7/ Biopotential electrodes

Time to study: 1.5 hours

Study Objective: After studying the next chapter you will learn the principles of sensing,
processing and recording the electrical potential of the living organism. You will acquire the
knowledge about the steps necessary to transfer information from the human body to the
electrode. You will get information on the individual types of electrodes along with their
properties, material and character.

Define the concept of half-cell potential and its determination

Analysis and description of electrode properties such as material, electrical properties and
frequency dependence.

Distribution of individual types of electrodes and their use.

Interpretation:

If we want to sense, process and record electric potential of a living organism, we need to have
suitable sensors, enabling a connection between the organism and a measuring device. These
sensors are called biopotential electrodes. Looking at the human body as an electrical
conductor, it is a type two conductor, for its extracellular and intracellular fluids conduct current
through ions. In electrical engineering, however, we use type one conductors, most often metals,
which conduct current by electrons. The sensors must therefore enable a good conductive
connection of these two types of conductors.

According to the type of tissue, electrodes are used with, they are divided into surface (skin),
inserted (needle) and microelectrodes. Surface electrodes are the most commonly used type and
are designed for non-invasive measurement. As an electrolyte, saline solution is used in the
form of gel or paste. Inserted electrodes are used for invasive measurement, or for permanent
implantation. Body fluids of a certain tissue serve as the electrolyte (e.g., nervous, or muscular).
Microelectrodes are most often used in experimental measurements on isolated cells or fibers.
The electrolyte is either a solution in which the cell is placed during the experiment or its
intracellular fluid. The electrodes can be further subdivided according to design parameters
such as the electrode material used, the mechanical design, the adaptation on the measurement
location, and the type of biosignal for which the electrodes are designed.

Biopotential electrodes are active sensors, meaning they are a source of electrical energy —
signal. In terms of adaptation to electric load (which consists of the input circuits of a measuring
device), we are mainly interested in the electrical features of the signal. These are not only given
by the design parameters of the electrode, but also by the measuring point. Therefore, we often
investigate the properties of the electrode in contact with the electrolyte and with the skin. When
scanning from the skin, the properties will substantially differ from invasive scanning.

These parameters are important - the impedance of the electrode in contact with the tissue and
its frequency dependence. The electrode-electrolyte interface, or the subsequent electrolyte-
skin interface, is influenced by the electrode design parameters (material used, dimensions,
etc.), physical and chemical properties of the electrolyte and the tissue. Knowledge of these
influences are necessary to efficiently design and use the electrodes. When using the electrodes,
it is also necessary to anticipate movement of the tissues (which can degrade the biopotential),
changes of the electrode and electrolyte parameters over time.



General requirements for biopotential electrodes:
e Quality conductive connection of an organism and measuring device.
e Biologically nonaggressive towards skin or tissue.
e Anticorrosive material of the electrodes.
o Sterility of the electrodes.

o Possibility of disinfection and sterilization of invasive electrodes in the case of reusable
types.

7.1 Half-Cell Potential

In order for electrical charge to transfer from the metal to the electrolyte, there would have to
be free ions in the metal. Conversely, for charge to transfer from electrolyte to metal, the
electrolyte would have to contain free electrons. Under normal circumstances, these
assumptions are not met, the charge transfer has to happen via chemical reactions between
electrode and electrolyte. These reactions are oxidation and reduction. These terms will be
explained on an electrochemical cell, whose configuration is a simple analogy to measuring the
electrical potential of a living organism.
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Fig. 7.1 Daniell's electrochemical cell.

Left half-cell of Daniell cell consists of zinc (Zn) electrode immersed in aqueous solution of
zinc sulfate ZnSO4. Right half-cell electrode is made of copper (Cu) and it is immersed in
aqueous solution of copper sulfate CuSO4. The electrolytes of both half-cells are connected by
a conductive salt bridge. First, consider a disconnected external electrical circuit, a situation
where current does not flow through the cell.

When a metal electrode is submerged into electrolytic solution, oxidation and reduction
reactions begin to happen between the electrode and this solution. During the oxidation



reaction, one or more electrons are released by an atom or ion. The oxidation reaction is, among
other things, a reaction in which an electrically neutral metal atom loses a certain number of
electrons that become free charge carriers in the metal. Newly formed positive ion — cation is
released to electrolyte.

During reaction in left half-cell, zinc cation is being released into electrolyte, which causes
weight loss of the zinc electrode. In the reduction reaction, the atom or ion of the element
receives the free electrons. The reduction reaction is, for example, a reaction in which the
negative ion - anion, freely moving in the electrolyte, is enriched by one or more of the
originally free electrons present in the metal of the electrode and thus electrically neutralized.

Copper cations are reduced here to neutral atoms. The result of the reduction is the formation
of a thin, mechanically not very resistant copper layer on the copper cathode. In the copper
sulfate solution, the copper content is reduced. According to chemical composition of the
electrode and electrolyte, oxidation and reduction can progress simultaneously in the half-cell,
while one can outweigh the other. Due to the reactions, concentration of anions and cations near
the electrode changes. Separation of ion leads to creation of double layer of electric charge,
with one type of charge (positive or negative) dominating on the surface of the electrode, while
the opposite charge prevailing in the adjacent layer of the electrolyte. This results in appearance
of electric potential E, which is called half-cell potential, and can be evaluated by Nernst
equation.

E=E"+ Zpl (7.1)
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where:

E [V]...Half-cell potential

E° [V]...Standard half-cell potential

ao [mol.L-1]...Oxidized substance ion activity

ar [mol.L-1]...Reduced substance ion activity

R [J.mol-1.K-1]... Universal gas constant

T [K]...Thermodynamic temperature

n ...number of electrons in the reaction

F [C.mol-1]...Faraday constant

lon activity is a physical quantity that characterizes their ability to interact. Thus, it is clear from
this analogy that the biopotential electrode will behave as the electrochemical half cell
described above. Unlike the chemical cell's electrode, its polarity will not change.

7.1.1 Determination of half-cell potential

Half-cell potential E cannot be measured directly, only voltage between two electrodes can be
measured. For comparison of electrodes made of different materials, it would be useful to know
the half-cell potential. That is why certain standard conditions have been established, when
voltage is measured between electrode that we try to evaluate and standard electrode, whose
half-cell potential is known. Two of the basic standard electrodes are hydrogen and calomel
electrode.



Standard hydrogen electrode

Hydrogen electrode is made of platinum wire immersed into hydrochloric acid. Wire is placed
in a special bulb, which lets hydrogen H2 bubbles pass through near the wire.
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Fig. 7.2 Hydrogen electrode.

On the electrode both oxidation and reduction can occur, depending on what potential the other
electrode connected to standard electrode has. Standard hydrogen electrode is a special type of
hydrogen electrode — meaning that the term standard expresses exact parameters of the
electrode. This means that there is, for example, a precisely defined concentration of
hydrochloric acid, partial pressure of hydrogen, temperature of the solution, etc. Although this
electrode is a recognized standard, it is not practically feasible and exists only as a theoretical
design used in the calculations and comparisons.

Standard calomel electrode

Standard calomel electrode is in its basic form a glass tube filled with calomel (mercury
chloride) in the form of paste. This paste is connected to the inlet by a layer of liquid mercury
(which is conductive). From the other side is the layer of paste is in contact with saturated
solution of potassium chloride KCI. This solution is divided from electrolyte, in which the
electrode is immersed during measurement by a plug of porous glass.

The advantage of the calomel electrode over hydrogen is the possibility of measurement without
the need of having access to a hydrogen gas with a defined pressure. For this reason, it is also
more often practically used.

7.2 Materials for the manufacture of electrodes

Two basic types of electrodes are used as biopotential electrodes. According to conductive
materials and electrolytes used we divide electrodes into type one and two electrodes.



Type one electrode is from pure metal or metal alloy, and it is submerged into solution
containing cations of the same metal. Typical representative is a silver electrode, practically
used as a silver-nickel alloy (80% Ag, 20% Ni), which is mechanically more durable than silver
itself.

Type two electrode consists of base part made of pure metal, which is then covered by a layer
of sparingly soluble salt of this metal. It is always used with electrolyte containing the same
anions as the sparingly soluble salt. Example is Ag/AgCI electrode (so-called silver chloride or
argent chloride electrodes), which are the most commonly used types for biopotential
measurement.

7.3 Electrical properties of electrodes

The electrical properties of biopotential electrodes can be studied either experimentally by
measuring on an actual electrode or theoretically on an electrode substitute circuit. We always
investigate the behavior of the electrode immersed in the electrolyte, the electrodes immersed
in the electrolyte and in contact with the skin, or of dry electrodes (the goal is to find out how
the electrode will behave without the electrolyte or its gradual drying out).

Biopotential electrodes are active sensors that behave like a signal source when in circuit. As
low internal impedance as possible (ideally zero) is required from source of signal. That is to
ensure for the lowest possible voltage drop due to current flow through the measurement device
(load), for voltage is the quantity we aim to measure. From all the electrical properties,
impedance is the most important. While signal source is made of at least two electrodes,
impedance of one electrode can be measured and impedance of the other one is assumed to be
the same. Next, we will see that this impedance is not negligible.

7.3.1 Substitute circuit of electrode-skin interface

When biopotentials are sensed from the body surface, another potential interface is created. In
addition to the electrode-electrolyte interface, there is also an interface between the electrolyte
and the upper layer of the skin - epidermis. If we imagine the cross section of human skin, it
can be divided into three basic parts, of which the epidermis is the uppermost, followed by the
dermis and the deepest being the subcutaneous layer. Epidermis is a relatively dry layer that is
constantly restored, and besides living cells there is also a certain percentage of dry, dead
cellular material drifting to the surface, where it separates from the skin. Therefore, the
electrical properties of epidermis differ significantly from the lower layers. Dermis and
subcutaneous layer are more electrically conductive because they contain more water.

Substitute circuit of the electrode-skin contact is modelled by interfaces electrode-electrolyte
and electrolyte-epidermis. Source of half-cell potential Eppe-e, Capacity Cpe-e, and resistance
Rp.e-e Characterize the electrode-electrolyte interface. Serial resistance Rse represents resistance
of electrolyte.
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Fig. 7.3 Substitute circuit of electrode-skin interface.

Electrolyte-epidermis interface adds to the total impedance significantly. On the interface, two
different electrolytes are in contact — conductive gel or paste and body cell fluids, which then
leads to creation of electrochemical half-cell with potential Epp,e-ep.

The reason for the different ion distribution of different elements on both sides of this interface
is polarization caused by the current flow and different permeability of the skin for ions. The
skin thus forms a semi-permeable membrane.

The electrical properties of the skin and thus the interfaces it creates with the electrolyte are
strongly dependent on the actual state of the organism (stress, physical load, etc.).

7.3.2 Dependence of electrode impedance on frequency

Total impedance of every electrode and electrolyte interface is frequency dependent. With low
frequencies @ will capacitive component of impedance much higher than resistance Rp, which
in their parallel connection will result in only resistance R, having any impact and for the total
impedance Z this formula will apply:
1

a)_Cp>> R,—Z =R, +Rs 0.1)
Vice versa with high frequencies will capacitive component of impedance be very low, which
will lead to the impedance of the whole parallel connection of C, and Rp, which will then be
negligible compared to serial Rs:

1

a)_Cp << Rp,—Z =Rg 0.2)
At mid frequencies, all impedance components have impact. Therefore, it could be stated that
with increasing frequency the impedance of electrode submerged in the electrolyte will
decrease. Most useful thus will be measurement of high frequencies, where the impedance is at
its lowest. Unfortunately, the frequency band of all biological signals lies in the lowest
frequency range.



7.3.3 Factors influencing the properties of the electrodes

Used material is strongly determining the impedance of an electrode. This impedance
dependence on material used can be demonstrated by comparing silver and Ag/AgCl electrodes.
We have already stated that the type two of electrodes, made of pure metal and a layer of hardly
soluble salt of this metal, subject to polarization less than the type one electrodes made of pure
metal. Theoretically the Ag/AgCl electrode should have lower impedance than the silver
electrode, especially at low and medium frequencies where Ry, resistance is applied. Conversely,
at high frequencies where the serial resistive component of the impedance given by the
electrolyte resistance prevails, the differences between the impedances of these two types of
electrodes should be minimal.

Another factor is area size of electrode-electrolyte interface. Impedance is fundamentally
dependent on area size. If possible, it is better to use larger electrodes. Here we are limited
technologically (to manufacture a larger electrode with a high-quality AgCl layer is more
demanding), and also by the location of biopotential measurement. Not always is a large, flat
surface on the body available. In the case of sensing from the skin surface, so called floating
electrodes solve the problem of perfect contact on a sufficiently large area. Most limiting in the
matter of sensing area is invasive measurement (the interface area of inserted electrodes is
always very small) or microelectrodes.

Other factors can influence properties of electrode during the measurement itself. These
include, for example, contamination of the electrode surface or electrolyte, especially
contamination with biological material such as dead cellular bodies or sedimentary minerals
from sweat. An increase in electrode-electrolyte interface resistance will increase the
impedance of the electrode, especially in the lower and medium frequencies, which is not
convenient.



7.4 Types of biopotential electrodes

Practically used biopotential electrodes can be divided into three main groups:
e Surface electrodes

e Inserted electrodes
e Microelectrodes

Mechanically, all electrodes are adapted to their application: their shape, dimensions, surface
finish, used construction materials, and the way they are connected to the leads must meet the
requirements for best functionality, simple usage, safety with respect to the interaction with the
organism and disinfection or sterilization options.

7.4.1 Surface electrodes

Surface electrodes are used for measuring biopotentials from the skin. They are used in
combination with conductive gel or paste containing sodium chloride or potassium chloride.
Different types of surface electrodes exist, more or less adapted for different applications and
uses.

Flat metal electrodes

Flat or plate metal electrodes represent the simplest form of practical realization of biopotential
electrodes. A classic material for large flat metal electrodes production is a silver-nickel alloy
(80 % Ag, 20 % Ni), electrodes with smaller surface are made as silver chloride.
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Fig. 7.4 Flat surface electrode

This type of electrodes is used for example for long-term ECG monitoring. Another example
of the surface metal electrodes are the limb ECG electrodes. Originally they were made as
simple metal tapes, nowadays they are used in the form of clips to allow easy attachment. This
type of limb electrode is used combined with balloon electrodes and serves for quick ambulant
ECG measurement, ECG measurement in echocardiography, etc.



Balloon electrodes

The balloon electrodes are adapted for quick and easy use in ambulant and field examinations.
They consist of gum balloon, connected to a suction cup, which is used for attaching the
electrode to the skin. The suction cup may be made of metal and serve as the electrode itself.
In this case, the area of the metal electrode is large, but the actual contact area with the skin is
much smaller. This disadvantage may be eliminated by another design of the electrode when a
metal disc electrode, most commonly AgCl, is stored in the rubber suction cup. The skin contact
area is much larger than the metal suction electrode, with the disadvantage being lesser suction
efficiency and shorter mechanical life of the suction cup.

Balloon electrodes are used as chest ECG electrodes, with electrolyte in a form of gel. They are
designed for short-term usage only, for the suction of skin into the electrode and its surface
pressure tend to irritate the skin.
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Fig. 7.5 Balloon electrode.

Floating electrodes

The use of floating electrodes is a way to reduce the occurrence of movement artifacts. Floating
electrode is consisting of a metal plate with a layer of gel, that moves alongside the electrode,
which minimizes the possibility of the electrical charge double layer movement on the
electrode-electrolyte interface. Electrolyte is applied either into plastic case surrounding the
metal plate, or the manufacturer impregnates it into a flexible foam pad surrounding the metal
plate. Electrodes are made as Ag/AgCI. They are attached to the skin by double sided adhesive
tape, or they are adhesive by design.
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Fig. 7.6 Different designs of floating electrodes.



7.4.2 Inserted electrodes

Inserted electrodes can be divided into percutaneous and implantable. Percutaneous electrodes
are inserted by injection through the skin, and they serve for short-term measurement of
biopotentials, e.g., muscle or nerve fibers. The implantable electrodes are then made for
permanent implantation into human organism, and they are implanted during an operation.

Percutaneous electrodes

Percutaneous electrodes are designated for insertion by skin injection. In the simplest design
the electrode is a needle consisting of a metal body with an isolated surface. Only non-isolated
part is the tip of the needle. On its other side the metal body is attached to a plastic holder from
which an unshielded isolated wire comes out.

Isolation material cannot be toxic and irritate tissues, the metal cannot corrode. Needle
electrodes are made for example of stainless steel or tungsten (wolfram), the isolation is then
made of epoxide layer or of special polymers. The electrode body diameter ranges from 100
um to 500 um. Non-isolated tip usually is about 1 to 2 mm long, the typical body length of the
electrode is 70 mm. Because the electrode is so thin, its resistance is significant. For direct
current, its resistance is up to hundreds of megaohms, resistance at 1 kHz decreases to units of
megaohm.

Besides the simple needle electrodes, hollow needle electrodes are also produced. Inside the
hollow body one or more mutually isolated thin wires, each serving as an electrode. Isolation
material is again epoxide. The needle is connected to a shielded cable, while the shield is
connected to the conductive body of the needle and the wires inside serve as active electrodes.
Two or more wires can be used for bipolar scanning from a very small area.

During long-term invasive measurement of biosignals, this procedure may be used: an electrode
in form of thin insulated wire with the isolation removed on the end of the wire is introduced
into the tissue. This wire is inserted through a hollow needle. After the needle is removed from
the tissue, the wire remains inserted and serves as an electrode. Later it can be pulled out and
thus removed, although it may grow into the tissue quite fast.
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Fig. 7.7 Different designs of percutaneous electrodes.



Fetal scalp electrode

Special case of percutaneous electrode is fetal scalp electrode, designated for measuring ECG
of a fetus during labor. Because the fetus comes out of the uterus headfirst, the most suitable
place for measurement of fetal ECG is the top of its cranium. The electrode is made of rigid,
spiral shaped wire. It is inserted through the amnion to the fetal head. It is fixed by a rotating
motion, which screws the electrode into the skin. Spiral is mounted to a plastic holder, on which
also the second electrode is placed. The second electrode is then freely submerged in the
amniotic fluid.

Cardiac pacemaker electrodes

A typical example of an implantable electrode is the sensing and stimulating electrode of a
pacemaker. Isolated inlet wire is made of spiral shaped wire, because of the need for its
flexibility. This allows for an easy implantation through a suitable blood vessel to the ventricle
(controlled by x-ray radiography). The spiral is made of steel wire and is covered in soft
isolation plastic for example silicone rubber. The diameter of this wire is typically 2 mm, length
is above 60 cm. The electrode itself is ending by a tiny spiral or a little hook, that are securely
screwed into the heart muscle. The tip must be sufficiently mechanically and chemically
resistant. It is made of platinum alloys, e.g. platinum - iridium.

7.4.3 Microelectrodes

Microelectrodes are used for measurement of biopotentials of isolated cells or nerve fibers, for
example for measurement of action potential. The cell (or nerve fiber) is placed into electrolyte
and microelectrode is inserted into the cell or the cell is sucked into micropipette by sub pressure
(all controlled under the microscope) In the electrolyte a second, reference electrode is
submerged. The dimensions of microelectrodes must be small enough in comparison with the
cell sizes, ranging in tenths of um, to avoid causing excessive damage to the cell.

Metal microelectrode

The metal microelectrode is relatively simple in structure. It is a thin, rigid metal wire with
spiked tip. The whole electrode is coated by a layer of isolation, only the tip is non isolated.
Materials used for production are steel, tungsten (wolfram) or alloys of platinum (90 %) and
iridium or rhodium (10 %). The tip can be formed, for example, by etching or galvanizing. The
basic material is immersed perpendicularly to the electrolytic solution and is slowly pulled out
during galvanizing, so that a tapering tip is formed. A layer of lacquer or plastic is used as
insulation.

Glass microelectrode

Glass microelectrode with metal filling is made of thin glass tube with extremely narrow
opening on its end, which is then filled by metal. The electrodes are produced by heating the
middle of a glass capillary by an intense flame and pulling by the ends. The capillary is filled
by metal whose melting point is lower than temperature of glass softening. In practice a thin
metal wire is inserted into capillary. In the place of largest narrowing of the glass capillary, the
capillary is divided into two, which results in origin of two microelectrodes. As a filling, mainly
platinum-iridium and chromium-nickel (80% Cr, 20% Ni) alloys are used.
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Fig. 7.8 Different designs of microelectrodes.

Control questions:

Explain the term half-cell potential.

What requirements must bio-potential electrodes meet?

What is the standard hydrogen and calomel electrode used for?

What is the effect of the electrode surface on its impedance?

What are movement artifacts and how can they be eliminated?

Describe briefly the design of surface, inserted electrodes and microelectrodes.
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