are some considerations regarding the above
equations and the electrode-electrolyte interfaamst of all,
Equation (1) shows the oxidation reaction from teftright,
and the reduction reaction from right to left, abdth
reduction and oxidation can occur at the electrldetrolyte
interface. Secondly, Equation (1) shows that farent-ion
exchange at the interface, we should place a rt¢jahto an

flowing in the body generated by underlying cellgqueous solution containing ions of the metal (CRhus,

intoelectrical currents [1]. Therefore, electrodesnsduce

there is oxidation and cations are dispersed irte t

ionic currents, in our case from the human body intelectrolyte and electrons are left in the electrégpiation (2)

electrical currents.

A mathematical model of the electrode, electrolyed
body may help us to have a better understandinboof
biomedical
electrodes act as transducers, we need to understen
mechanisms that generate the transduction procgsgeén
the electrode and the human body. Moreover, phygicdl
processes in the human body generate ionic cuilems in
the volume conductor, the body. Hence, at the cbmsite of
an electrode to the body an electrode-electrolgterface
forms. Figure 1 shows the contact of an electramean
electrolyte. At the interface of electrode-elegtte] chemical
reactions take place that can be shown by the vioip
equations [2]:
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shows that the anions (A) can also be oxidized teewtral
atom and release one or more electrons by movinthdo
interface.

signals are obtained by electrodes.Since Obtaining an accurate model for the electrode-elee

interface is complicated and has been studied &mynyears.
The concept of the electric double layer was firspposed by
Helmholtz in 1879 [3]. He found that at the eled&o
electrolyte interface, since the electrolyte isussted with
charged electrons, the ions with the same chargksbev
pushed back while the opposite charges will beaetid.
Therefore, at the electrode-electrolyte interfaoerda will be
two compact layers of opposite charges called tectric
double layer” (EDL).

In 1899 Warburg proposed the first electrode-eddytie
model. He proposed a series combination of a cegeaand
resistor in which the magnitude of the reactance an
resistance is dependent on the electrode type (meading
surface conduction), the electrolyte, the frequerayd the
current density [4]. In the Warburg mode], Bnd G,, were
proposed for infinitely low density current, whidkecreases

by the square root of frequency as the frequermysilse%).
This model is depicted in Fig. 2a.

In 1932 Fricke proposed a similar model for the
electrode-electrolyte interface with the Warburgnbination
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Figure 2: Electrical circuit model evolution of tekectrode-electrolyte
interface. (a) Warburg, (b) Fricke (c) Randles, @fjdGeddes and Baker
models
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of series resistor and capacitor, adding that= — So in

the proposed Fricke model which is shown in Fig.t2&
Warburg reactance and resistance are as follows:

1

Xy =1~ ©)
_ _Xo
RW - tan? (4)

where k and m depend on the metal species.

In 1947 Randles suggested another popular model
electrode-electrolyte interface [4]. In the Randimedel,
depicted in Fig. 2c, a double-layer capacitance) (@as
added in parallel with a series combination ofgtsice (R)
and capacitance (C). However, the above mentionadkls
do not consider the direct current (DC) flowingtigb the
interface. In 1968 [4], Geddes and Baker propossitien
model that considers the passage of DC througintedace.
In theirmodel the Warburg capacitance is in parali¢h the
Faradic resistance to model the property of DC petses
through the interface. This model is shown in Pidg.

Moreover, the exchange of the anions and catioribeat
interface alter the local concentration of catiamsl anions.
Therefore, the neutrality of charge is alteredha solution
and makes the electrolyte that is close to therfade a
different potential with respect to the rest of #lectrolyte,
and causes an electric potential difference wtsatalled the
half-cell potential. The half-cell potential is atdd to the
metal, the concentration of ions

circuit is constructed to allow current to flow ass an
electrode-electrolyte interface, the observed obellf-
potential is often altered. The difference betwete
observed half-cell potential for a particular citcand the
standard half-cell potential is known as the overptal.

Three basic mechanisms contribute to the overgatent p
e

ohmic, concentration, and activation [2].

Electroencephalography (EEG) is an essential tool fwhere p is the solution

and the central disc (Fig. 4a, b), are distinctiveifferent
from conventional disc electrodes that have a simfgment
(Fig. 3a, b). TCREs have been shown to estimatsutface
Laplacian directly [7]. The Laplacian algorithm tsvo-
dimensional and weights the middle ring and centiiat
signal difference sixteen times greater than theraing and
central disc signal difference [7]. Compared to EBfh
conventional disc electrodes Laplacian EEG usinqREE
(tEEG) have been shown to have significantly betpetial
selectivity (approximately 2.5 times higher), sigmanoise
ratio (approximately 3.7 times higher), and mutual
information (approximately 12 times lower) [8].

In this paper, we developed models for bio-poténtia
electrodes. In particular, we developed mathenlaticaiels
of our gold-plated TCRE and conventional golderteplzup
electrode to compare their propertiesfor biomedical
measurements.

Il. PROCEDURE

Fig. 3a illustrates a conventional cup electrodeorder to
measure the impedance between two cup electrooes) f
Ten20 (Weaver and Company) electrode paste was insed
each experiment as a skin-to-electrode electrogjtailar as
in real recordings, and to mimic the body. Fig.sBlows the
cup electrodes placed in the Ten20 paste. The aiguniv
fanodel for this configuration is shown in Fig. 3am this
model R and R represent the resistivity of the electrodes
and G and G are the equivalent double layer capacitor of the
electrode-electrolyte interface. The . Rrepresents the
electrolyte resistance, and the resistancgari® R are the
equivalent resistors for the leakage current of dleztrode
electrolyte interface.

Fig. 4a shows the TCRE andwith the electrolyte Wwhsc
depicted in Fig. 4b. Therefore, there is aneleeekctrolyte
interface between each pair of rings of the TCRig. Bc
shows part of theelectrical model representation tfee
TCRE electrode-electrolyte interface. (e.g. Middiel Outer
elements of the TCRE).The impedance that is seemekba
the middle ring to the outer ring {4 is:

1 1
Zmo = Ry + E+RE+E+R2 (5)

And the resistive part is:

in the electrglyte
temperature and other second-order factors [2]. Whe Rmo = Ri+Re +R;

(6)

where Ris an ionic solution resistance that depends on the
ionic concentration, types of the ions, temperatamd the
area in which current is carried. This resistasogeifined as:

)

L

resistivity. In biomedical

brain and behavioral research. EEG is also onehef tapp”cationsi it is more common to use the Condl]ytlof

mainstays of hospital diagnostic procedures anesprgical

the solution. Since the solution conductivitg, is the

planning. End users struggle with EEG's poor spatideciprocal of the solution resistivitp, we can formulate the

resolution, selectivity and low signal-to-noiseigatimiting
its effectiveness in research discovery and diagribk|[6].

Tripolar concentric ring electrodes (TCRES), cotisis
of three elements including the outer ring, the digdring,

solution conductivityge, as:

K= -—(8)



/

C) c, C
G | R, R. R,
S |
PO
‘ I- Ry (© Ry
(b)

Figure 3: cup electrode (a) cup electrodes placetiem20 paste, (b)
electrical circuit model of the electrode-electtelinterface

And the reactive part is:

11,1

cop (1

C2

9)

Further, to measure the
electrochemical impedance spectroscopy (EIS) ushey
Gamry potentiostatic instrument framework. We aunied
the system for two-electrode measurements. In otder
measure the impedance between the central discnatale
ring (D-M), we connected the blue (working sens®) green
(working current) leads to the middle ring and thbite
(reference) and red (counter current) leads taéméral disc.
To measure the impedance between the central isowter
ring (D-O), we connected the blue and green leadthe
outer ring and white and red leads to the cenisal drinally,
to measure the impedance between the middleringoated
ring (M-O), we connected the blue and green leadthé¢
middle ring and the white and red leads to theraémulisc.
The same configuration was used for disc electrodes

lll. RESULTS
Equation 5 shows that the impedance consists
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Figure 4: TCRE electrode (a) TCRE placed on Terédq) (b)
electrical circuit model of the electrode-electtelinterface

capacitance and resistance. Therefore, the impeddranges
with the frequency. The Bode plots of the impedance
between each pair of rings (D-M, D-O, M-O) of TCREe
shown in Fig. 5a and their Nyquist plots are shawfig. 5b.
The Bode and Nyquist plots for the cup electrodesshown

impedance, we performéa Fig. 6. At low frequencies the cup electrodenisre

capacitive while the TCRE has a higher impedancaliin
frequencies. Based on the experimental resultdtandhodel
parameters studied above, a proposed model for gEctof

the tri-polar concentric ring electrode is depiobedFig. 7.

In order to test the equivalent circuit model, a-finear
least squares fitting program was used to fit tloelehto the
experimental data. The resulting fit with the expental
data for the impedance between the middle and owigs is
depicted in Fig. 5¢c and Fig 5d, and the paramedbreg are
summarized in Table 1. For aperfect match of thdehwith
the experimental data, a constant phase elemeri)(@8s
used instead of capacitors. This is due to the"oldyer
capacitors" often behaves like a CPE instead ofuee p
capacitor [9], [10]. The impedance of a double faye
capacitor has the form:

1

QCPE = e (10)
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Figure 5: Bode plot of the TCRE (a), Nyquist plétlee TCRE (b), Bode plot of the TCRE with theddtmodel (d), Nyquist plot of the TCRE with the
fitted model
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Figure 6: Bode plot of the cup electrode (a), Ngtpiot of the cup electrode (b)

In equation 10, if the constaat1, the equation describes

capacitance an€) has units of capacitance. Otherwise, if
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0O<a<1, the equation represent the CPE and Q has ahits ;5 {5 yse the Gamry potentiostatic instrument fraonk

ch‘zs(“‘l),%, or S.s% In Table 1 “n” and “m”
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Figure 7: Electrical model for the tri-polar conté@mring electrode

IV. CONCLUSION
In this paper, a circuit model for the TCRE andctlade

paste was developed and compared to a model for

conventional disc electrodes. Observing Figuresn8 &
there are two items to notice: (1) the TCRE phasly o
varies from 70 to 60 degrees in the frequency blfd to
100Hz while the cup electrode phase varies frontd6@5
degrees; and (2) the impedance of the TCRE is b&lé®
from 10Hz and beyond whereas the cup electrodedanmee
is below 5 &2 beyond 0.5 Hz.

Table 1: Parameter values for the tEEG model

Parameters Value + Error Units
Rsoin 568.0 5.780 ohms

Ry 325.3e3 28.84e3 ohms
Rs 82.19e3 24.68e3 ohms

Cu 1.553e-6 137.2e-9 S*sha
n 776.6e-3 50.33e-3

Cqy 2.081e-6 137.2e-9 S*s"a
m 867.4e-3 9.843e-3
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