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Abstract

Investigation of electrochemical properties and
performance of stimulation/sensing electrodes 

for pacemaker applications

Anna Norlin (2005)

Division of Corrosion Science
Department of Material Science and Engineering

School of Industrial Engineering and Management
Royal Institute of Technology

SE – 100 44 Stockholm, Sweden

People suffering from certain types of arrhythmia may benefit from the

implantation of a cardiac pacemaker. Pacemakers artificially stimulate the heart by

applying short electrical pulses to the cardiac tissue to restore and maintain a steady

heart rhythm. By adjusting the pulse delivery rate the heart is stimulated to beat at

desired pace. The stimulation pulses are transferred from the pacemaker to the heart

via an electrode, which is implanted into the cardiac tissue. Additionally, the

electrode must also sense the cardiac response and transfer those signals back to the

electronics in the pacemaker for processing. The communication between the

electrode and the tissue takes place on the electrode/electrolyte (tissue) interface. This

interface serves as the contact point where the electronic current in the electrode is

converted to ionic currents capable to operate in the body. The stimulation/sensing

signals are transferred across the interface via three electrochemical mechanisms: i)

non-faradaic charging/discharging of the electrochemical double layer, ii) reversible

and iii) irreversible faradaic reactions. It is necessary to study the contribution of

each mechanism to the total charge transferred to evaluate the pacing/sensing

performance of the pacemaker electrode. 

In this thesis, the electrochemical properties and performance of

stimulation/sensing electrodes for pacemaker applications have been investigated by

electrochemical impedance spectroscopy, cyclic voltammetry and transient

electrochemical techniques. All measurements were performed in synthetic body
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fluid with buffer capacity. Complementary surface analysis was performed with

scanning electron microscopy, energy dispersive spectroscopy and X-ray

photoelectron spectroscopy. 

The results reveal different interfacial behaviour and stability for electrode

materials such as Pt, TiN, porous carbon, conducting oxides (RuO2 and IrO2 and

mixed oxides) and porous Nb2O5 oxide. The influence of the charge/discharge rate on

the electrode characteristics also has been evaluated. Although the rough and porous

electrodes provide a high interfacial capacitance, the maximum capacitance cannot

be fully employed at high charge/discharge rates because only a small part of the

effective surface area is accessible. The benefit of pseudo-capacitive material

properties on charge delivery was observed. However, these materials suffer similar

limitations at high charge/discharge rate and, hence, are only utilising the surface

bound pseudo-capacitive sites. Porous Nb2O5 electrodes were investigated to study

the performance of capacitor electrodes. These electrodes predominantly deliver the

charge via reversible non-faradaic mechanisms and hence do not produce

irreversible by-products. They can deliver very high potential pulses while

maintaining high impedance and, thus, charge lost by faradaic currents are kept low.

By producing Nb oxide by plasma electrolysis oxidation a porous surface structure is

obtained which has the potential to provide a biocompatible interface for cell

adherence and growth. 

This thesis covers a multidisciplinary area. In an attempt to connect diverse fields,

such as electrophysiology, materials science and electrochemistry, the first chapters

have been attributed to explaining fundamental aspects of the respective fields. This

thesis also reviews the current opinion of pacing and sensing theory, with special

focus on some areas where detailed explanation is needed for the fundamental

nature of electrostimulation/sensing.

Keywords: pacemaker electrode, interfacial property, biomaterial, electrostimulation

charge transfer mechanism, electrochemical impedance spectroscopy, transient

processes, plasma electrolysis anodisation, porous niobium oxide, ruthenium oxide,

nano-porous carbon, iridium oxide, titanium nitride, platinum, surface roughness,

porous electrode, pacing impedance, electrode polarisation.
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1.1   Background

The early stages of development of stimulation electrodes engaged numerous

scientists and engineers with profound knowledge in electrochemistry and material

science [1-11]. Their investigations were essentially motivated by the desire to gain

knowledge of the fundamental properties of the electrode/tissue interface, in order to

design safe and reliable electrodes. Since, the pacemaker has become a commonly

used medical device and the electrode development has shifted focus from an initial

research phase to a more product improvement orientated phase. Consequently, the

main design goals are directed on providing pacemaker devices with added market

values, such as new functions and algorithms, reduced size, and built in diagnostic

tools. Following these trends, electrochemists and material scientists were gradually

replaced with electronic, software and mechanical engineers. On the whole this

strategy has been successful and today the state of the art pacemaker is a

sophisticated device capable of performing multiple tasks. As example, it can

synchronise stimulation and sensing through several different electrodes at the same

time, automatically regulate the out-put energy in the pulses, perform impedance

measurements to monitor risk of heart failure as well as communicating with the

surrounding via telemetry [12]. 

Even though the pacemaker systems available on the market today are highly

advanced the development continues to strive toward improved, more reliable and

smaller devices. For those ignorant to material science, this is a rather simple task. In

theory, on product strategy charts and on CAD-drawings it is relatively easy to

design a high performance and safe electrode with half the dimensions, which will

give the company more market shares. However, persons with only slight insights

into the fundamental nature of material science, realise that this is a great challenge.

When striving towards construction of devices with even smaller dimensions, the

intrinsic defects present in all materials will inevitable contribute more significantly

to the performance. This understanding has risen the awareness that significant

progress of the pacemaker development only can be accomplished by redirecting

focus to material science issues of more fundamental character. 
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1.2   Motivation

When designing pacemaker electrodes profound knowledge of material science

and electrochemistry is of particularly importance as the electrode is in direct contact

with the tissue. It is on this interface, between the electrode and tissue, where the

stimulation and sensing processes occur. Even though the pacemaker electrodes have

reduced in size, the blueprint for constructing electrodes has changed little during

the last ten years, with no pioneering change in design for about 25 years. During the

last decade, the major advances in pacemaker technology have principally been

confined within areas of electronic, software and hardware. To truly enhance

pacemaker performance also the electrode must be compatible with the rest of the

device.

Inadequate measuring and interpretation of electrical characteristics related to the

electrode/tissue interface has become widespread within the pacing society as is

evident by the abundant amount of literature, which recklessly and even wrongly

addresses these issues. The recent development of pacemaker electrodes has often

been based on experimental discoveries and the theories formulated to explain the

observations do not always adequately do so. To consciously design a high

performance electrode, processes such as corrosion, the activation of biological

responses and charge transfer over the electrode/tissue interface have to be

understood on a molecular level. This has been the motivation to this study where

electrochemical techniques have been used to study the electrochemical interfacial

characteristics of various materials. 

1.3   Aim of thesis

The aim of this thesis is twofold. The primary aim of this thesis has been to

investigate the electrochemical characteristics of materials in synthetic body fluid.

Simplified electrochemical systems have been used in order to study and analyse the

charge transfer characteristics and stability of carefully selected materials. Special

attention has been given to the influence of surface topography on charge transfer.
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The focus of the experimental work has been to gain knowledge of the material

properties and to evaluate its performance as a stimulation electrode. Further, the

goal has been to spread the results by publishing the findings in peer reviewed

journals within the field of electrochemistry. The experimental results also provide a

base for relating the pacing theories to conventional electrochemical theories. 

In addition, this thesis attempts to overview the multidisciplinary aspects of

electrostimulation and highlights selected issues of relevance to pacing, such as the

biological interface, pacing parameters and electrochemical concepts. A review of

current opinions of pacing and sensing theory is given and certain topics are

discussed with emphasis on improving electrode design. This thesis is not able to

account for all aspects associated to pacing and is not claiming to provide the

complete solution for designing electrodes. However, it is challenging some views

within current opinion of electrode design and suggests new strategies for improving

pacing performance and safety. Hence, the secondary aim of this thesis is to provide

a foundation for future discussions and advances within the area of

electrostimulation and to stress the benefits of acknowledge scientific approaches

and methods to take part in product development and marketing strategies.

1.4   Reading guidance

This thesis covers a multidisciplinary area. In an attempt to connect diverse fields,

such as electrophysiology, material science and electrochemistry the first chapters

have been attributed to explaining fundamental aspects of the respective fields. It is

beyond the scope of this thesis to give a full review of the fields, merely to give the

readers with no background in one or several areas a chance follow the discussion

and to understand the main conclusions of this thesis.  

Chapter 2 gives a brief historical review of the invention and progress of

pacemakers and the engineering aspects of pacemakers are reviewed. It describes the

bioelectrical circuit within the body, the design and functions of the pacemaker

electrode and explains some of the electrical parameters used within the pacing

society. The biological and the electrophysiological aspects of pacing are described in
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chapter 3. It briefly explains the mechanisms enabling artificial stimulation of tissue

by delivery of current or potential pulses. Chapter 4 is dedicated to fundamental

aspects of electrochemistry with relevance to pacing. It describes the

electrode/electrolyte interface and the electrochemical mechanisms responsible for

transferring charge across the interface. In chapter 5, conventional electrode design

strategies are reviewed. It emphasises the optimisation problems associated to the

design of the multi-functioning electrode. The design strategies are commented and

discussed from an electrochemical viewpoint. 

Chapter 6 describes the experimental techniques used in this thesis and the

experimental results, discussions and conclusions are summarised in chapter 7,

which makes up the major part of this thesis. The results and conclusions are

discussed in the context of both electrochemistry and pacing and the relations

between the two disciplines are enlightened. 
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The pacemaker system obeys the same electrical laws as any general electrical

circuit. One additional aspect with the pacemaker system is that electrical conduction

takes place within the body fluids in the form of ion transport. The transfer of the

electric current in the form of moving electrons in the electrode to the ionic current

takes place at the electrode/electrolyte interface. This adds certain complexity to the

circuit as the ionic current in the tissue and the electrode/electrolyte interface can not

be accurately described by conventional electronic circuit elements. In this chapter,

the pacemaker system is briefly described together with certain pacing terminology. 

2.1   Brief history of pacing

The history of electrostimulation therapy goes as far back as ancient Rome, where

electric eels were used to treat patients with goat or other painful ailment [1]. Later,

Jan Swammerdam (1637-1680) presented a doctoral thesis with a systematic

investigation of muscle contractions induced by “irritation” of the nerve by a scalpel

[2] and by the end of the eighteenth century, Luigi Galvani (1737-1798) demonstrated

that muscles responded to external electrical stimuli [3]. The effect was methodically

studied by Alessandro Volta who recognised the electricity to cause the twisting of

the muscle rather than the “animal spirit” [4]. 

The nature of electrostimulation was investigated thoroughly from the end of the

19th century by scientists such as Hoorweig, Weiss and Lapicue. In 1932, Hyman built

the first transportable pacemaker and ever since the first fully implantable

pacemaker system was implanted in October 1958 there has been an enormous

development of the pacing technology [5]. 

2.2   The bioelectrical circuit

The pacemaker system appears rather simple and straightforward at a first glance.

The electric circuits delivering and processing the electrical signals are placed in a

titanium case, the so-called pacemaker can, (1 in fig. 2.1) to protect them from direct
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contact with the body. The stimulation pulse is generated by the pulse generator and

transferred to the heart by the pacemaker lead (2 in fig. 2.1). The pulse enters the

heart via the pacemaker electrode (3 in fig. 2.1) located at the end of the lead. To close

the electric circuit, the stimulation pulse leaves the heart via (green arrows in fig. 2.1.)

a counter electrode, which transfers it back to the source in the pacemaker can. If an

uni-polar electrode is used, the pacemaker case acts as counter electrode and if a bi-

polar electrode is used the ring electrode (4 in fig. 2.1) is the counter electrode. If

Figure 2.1. Schematic picture of the bioelectrical pacemaker circuit.
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more than one lead is implanted other conduction paths between the electrodes can

be created, which may cause disturbances to the system. 

The pacemaker must not only be able to talk to the heart tissue (stimulation), it

must also be able to listen to it (sensing). When the heart beats, electrical signals are

generated, which can be measured. The sensing of the small signal is achieved

between the tip and ring electrode (for bi-polar electrodes) or between the tip

electrode and pacemaker can (for uni-polar electrodes). The electrode transfers the

signal back to the to electrical circuit in the pacemaker where it is analysed by the

electronics. The purpose of the sensing is twofold. First the pacemaker should be able

to sense intrinsic heart activity, that is naturally activated heartbeats. If the heart

show intrinsic activity, the pacing pulse is not delivered (inhibited). Hence, the

sensing function enables the pacemaker to operate in so-called inhibit mode, i. e. as

long as it detects spontaneously activated heartbeats, the pacemaker holds back the

stimulation pulse. This feature has significantly reduced the current drain of the

energy source in the pacemaker and increased the lifetime of the implant.

In some pacemakers, the sensing circuit can also sense artificially paced

ventricular activation (evoked response), i.e. it can determine if the stimulation pulse

was successfully activating the ventricles or not (capture and non-capture). If the

pace pulse was unsuccessful, the proprietary algorithm orders a new stimulation

pulse (back-up pulse) of larger magnitude than the first one to ensure ventricular

contraction. As the pacemaker can detect if the pacing pulse is not successful, it can

adjust the output to just above the current threshold value of the patient without

compromising patient safety. In conventional pacemakers, the pacemaker needs to be

adjusted to a pulse energy at least twice the threshold value to ensure ventricular

capture.

The sensing of the evoked response is one example of a feature that has reduced

the current drain of the battery and hence prolonged pacemaker life. These kinds of

features as well as other algorithms have been possible to develop and implement in

smaller pacemakers as a result of development of hardware and software. Although

very interesting, details of these algorithms are not the scope of this thesis. For

further information on these topics, the referred material is recommended [5,6].
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2.3   The pacemaker electrode

The electrode is the only part of the pacemaker system in active contact with the

cardiac tissue. In this thesis, active contact is defined as the area of the implant where

the electrical exchange takes place. In contrast, in biomaterial science, active

materials are often referred to materials exhibiting properties that affect the

biological responses in a controllable and predictable manner. The heart can be

activated by both anodic (positive) and cathodic (negative) pulses. Cathodic pulses

have empirically been demonstrated to require less energy to initiate heartbeats

compared to anodic pulses and are used in all pacemakers today. A fundamental

explanation to this observation remains to be given but is likely to have both

electrochemical and physiological origins. Also, a positive practical outcome of using

cathodic stimulation pulses is the evasion of degradation of the electrode at elevated

anodic potential. Metal electrodes are oxidised, leading to formation of an oxide,

which in many cases are electrically insulating (Ti, Ta, Al) or not stable enough to

protect from corrosion (Fe, Cr, Ni). Even noble metals, like platinum and gold, can

corrode when subjected to anodic potentials in chloride containing environment,

although the corrosion process is much slower than for i.e. iron [7,8].

2.3.1 Electrode types
Throughout the years, pacemaker electrodes have had numerous designs.

However, there are seven different types of electrodes that are important to

distinguish. First, the electrode can be located on the inside (endocardial electrode),

outside (epicardial electrode) or inserted into the heart muscle (myocardial electrode). It is

more common to place the electrode inside the heart, but in some cases, like for very

Figure 2.2. a) active (Helix) electrode b) passive electrode.

a) b) Ring electrode
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young patients, an epicardial position is preferred. Secondly, the electrode can be

connected to the tissue in different ways. It can be actively fixated to the tissue by a

screw-in helix (active electrode, fig 2.2a) or passively fixated by fins or tines in the

myocardium (passive electrodes, fig 2.2b). For the active electrode, the helix can act as

the electrode, where the stimulation take place, or simply provide a passive fixation.

In the latter case the stimulation is performed from an electrode placed at the end of

the lead. Epicardial electrodes are usually fixated by sutures on the epicardium of the

heart. Finally, electrodes are classified by what means they sense the cardiac

response signal. An uni-polar electrode senses the signal with the pacemaker case

acting as counter electrode, while a bi-polar electrode (fig. 2.2b) has an additional

electrode surface at the distal end of the lead, the ring electrode, allowing to close the

sense circuit within the heart (sensing between the tip and ring electrode) [6].

2.3.2 Implantation
Depending on the diagnose of the patient, one or two electrodes are implanted

into specific locations in the heart. Endocardial electrodes are usually implanted by

opening the vena subclavia or vena cephalcia around the collarbone. The electrode is

inserted into the vein where it is guided to the heart and placed in the right atrium,

the right ventricle or in the coronary veins to reach the left side of the heart.

Implantation is performed under the visual assistance of x-ray fluoroscopi. 

When the electrode is implanted it, inevitably will, cause trauma on the nearby

tissue. During the healing process scar tissue forms around the electrode,

encapsulating it from the healthy heart tissue. The new regenerated tissue (often

called fibrous tissue or scar tissue) does not exhibit the ability to activate when

subjected to electrical stimuli. It can however, transfer the impulse to healthy heart

cells by conduction. When fibrous tissue has been formed around the electrode,

pulses of higher amplitude must be applied to the electrode to ensure activation of

the healthy excitable myocardial cells. According to the law of electrical field

strength, derived from the Maxwell equations, the field strength diminishes with the

square of the distance, which highlight the importance of keeping the thickness of

the fibrous tissue at a minimum, so that energy consumption remain low. The
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reduction of fibrous tissue thickness have gained much attention and numerous

design strategies has been developed, such as surface topography modifications of

the electrode to improve biocompatibility or steriod eluting electrodes to reduce the

initial inflammation [6].

2.4   Electrical properties

In pacing literature the definitions of the electrical properties of the electrode, such

as impedance and polarisation, are somewhat used in a careless manner. Often there

is confusion of the physical significance and how the parameters interrelate.

Electrode properties measured in vitro are often recklessly correlated to in vivo

performance, such as threshold values. In this section, a brief explanation of the

characteristic features of the pacemaker pulse is given from an electrochemical

perspective and also relates them to the common definitions within the pacing

society. However, the fundamental electrochemical mechanisms explaining the

charge transfer will be left out and discussed in chapter 4. The significance of the

electrode parameters to pacing/sensing performance is explained briefly. The

consequence of using different measuring methods to investigate electrode

parameters are discussed to make clear the difficulty in comparing results reported

in literature. 

2.4.1   The stimulation pulse
The stimulation pulse can be generated by applying either a shift in potential or in

a current to the electrode. Both types of pulses have been used throughout pacing

history but today it is most common to potentially apply pulses [6]. The pacemaker

pulse is delivered by a capacitor (capacitively coupled). This means that the pulse

does not have a constant potential, but decreases with pulse time. The length and

amplitude of the pulse can be programmed by the pacemaker, conventionally used

values are 0.2 to1.0 ms duration and –0.5 to –5 V amplitude. It is common practice to
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apply a so-called recharging pulse after the stimulation pulse in order to attain

charge neutrality over the entire pulse (fig. 2.3). 

The stimulation pulse will change appearance as it is transferred over the

electrode/electrolyte interface and the change is dependent upon the properties of the

interface. This implies that the body will perceive the pulse somewhat differently

than it is produced by the pulse generator. Since the heart tissue responds to the

pulse it “sees”, it is necessary to comprehend the nature of how the pulse is

transferred over the interface in order to understand the mechanisms of

electrostimulation.

A schematic picture of a pacemaker pulse and its main features is shown in figure

2.3. The change in potential at the beginning of the pulse is called the leading edge and

the end of the pulse is called the trailing edge. The out-put potential of the pacemaker,

the properties of the electrode/electrolyte interface and the tissue resistance

determine the intensity of the leading edge. The potential at the trailing edge is less

Figure 2.3. Schematic picture of features of the pacemaker pulse.
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than at the leading edge as a consequence of the capacitively delivered pulse and due

to the polarisation of the interface during the applied pulse. At the end of the

pacemaker pulse the applied potential is released and the electrode interface

commences to regain equilibrium with the electrolyte through a series of relaxation

processes. Before the relaxation of the interface is complete the electrode will remain

polarised, it has a so-called after-polarisation. To ensure that the stimulation pulse has

activated the heart some pacemaker models can detect the electrical signal that the

heart sends out when contracting. Usually, the ventricular evoked response (VER) is

detected for this purpose. The electrical signal from the VER occurs within 60 ms

after the stimulation. If a high amplitude of the after-polarisation remains on the

electrode interface the VER signal is superimposed on the remaining polarisation.

This can result in the inability of reliable detection and distinguishing of the evoked

signal [9]. The intensity of the after-polarisation and the following relaxation rate is

dependent on the potential at the trailing edge as well as the interfacial

characteristics. 

2.4.2   Pacing impedance and pacing polarisation
Pacing impedance is an important parameter for determining the pacemaker

electrode performance. It is generally described as the charge transfer resistance of

the electrode/tissue interface when the pacemaker pulse is applied. Low pacing

impedance has been attributed to poor energy efficiency and rapid battery drain [10-

13] and therefore efforts to design high impedance pacemaker leads are one of

today’s main missions. However, too high pacing impedance is associated with poor

pacing performance and is an indication of lead conduction failure, surface oxidation

or contamination. To avoid an over simplified design goal using the impedance

parameter, it is important to identify and understand the significance of the various

contributions to the total impedance of the entire lead. 

Pacing polarisation is another pacing design parameter. It is the time dependent

deviation of the electrode potential from its equilibrium potential (over-potential)

due to the applied stimulation pulse. A large pacing polarisation (fast decaying over-

potential) is sometimes claimed to be a measure of inefficient pacing, and an
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indication of energy lost during each pulse [6,14-16]. However, the significance of

pacing polarisation on pacing performance is debated [17-19] and the electric field

strength rather than the current density is attributed to induce the activation of the

cardiac cell. 

The most straightforward way to describe the difference between the impedance
and the polarisation is that while the pacing impedance, ( )tZ pacing , is a measure of a

time dependent resistance to charge transfer (unit Ω), the pacing polarisation is

simply the time dependent change in potential from the leading edge potential,

geleading edU , during the pacemaker pulse according to:

)()(   tUUtU pulseedgeleadingpolpacing −= (2.1)

Hence, it follows that impedance and polarisation are related according to:

( ) ( )
( )

( )
( )tI

tUU
tI
tU

tZ
pulse

polpacingedgeleading

pulse

pulse
pacing

  −
== (2.2)

The pacing polarisation is often claimed to be proportional to the total surface area

of the electrode while the pacing impedance is proportional to the inverse of the

geometric surface area *[11,13,20,21].

2.4.3   After-polarisation
The after-polarisation depends on the intensity of the disturbing polarisation

(trailing edge for stimulating after-polarisation and the intensity of the recharging

pulse for recharging after-polarisation) as well as the properties of the

electrode/electrolyte interface. After the applied potential is released, the electrode

interface commences a return to equilibrium with the electrolyte, i.e., a relaxation

process. 

                                                          
* This explanation lacks in consistency and is insufficient and will be addressed in chapter 4 and 5. 
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The relaxation processes of pacemaker electrodes are commonly related to the

capacitance of the interface according to [22]:

electrode
H

Q
C

U ∆≈∆
1

(2 .3)

where ∆U is the voltage drop across the electrochemical double layer, HC  is the

capacity of the electrochemical double layer and electrodeQ∆  is the charge at the

electrode/electrolyte interface. Traditionally, the after-potential has been reduced by

increasing the capacitance (and hence electrodeQ∆ ) of the electrode by increasing the

surface area according to:

d
rACH 0εε= (2.4)

where ε is the dielectric constant of the medium (often the adsorbed monolayer of

water molecules on the electrode), 0ε  the dielectric permittivity of  vacuum, d is the

distance between the charged planes, A is the geometrical surface area and r the

surface enlargement factor (total surface area rA).

 2.5   Measuring methods

Out of convenience, it is more common to measure the polarisation properties of

electrodes. The experimental set-up is less complex as only the potential is monitored

when the stimulation pulse is applied to the electrode. For impedance measurement,

the current and the potential must be measured simultaneously during the

pacemaker pulse. Most polarisation and impedance measuring apparatuses used in

pacing society measure the resulting potential and/or current at a specific time after

the pulse is applied. From figure 2.4, it is obvious that the impedance and

polarisation will change during the stimulation pulse. Although this is recognised in
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pacemaker society many different algorithms for impedance/polarisation

measurements are used simultaneously. This brings up the question of how relevant

the impedance and polarisation data published in literature is for comparing

electrode performance. 

2.5.1   Measuring algorithms
The importance of knowing the exact algorithm by which the

impedance/polarisation parameter was measured must be heavily stressed. The

weakness of many studies is the comparison of electrical properties obtained by

measuring apparatuses with different measuring algorithms. To exemplify, the

impedance of an electrical circuit consisting of one resistor in series with one

capacitor of various capacitance was measured by using several different methods,

including devices used in production for quality control, in vivo for monitoring

impedance during operation and Pacemaker System Analysers (PSA) [23]. The result

show that for circuits with lower capacitance, the discrepancy between the measured

and calculated impedance differs more than for circuits with higher capacitance,

especially for algorithms measuring far from the leading edge. This study excellently

exemplifies the influence the choice of algorithm has on the measured results. Several

studies reporting similar findings have been published [24-26]. Examples of different

measuring algorithms are shown in table 2.1.

Figure 2.4. The variation in potential, current and impedance with time for porous and
smooth carbon electrodes during the pacemaker pulse [V].
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Measuring
Unit Pulse Algorithm Comments

PrEN45502-2-1 4.0 V

∫
∫=

Idt

UdT
Z The impedance is an average during the pulse

and related to delivered electric charge.

PSA 378 4.0 mA
( )

I
SUZ µ55

=
The lead voltage is measured 55µs after pulse
start. Measuring is performed at the leading
edge of the stimulation pulse.

PSA 3100 4.0 mA
( )

I
SUZ µ80

=
The lead voltage is measured 80µs after pulse
start. Measuring is performed at the leading
edge of the stimulation pulse.

Pacesetter SE 4.5 V










=

tp
out

p

U
UC

T
Z

0log

The pulse is discharged from a capacitor of 5µF
into the lead. The delivered charge is a measure
of impedance. The pulse voltage in the output
capacitor at the beginning and end of the
stimulation pulse are used.

Pacesetter US 4.5 V
( )
( )SI

SUZ
µ
µ

60
0

=

Programmed voltage discharged from an output
capacitor of 10µF to the lead. The discharge
current is measured 60 µs after the pulse start
and the voltage is assumed to be the same as
from start. Measuring is performed at the
leading edge of the stimulation pulse.

able 2.1. Reproduced with permission of H. Strandberg [23].
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In figure 2.4 are graphs from paper V reproduced, showing the variations of the

otential, current and impedance during the pacemaker pulse. The changes can be

ttributed to and explained by electrochemical interfacial mechanisms occurring

uring the pulse [V]. By using this type of investigation method, valuable

nformation about the behaviour of specific electrodes can be obtain and compared.

learly it is not sufficient to use only one measuring point or averaging the

mpedance over the pulse to obtain information of the unique operation behaviour
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for different types of electrodes. These studies stress the importance of clearly

defining the algorithm by which the electric parameter is measured in order to obtain

useful results when comparing electrodes, as well as the necessity to use more

accurate investigation methods when more general electrochemical aspects of the

interface during operation are examined.

2.5.2   Measuring set-up
In in vitro testing it is common within the pacing industry, to use a two-electrode

measuring set-up. This set-up has several limitations and should not be used when

accurate measurements are required. Often, stainless steel or titanium plates are used

as counter electrodes. Due to the oxide forming properties of these materials the

stability of the counter electrode is not guarantied, hence consequently the measured

impedance can not with confidence be assigned to the pacing electrode only. 

2.6   Summary

This chapter highlights the importance of a fundamental understanding of the

physical properties describing the electrode/electrolyte interface when designing

pacemaker electrodes. If impedance or polarisation values are used as design

parameters, the measuring methods have to be comparable. Most measuring

methods currently employed by the pacemaker industry do not measure the

impedance or polarisation as functions of time within the duration of the pulse, but

rather measure the impedance at a defined time or averaged over the pulse. Even so,

a specific measuring method can be used to ensure the quality of a certain type of

electrode given that a predefined range of operation parameters is provided. 

Further, it is not sufficient to use the total impedance as a measure of performance

without knowledge of the different impedance sources contributing to it. In order to

design a functionally optimised electrode each component of the total impedance

have to be individually evaluated. If this is done impedance measurements will play

a central role in development of new electrode materials, design, optimisation of the
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energy efficiency, evaluation of the mechanisms behind pacing and, testing of

existing electrodes. 
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This chapter briefly describes the basic aspects of the anatomy and functions of

the human heart. Certain attention is given to the molecular biological mechanisms,

which naturally activate and conduct the cardiac impulses as these are central also to

artificial stimulation. The law of electrostimulation, which formulates how the

stimulation energy required for activation of tissue varies with the pulse length is

described and its significance to pacing is discussed. An attempt to relate the law of

electrostimulation to the molecular biological activation mechanisms via

electrochemistry is briefly presented. 

This chapter is not intended to explain every aspect of the heart, but merely give

readers with no biological knowledge a base to understand the nature of issues

encountered when designing devises for artificially stimulation. 

3.1   The heart

During one year, your heart initiates and synchronises approximately 32 million

heartbeats to pump blood around your body. The physical anatomy together with

the sophisticated conduction system provide both the mechanical work and ensure

the high pumping efficiency of the healthy heart. 

3.1.1   The anatomy of the heart
The heart is predominantly made up of muscles and nerve cells and can be

divided into four main parts, the right and left atrium and the right and left ventricle

(fig. 3.1). Heart cells form different types of fibres [1], pacemaker fibres, conducting

fibres and working fibres. The working fibres make up the bulk material of the atrial

and the ventricular musculature. The heart muscles are so called striated muscles

and share the same work principle as skeletal muscles [2]. However, heart muscles

contract for a longer time (120 – 400 ms) compared to skeletal muscles. In addition

skeletal muscle cells are isolated from each other so that contraction of individual

cells can take place independent of each other. When a heart cell contracts it will, on
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the other hand, affect its neighbours, which will also contract and in turn conduct the

signal on to its neighbours, resulting in a conduction system within the heart. 

Working fibres contract when subjected to stimuli. The contraction spreads

through the heart along specific conduction paths causing the working fibres to

contract together in an ordered manner. This contraction is the mechanical work

performed by the heart. The form and function of the heart is optimised for pumping

blood out to the lungs and the body. The pumping cycle (fig. 3.2) starts when oxygen

deficient blood from the body enters the right atrium. Simultaneously, the left atrium

Figure 3.2. The pumping cycle of the heart.

Figure 3.1. Schematic illustration of the heart and conduction system.
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is filled with oxygen rich blood from the lungs. The contraction of the heart starts at

the top of the atria and spreads downwards, forcing the blood through the heart

valves and into the ventricles. From the left and right ventricles the blood is pumped

to the body (systemic circulation) and lungs (pulmonary circulation), respectively.

3.1.2   The conduction system
To optimise the pumping efficiency, the heart has developed a sophisticated

system to conduct activation signals throughout the heart and to synchronise the

contraction. The contraction is initiated in the sinoatrial (SA) node, located in the

upper part of the right atrium (fig. 3.1). The specialised cells in the SA node act as a

natural pacemaker, producing electrical impulses (action potentials) as a result of

their depolarisation. For a normal heart at rest the SA node cells depolarise

spontaneously with a frequency of about 60-80 times per minute. The depolarisation

rate is controlled by the autonomic nervous system, hormones, drugs, temperature

and blood pressure [4]. 

The electrical impulse from the SA node triggers the sequence of actions, which

induce the well-organised contraction of the heart. From the SA node, the

depolarisation spreads to the blood filled atria, which contract and empty the blood

down to the ventricles. An insulating layer of non-polarisable cells between the atria

and the ventricles prevent the electrical impulse to spread directly from the atria to

the ventricles. Instead, the depolarisation is transferred from the atria to the

ventricles through the atrioventricular (AV) node. Because the AV node fibres exhibit

slower conduction velocity compared to the conduction fibres in the atrium and

ventricles, the contraction is delayed and allows the atria to empty themselves and

fill up the ventricles before the signal is transferred and ventricles are contracted.

Consequently, the pumping efficiency is increased. 

The AV node is connected to another group of heart cells called the bundle of His.

After the bundle of His, the conduction system divides into two branches, the right

and left bundle branches, which transfer the electrical impulse to respective ventricle.

The Purkinje fibres are the outermost parts of the conduction system and transfer the

depolarisation from the conduction system to the ventricular myocardium.
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The electrical signals associated to the different actions of the heart can be

measured in a so-called electrocardiogram (ECG). In a medical examination the heart

activity is measured by several leads which give a complex set of ECG signals

containing a rather complete collection of information of the health of the heart. For

simplicity a much less complicated cardiogram is displayed in figure 3.3, showing

the electrical signals from the depolarisation of the atria (P-wave), the ventricular

depolarisation (QRS-complex) and the ventricular repolarisation (T-wave).

Various types of cardiac cells show different characteristics. The cells in the sinus

node, AV node and Purkinje fibres all exhibit pacemaker activity, which means that

they depolarise spontaneously in a regular fashion. However, the intrinsic rate of the

sinus node is higher than that of the AV-node, which in turn has a higher rate than

the Purkinje fibres. This relation ensures that it is always the sinus node which sets

the pace and dominates the others in a healthy heart. If the sinus node fails to

depolarise, the AV-node will “take over” and ensure cardiac contraction – but with a

Type SA node Atrium AV node Purkinje
fibre Ventricle

Pacemaker activity 60 – 80
strokes/min None Reserve Latent None

Conduction velocity <0.05 0.3 – 0.4 0.1 2 – 3 0.3 – 0.4

RMP or MDP [mV] -50 to -60 -80 to -90 -60 to -70 -90 to -95 -80 to –90

Amplitude [mV] 60 – 70 110 – 120 70 – 80 120 110 – 120

Duration [ms] 100 – 300 100 – 300 100 – 300 500 – 700 200 – 300

Table 3.1. Summary of cardiac fibre characteristics [5].

Figure 3.3. Schematic picture of features in the electrocardiogram (ECG).
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slower rhythm. The cell types demonstrate different conduction velocities, resting

membrane potential (RMP) and different permeability to ions through the

membrane. Selected properties of different cardiac fibres are summarised in table 3.1.

3.1.3   The cell membrane
In general, heart cells are constructed according to the same principles as other

cells in the body. The cell membrane is composed of about 70% lipids arranged in a

double layer with the hydrophobic tails pointing toward each other [3]. The

membrane is impermeable to molecules and ions present inside and outside the cell

and so-called transport proteins embedded into the membrane sustain the transport

of species over the cell membrane (fig. 3.3). Transport proteins have high specificity

towards a specific molecule or ion and can drastically increase the transport of the

specific species across the membrane when it is in an active phase. 

As a consequence of the transport proteins, the cell can sustain a different

chemical environment inside the cell compared to that outside the cell. The

extracellular and intracellular concentrations of certain ions are listed in table 3.2 [5].

The differences in ion concentration generate an electrochemical potential difference

over the cell membrane of about 90 mV, the so-called transmembrane potential

(TMP). The inside of the cell is negative relative to the outside by about –90 mV. This

is called the membrane resting potential (MRP). Activation of a nerve or muscle cell

is associated with the rapid movement of ions (predominantly sodium, potassium

and calcium) across the membrane, which induces changes in the transmembrane

potential. 

Several types of transport proteins are present across the cell membrane to control

the transmembrane potential. Ion pumps utilise energy in the form of adenosine

Na+ K+ Cl- Ca2+

Extracellular (mmol) 145 4 120 2

Intracellular (mmol) 15 150 5 0.0001

Ei (mV) +60 -94 -83 +129

  Table 3.2. Ion composition and their contribution to membrane potential [5].
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triphosphate (ATP) to pump ions against a potential and/or potential difference

while ion channels change their permeability to a certain ion by altering configuration

between open and closed states (gating). Ion channels have three essential functional

properties [6], a central pore through which ions flow along the electrochemical

gradient, a selectivity filter determining which ions are allowed to cross the pore and

a gating structure controlling the switching between open and closed conformation.

When an ion channel opens, a specific ion is allowed to rapidly (106 – 108 ions/s) flow

in or out of the cell.

3.1.4   Electrophysiology
The activation and conduction of the impulse in cardiac cells are predominantly

controlled by sodium (ion), potassium  (ion) and calcium (ion) channels. The first

phase of the activation of the cardiac cell correspond to the opening of the

approximately 100 000 sodium channels located on the cell membrane. When all

sodium channels open an instant change in transmembrane potential is induced. This

initial change of the transmembrane potential triggers a sequence of opening and

closing of different ion channels, which organises the molecular mechanisms of

activating the cardiac cell. This change in the transmembrane potential continues for

about 300 ms and is termed the action potential of the cell.

For cardiac cells in the working fibres (e.g. without pacemaker activity) the action

potential has five distinct phases (fig. 3.4), namely; 

• Phase 0 upstroke or rapid depolarisation phase

• Phase 1 early rapid repolarisation

• Phase 2 plateau phase

• Phase 3 final rapid repolarisation

• Phase 4 resting membrane potential (RMP)

These phases are associated to changes in membrane permeability and flow of

different ions in and out of the cell. The change in relative membrane permeability of

the most important ions (sodium, potassium and calcium) due to changes in
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membrane potential is shown in figure 3.5. The basic features of the five phases are

briefly described below.

Phase 4. During phase 4 the cell membrane is relatively permeable for K+ (which

diffuses out of the cell), but relatively impermeable for other ions. Hence, K+ is the

major ion determining the RMP. To compensate for the loss of K+ a special membrane

protein (the Na+/K+-pump), works against the concentration gradient and pumps K+

back into the cell. At the same time, Na+ is pumped out of the cell. At the resting

potential the effect of the concentration gradient is exactly balanced by that of the

electric gradient, the net flux of K+ across the membrane is zero. 

Phase 0. The activation of a heart cell can be described as an all-or-nothing process.

No activation will occur until the stimuli reaches a certain value, the threshold value.

If the stimulus is increased above this threshold value the response will still be

identical with the response obtained at threshold stimulation. For a stimulation

current to activate the membrane, it must have a sufficient intensity and have a

correct polarity [3]. For a heart cell (fast response) the threshold potential is

approximately –65 mV [7]. 

When an excitable cell is subjected to threshold stimuli the membrane

permeability for Na+ changes, which leads to a flow of Na+ into the cell. The fast

sodium channel is only open for a few ten thousand parts of a second, but during

this time the flow of ions into the cell changes the potential gradient across the

Figure 3.4. Illustration of action potential of a cardiac cell in the working fibre.
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membrane and the activation potential, the so-called upstroke, is established. The

membrane continues to depolarise until it reaches the full depolarisation potential of

about 20-30 mV after one millisecond. Simultaneously, as the electrochemical

gradient changes, the flow of K+ ions out of the cell is increased. 

Phase 1. Before the maximum potential has been reached some of the sodium

channels has already been inactivated. At the maximum potential all of them

inactivate. Now, the membrane permeability for K+ is increased and K+ is transferred

out of the cell. This flow of potassium gives rise to a transient outward current. It is

large but inactivates quickly and is responsible for the “notch” seen in the membrane

potential diagram [7].

Phase 2. During the plateau phase, the membrane permeability is reduced for all

ions. The plateau phase is of great importance to cardiac function as it prolongs the

depolarisation for a longer period of time. The plateau phase for a working

myocardial cell is 300 – 500 ms. It is much longer than for a nerve cell (1-2 ms). This is

due to an inward current, carried primarily by Ca2+ by the L-type calcium channel.

Another important current during this phase is the delayed rectifying current,

carried mainly by potassium ions. 

Figure 3.5. Change in relative ion permeability of the membrane due to changes in
       membrane potential.
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Phase 3. The delayed rectifying current is also responsible for the termination of

the action potential. A time independent, primarily potassium selective, current

called the inward rectifying current is also important for the final repolarisation.

3.1.5   The sodium channel
The sodium channel is responsible for inducing the changes of transmembrane

potential, which provoke the activation of the cardiac cell. The opening of the sodium

channel is central to both the natural and artificial activation and therefore deserves

some special attention.  

Sodium channels are voltage-gated transmembrane proteins found in skeletal,

neural and cardiac cells [8,9]. The sodium channels are dynamic molecules and can

change their structural conformation on sub-millisecond time scale in response to the

transmembrane electrical field in the myocardium [10]. The first investigation of the

sodium channel function was performed in 1952 by Hodgkin and Huxley [11]. They

found that its conductance did not vary with time and that the action potential was

due to gating processes in specific ion channels. The channel can be described as a

pore in the membrane with two gates, the activating m-gate and the inactivating h-

gate. Both gates can be in an open and a closed position and the state of the channel

is determined by the position of the gates. The gating mechanism can be described as

a process that includes three states of the protein according to table 3.3 and figure 3.6.

State Potential m-gate h-gate Comments

Closed resting state -90 mV Closed Open Channel is not permeable to Na+

Open state -65 mV Open Open Depolarisation. Channel is highly
permeable to Na+

Inactivated state Closed Closed Refractory state

Table 3.3. Gating mechanism for a sodium channel.
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At the resting membrane potential the sodium channels is in the resting state with

the m-gate closed and the h-gate open as shown in figure 3.6a In this state, the

channel has a low permeability for Na+. When the membrane potential reaches the

threshold potential, the m-gate opens and the sodium channel now attains the open

state (fig. 3.6b). The permeability to Na+ increases considerably and makes it possible

for Na+ from the outside the cell to pass through the channel. This rapid inflow of

Na+ changes the transmembrane potential and makes the inside of the cell about +30

mV relative to the outside. At a certain potential, both gates close and the channel

attains the inactivated state (fig. 3.6c). During inactivation, the channel is converted

to a refractory state [13]. Before the channel can be activated again, it must recover

back to its resting closed state. It is assumed that 25% of sodium channels must be

available (be in the resting state) before the channel can be excited [14]. 

The sodium channel (as other ion channels) has several separate regions that

perform specific functions. Some of the most important are the binding site (binds

cations outside the cell), the selective filter (selects Na+ before other cations), the pore

(transports Na+ through the membrane) and the voltage sensor (senses the

transmembrane potential). These regions are not strictly separated from each other

but various parts of the channel can interact [15]. To understand the exact functions

of the sodium channel at a molecular level, the entire protein structure must be

Figure 3.6. Illustration of the a) closed resting, b) open and c) inactivated state of the
sodium channel.

a) b) c)
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studied. This is beyond the scope of this thesis, but some attention will be given to

the initial stages of the gating due to its relevance to pacing. 

3.1.6   Gating
The sodium channels are sensitive to very small variances in potential. The

explanation to this behaviour is found within the structure of the protein and its

interaction with the surrounding. For the voltage sensing, specific regions of the

protein are more important than other regions. Structurally, the sodium channel

consists of a variety of subunits but only the principal α-subunit is required for

function. The α-subunit consists of 2016 amino acid residues, which form a heavy

glycosylated protein of about 260 kDa shown in figure 3.7 [9]. The heteromeric

assemblies of the α-subunit form a pore that traverses the cell membrane. The entire

protein consists of four internally homologous domains (DI – DIV) each made up of

six transmembrane segments (S1 – S6). The transmembrane segments are connected

to each other by both intracellular and extracellular loops, so-called interlinkers. The

P-loops of domain III and IV are important for the Na+ selectivity of the protein. For

example, in domain III of the sodium channel, a lysine in the P-loop selects Na+ over

Ca2+ and domain IV affects selectivity among monovalent cations [9].

The fourth segment, S4, in each domain contains a large number of basic amino

acid residues, arginine and lysine. These are placed at every third position in the α-

helix and contain positive charges [8,9]. This segment can sense and react to

differences in membrane potential and hence act as a voltage sensor. When the

potential over the membrane changes, the S4 segment moves outwards, partly out of

the membrane. Measurements have revealed that the segment moves 4.5 to 11 Å

within 1 ms [15]. The movement is not straight, the segment “spirals” out of the

membrane. This movement causes a structural change in the protein that transfers it

to its activated state. The channel opens and Na+ starts to flow into the cell.
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Figure 3.7. Schematic illustration of the structure of the sodium channel.

Segment S (S4) is positively charged by
Arginine and Lysine at every third position
and works as a voltage sensor
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of the channel
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3.2   Electrostimulation

The natural activation mechanisms of cardiac cells were described in the previous

section. In this section, artificially induced activation of cardiac tissue is reviewed. In

general, the cardiac cell does not behave different if it is brought into activation by

natural or artificial means. After it is activated it will undergo all the phases

accounted for in previous chapter. Artificial activation does not work on already

damaged heart cells. However, artificial stimulation by subjecting the heart cell to

potential or current disturbances transmitted by an electrode is a useful therapy

when the intrinsic activation mechanisms of the heart are malfunctioning. If, for

example, the SA node is unable to supply the regular activation potentials necessary

for triggering of heartbeats, an electrode can be implanted into the heart to replace

the SA node and supply activation potentials. 

3.2.1   The law of electrostimulation
Similar to the natural activation, the artificial activation of cardiac tissue is an all

or nothing process. If a sufficiently high electrical stimulus (current or potential

disturbance) is applied, a critical number of heart cells are activated. The activation

will spread to all other cells in the heart and contract the heart tissue. The lowest

potential or current disturbance that causes contraction is called the capture threshold.

If the stimulus is lower than the threshold, no activation will be initiated. The

magnitude of the threshold depends on factors such as the biological response to the

electrode, the electrochemistry of the electrode/tissue interface and the pulse

generator.

In 1901, Georges Weiss investigated how the threshold depended on the pulse

duration [16,17]. He proposed a linear relationship between a quantity of electricity

required to reach threshold, Q, and the pulse duration according to: 

btatQ +=)( (3.1)
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where a and b are coefficients that have to be determined experimentally. Q is the

intensity time product (I×t) where the intensity is the potential or the current of the

pulse, provided that the voltage of the pulse is averaged over time and t is the pulse

duration. Louis Lapicque reformulated the relationship to a hyperbolic form:

b
t
atI +=)( (3.2)

This is illustrated by the hyperbolic strength-duration relationship curve in figure 3.8

for a constant potential stimulation pulse.

As the pulse width increases, the threshold potential diminishes until it

approaches a constant value. This lowest stimulation voltage is called the rheobase.

The pulse duration at twice the rheobase voltage is called chronaxie time. The

chronaxie has a similar function in hyperbolas as a time constant in exponential

Figure 3.8. Strength-duration relationship curve for electrical
stimulation.
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curves. It determines how fast the function approaches its final value [18]. Analysis

of equation 3.2 gives that b=Urheobase and a/b = tchronaxie. The minimum energy required

to stimulate tissue is given by a/b, which was recognised by Lapicque in 1907. 

Investigations of stimulation threshold have demonstrated the validity of the

strength-duration relationship [16-19]. However, there is disagreement of the benefits

of employing the use of chronaxie when designing pacemaker electrodes as well as

the physical nature of the chronaxie. Some factors that have been stated to determine

the magnitude of the chronaxie are, stimulation mode, the polarity of the pulse, the

electrode material and the electrode geometry; (decreasing with decreasing size [18].

These factors will be reviewed in chapter 5 and are not further discussed here.

Cardiac myocytes resemble ellipsoid cylinders with a major-axis dimension of 10-

20 µm and a length of 80-100 µm [19]. The electrostimulation is more effective if the

stimulation current density is applied along the cell length instead of across it [20].

Further, the stimulation current is unable to enter the cell due to the insulating

properties of the membrane. This suggests the electric field strength to be the

dominant parameter when artificially activating cardiac tissue. More voltage gated

sodium channels will be subjected to the field if it is applied along the cardiac

myocyte and hence the probability to activate a critical number of channels to obtain

activation will increase. 

3.2.2   Implantation
When the electrode is implanted the stimulation threshold will rise with time post

implantation. This effect is due to the so-called foreign body response which is a

result of the activation of the defence mechanisms in the body when a foreign

material is implanted. Very simplified, species present in the body fluids will adsorb

onto the material immediately upon implantation. In particular, proteins in solution

accumulate spontaneously at interfaces and are likely to change conformation into

more energetically favourable structures when adsorbing [21]. After the proteins

change conformation their new expression can trigger defence mechanisms in the

body, like the complement cascade and the coagulation cascade. This initiates a

complex chain of biomolecular and cellular events, which eventually will result in
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the extrusion, resorption, integration, encapsulation or, in worst case, rejection of the

implant material. The details of these mechanisms are beyond the scope of this thesis

and for more details on this issue references 22 and 23 are recommended . 

During the first weeks following implantation, fluids and biological species

accumulate around the pacemaker electrode as a result of inflammation. The

changed environment around the electrode induces a well-documented increase of

the pacing threshold as illustrated by figure 3.9. With prolonged implantation time

the threshold decreases again and stabilises at a chronic level, provided the healing

response proceeds normally. Due to the formation of a fibrous capsule (scar tissue),

as a result of the foreign body response, the chronic threshold is always higher

compared to the acute threshold (chapter 2.3.2). Steroid eluting electrodes have

demonstrated the ability to reduce the initial inflammation and avoid the acute

increase of threshold following implantation. 

3.3   Summary

From the discussions above it is shown that on a molecular level the cardiac cell is

sensitive to very small potential disturbances. In theory, it is sufficient to change the

potential (or rather the electrochemical potential) outside the cardiac cell with only

Figure 3.9. Schematic illustration of changes in threshold due to acute and chronic state
on inflammation for steroid eluting and non-steroid eluting electrodes.
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approximately –25 mV to open the sodium channel and initiate the activation of the

cell. This is important to keep in mind when we now turn the focus to artificially

induced stimulation. Minimising the applied potential or current (pacing threshold)

is one ambition when designing pacemaker electrodes. Despite the progress and

development of pacemaker electrodes since the beginning of the pacing era, the ideal

electrode is still far from reality. Since various effects diminish the pacing efficiency

today’s pacemakers must apply pulses in the range of –500 to –5000 mV to induce

activation of the heart.
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The pacemaker electrode is in direct contact with the tissue. This contact is the

scene of many important processes of relevance to pacing. It provides the interface

for charge transfer during stimulation and other processes like corrosion and

biological induced responses will depend on the nature of this interface. In this

chapter a brief description of the interface is given together with processes occurring

on the interface during operation. It will not be a comprehensive review but merely a

presentation of concepts essential to the understanding of the electrochemical aspects

related to pacing. 

4.1   The electrochemical interface

The electrochemical interface is located at the phase boundary between the

electrode and the electrolyte. At this interface the bulk symmetry and

electroneutrality of the electrolyte is broken down and the resulting separation of

charges creates the electrochemical interface in the vicinity of the electrode. The

characteristics of the interface are dependent on factors such as the electrode material

properties, surface structure and electrolyte composition. There are many excellent

reviews of the electrochemical double-layer [1-5], hence the details are left out in this

thesis.

4.1.1   The electrolyte (tissue)
Due to the high salt and water content in tissue, an aqueous electrolyte is

regarded as a suitable model system for electrochemical treatments. In bulk

electrolytes the distribution of ions and molecules is homogenous due to the random

arrangements caused by thermal movement. The bulk is symmetric with no net

charges or alignment of dipoles. However, when the electrolyte gets into contact with

another material, symmetry and electroneutrality will break down at the interface,

which will create separation of charges [3]. This net charge affects the charges in the

electrode, which will create a counter charge of the same magnitude, but opposite

charge, on the surface. 
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4.1.2   The electrode
For simplicity the electrode is assumed to be a metal plate. The metal can be

described as a three-dimensional lattice of positive ions within a sea of mobile

valence electrons. The mobile electrons in a metal provide a high conductivity and

because they are of same charge, they repel each other. Consequently, the electrode

can not sustain a charge separation and field in the bulk. The electrons flock on the

surface and give rise to a surface charge [1]. For a semiconductor electrode the

charges will be distributed within a space charge layer. 

4.1.3   The charged interface
The charge separation in the electrolyte and the corresponding mirror charge on

the electrode creates a potential gradient over the interface, often called the

electrochemical double layer [4]. Usually this potential difference is not large (less

than 1 V) but as the interface is very thin the field strength is high (around 107 V/cm).

Many models have been proposed to describe the electrochemical interface, and the

detailed description can be found in those excellent reviews [1-5] and references

therein. 

The interface is often described to have a layer of water molecules adsorbed onto

the electrode surface in a so-called hydration sheath. Since water molecules are

dipoles the excess charge on the metal electrode can generate a preferential net

orientation of the hydrated layer, which is dependent on the charge of the electrode.

Although seemingly simple, the atomic structure of adsorbed water on single crystal

metal has only been quantified for the Ru(0001) surface [7]. Consequently,

speculations on the exact net orientation of the hydrated water present on real

electrodes in aqueous electrolytes, with their much higher complexity, are outside

the scope of this thesis. 

In addition to water molecules, specifically adsorbed non-hydrated ions can be

present on the electrode. This layer closest to the electrode makes up the so-called

inner Helmholtz plane (IHP), figure 4.1. Outside the IHP, hydrated ions are

accumulated due to the excess charge of the electrode and their location defines the

outer Helmholtz plane (OHP) [1]. For the simplest case the excess charge of the OHP
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(in fig. 4.1 denoted by elq ) is equal, but with opposite sign, to the excess charge on

the electrode ( mq ). This model is easily visualised as a parallel plate capacitor. It is

further assumed that the potential drop between the plates is linear.   

This simplified view does not describe the complex nature of a real interface. As

example, all excess charges in the electrolyte will not be located on the OHP but

some will be distributed in the electrolyte further away from the electrode. This is

often referred to as the diffusion (Gouy-Chapman) layer. Later, the Helmholtz model

of rather immobilised charges was combined with the diffuse layer model by Stern

[1,5]. The combined model is most frequently used when describing the interface.

This implies that the electrochemical interface is made up of two regions, both

Figure 4.1. Simple model of the electrified interface.
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comparable to capacitors (fig. 4.2). For a strong electrolyte, the capacitance of the

diffuse-charge layer, GC , becomes large and hence the total capacitance is dominated

by Helmholtz capacity, HC . For investigation of electrochemical processes, this is

usually a first good approximation. Although, the exact structure of the electrical

double layer has not been identified, its effects are measurable with electrochemical

methods. 

4.1.4   Capacitance of the charged interface
For simple electrodes the double layer can conveniently be modelled by an

parallel-plate capacitor, where one plate is the electrode surface, the other plate is the

charged layer in the electrolyte and water is the dielectric medium in-between the

plates (figure 4.1). The capacitance, C, of the capacitor is its ability to store charges, Q,

for a given applied potential, U:

Figure 4.2. Model of the interface showing the outer Helmholtz layer and the diffuse layer.
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The capacitance varies between different material and can be described by:

d
AC εε 0=  (4.2)

where 0ε  is the permittivity of vacuum (8.8542×10-12 F/m), ε is the dielectric

constant of the medium between the charged planes, A is the surface area of the

capacitor and d is the distance between the charged planes. 

If a negative potential is applied to the electrode the surface will become more

(negatively) charged and consequently more positive ions will migrate towards the

surface. This can be compared to charging a capacitor according to equation 4.1. The

movement of charge (ions) in the electrolyte will take place over a limited time.

Hence, it will give rise to a capacitive current density, capi , described by:

t
Qicap ∂
∂

=  (4.3)

If the electrode material is ideally polarisable, it means that all electrons will be

stored on the electrode and no charges are able to move across the interface. 

4.1.5   Pseudo-capacitance
Some electrode materials have specific sites where species can undergo reversible

faradaic reactions (releasing or consuming electrons). Apparently, these processes

involve a charging or discharging of the electrode, which often can be described in

the same way as the double layer charging (equation 4.1 and 4.3).  As this charge

storage mechanism is not electrostatic, but faradaic, it is called pseudo-capacitance.
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Pseudo-capacitance  depends on the potential, and can increase the total capacitance

of a material significantly [8]. 

4.2   Electrode kinetics

In the previous section the capacitive behaviour, where charge is stored on the

interface, was briefly described. Charge can also be transferred across the interface.

The exchange of charges in the electrode (electrons) and in the electrolyte (ions) takes

place on the interface, through electrochemical reactions. The reactions involving

charge transfer are called faradaic reactions, while the charging or discharging of the

double layer are called non-faradaic processes. Both faradaic and non-faradaic

processes can occur at the electrochemical interface, and cause current flow in the

electrode (electrons) and electrolyte (ions).  

4.2.1   Electrode reaction
For simplicity, considering that an electrode is immersed into an electrolyte

consisting of a species, O, which is easily reduced to R by collecting z electrons from

the electrode according to:

RzeO k→+ − 1 (4.4)

where, k1 is the reaction constant [s-1] for the reduction reaction. This is a reduction

reaction. The rate, Ov , [moles/s.cm2] of the reaction depends on the concentration of

species O, OC :

OO Ckv 1= (4.5)

The reaction takes place on the surface of the electrode. As O is reduced, electrons

are consumed at the electrode. These electrons are transferred across the interface
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and create an electrochemical current. Therefore, the reduction of O to R on the

electrode will induce a cathodic current density, Oi , to flow across the interface,

which can be described by Faraday’s law (hence, the current is called faradaic

current):

zFvi OO = (4.6)

where z is the amount of charge transferred per mole O, and F is the Faraday

constant for the charge per mole electrons (96 485 As/mole). If the reaction process is

reversible it can proceed in the opposite direction, i.e., an oxidation reaction giving

an anodic current, which can be described in the same way:

−+→ − zeOR k 1 (4.7)

RR Ckv 1−= (4.8)

zFvi RR = (4.9)

4.2.2   Equilibrium exchange current density
If the electrode process described above is in equilibrium the oxidation proceeds

at the same rate as the reduction at the interface. This implies that there is no net

change of concentration of the species and there is no net current. The individual

anodic and cathodic current densities flowing over the interface at equilibrium are

equal and can be designated by one term, the equilibrium exchange current density, i0.

0iii RO == (4.10)

The exchange current density reflects the kinetic properties of a specific

electrochemical interface and its magnitude depends on factors such as the

properties of the electrode material and the considered reaction [1,4].
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4.2.3  Gibb’s free energy and cell potential 
For an electrochemical system, with a charge transfer reaction (electrode reaction),

the change in free energy is related to the conversion between chemical and electric

energies, which can be described by the thermodynamic relations. For the reversible

electrochemical reaction the change in free energy is the product of the passed charge

and the electrode potential. The relation between the standard potential and the

Gibb’s free energy, 0G∆ , (in the standard state) is described by:

00 zFEG −=∆ (4.11)

where E0 is the standard electrode potential, (reached when all activities are

unity), F is the Faraday constant and z is the number of electrons involved in the

reaction.

4.2.4   Equilibrium potential 
The free energy depends on the activities of the participating species in the

electrolyte. This is described by the Nernst equation, which defines the potential of

an electrode versus the normal hydrogen electrode (NHE) as a function of the

activities of the species in solution. 

red

ox

a
a

zF
RTEE ln+= 0 (4.12)

where R is the universal gas constant (8.314 J/mol·K), T the temperature in Kelvin

and a the activities of the oxidising and reducing species in the electrolyte. In

practice, the activities are often substituted with the concentration of the species in

the electrolyte. 
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4.2.5   Electrode polarisation
When the electrode potential in equilibrium, eqE , is disturbed by some means to

attain a new potential, E, the electrode is polarised. The extent of polarisation, i.e., the

deviation from the equilibrium potential is defined as the over potential, η, according

to:

eqEE −=η (4.13)

The polarisation can be either anodic, where η  > 0, or cathodic, where η  < 0.

4.2.6   The Butler-Volmer formula
When the electrode is disturbed from its equilibrium, the relative rates of the

anodic and cathodic reactions will be affected and the anodic rate will be different

from the cathodic rate, which results in a net current depending on the over

potential. The relationship between the current and the over-potential is given by the

Butler-Volmer formula (assume z=1):
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=
RT
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RT
Fii ca ηαηα expexp0  (4.14)

where 0i  is the exchange current density, F is the Faraday constant, η is the over

potential, R is the universal gas constant, T is the temperature in Kelvin, and aα  and

cα are the transfer coefficient for the anodic and cathodic reactions, respectively. The

reaction with this type of kinetics is termed as activation controlled reaction.

At small over-potentials the Butler-Volmer equation can be approximated with

the linear expression (assume αa ≈ αc ≈ 0.5):

η
RT
zFii 0≈     for   

F
RT

<<η (4.15)
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This expression is an analogue to Ohm’s law and by rearranging the equation an

expression of the interfacial resistance to charge transfer reaction can be formulated:

ct
Tcc

R
Fi
RT

i
RO

==






∂
∂

0),,(Constant

η (4.16)

If the equilibrium exchange current density, 0i , is very high, the resistance to

charge transfer across the interface become very low. This means that practically the

interface will not polarise as the current pass the interface (non-polarisable interface). If

0i  is very low, the charge transfer resistance will become high and basically current

will not cross the interface even though high polarisation is applied. The electrode

now has an ideally polarisable interface. The models of the interface from (fig. 4.1 and

4.2) now have to be modified to include a resistor in parallel with the capacitor as

shown in figure 4.3. The electrical equivalent circuit of the interface consists of both

Figure 4.3. Model of the interface with charge transfer resistance included.
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the double layer capacitance and the charge transfer resistance. Since faradaic current

can occur across the interface, the interface is like a leakage capacitor.

4.2.7   Mass transport
The mass transport to an electrode proceeds by three different mechanisms,

diffusion, migration, and convection. The exchange current density is dependent on

the concentration of the reacting species. Fick’s laws describe the flux of a substance

and its concentration as a function of time and position. In the case of one

dimensional (linear) diffusion, the Fick’s first law states that the flux of a species is

proportional to the concentration gradient, xCO ∂∂ , according to:

( ) ( )
x
txCDtxJ O

OO ∂
∂

−=
,, (4.17)

Fick’s second law describes the change in concentration of the oxidised species

with time:
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When the reaction rate is limited by the mass transport rate, it is termed as mass

transport controlled reaction. In this case, the current is independent of the over-

potential. Generally, mass transport process introduces limitations into the current –

potential relationship of the interface. Taking the mass transport into account, a more

general form of the Butler-Volmer equation is obtained:
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where surf
OC and surf

RC are the concentrations of species O and R at the electrode

surface, respectively and bulk
OC and bulk

RC are the concentrations of species O and R in

the bulk, respectively. Just like electrode kinetics, mass transport can introduce

limitations into the current – potential relationship of the interface. 

4.2.8   Transient processes
The discussion above of electrode kinetics and mass transport is applicable to

systems which are time-independent (steady-state or equilibrium). For pacemaker

applications it is also important to consider the interfacial properties and transient

processes during the stimulation. 

One of the important questions when studying pacemaker electrodes is to

determine what processes that can occur during the pacemaker pulse. During the

short pacemaker pulse, the interface will not regain a new equilibrium state.

Therefore, it must be treated according to transient theory. Changing the electrode

potential induces a change in current flow over the interface. Upon a constant step

change in potential of a planar electrode, the time dependent current under diffusion

control can be described by the Cottrell equation:

2
12

1

2
2

t
CzFDi
bulk
ii

t π
= (4.20)

where iD  is the diffusion constant of the reacting species i, and bulk
iC  is its bulk

concentration.

4.3   Corrosion and degradation

One unpleasant outcome of electrochemistry is corrosion. Corrosion is interaction

between a material, usually metal or alloy, with its surrounding environment, which

often involves electrochemical reactions. In a corrosion process, the metal is oxidised
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and releases electrons, which is an anodic reaction. Meanwhile, there is some

cathodic reaction (i.e., oxygen reduction) that consumes the electrons. Corrosion of

the electrode material is of great importance to pacing and deserves special attention. 

With the exception of noble metals, all metals slowly degrade to

thermodynamically favourable compounds from which most of them once came. For

pacemaker electrodes these processes must be negligible or at least predictable

throughout the lifetime of the implant. Generally, the body provides harsh and

corrosive environment for materials [9,10]. In addition, poor design of the pacemaker

electrode will add weak points, which can increase the risk of certain types of

corrosion. 

4.3.1   Electrolyte
Body fluids are strong electrolytes with a high chloride ion content. Depending on

location within the body the pH as well as composition can vary. Inflammation

processes cause local change in the environment and can generate oxidising species
like 22OH , which may increase the impact strain on the material. Further, biological

components, like proteins and enzymes can biologically degrade the implanted

material.

4.3.2   General and localised corrosion
General or uniform corrosion attacks the surface evenly over a large part or the

entire surface [11]. The general, uniform corrosion is driven by thermodynamics and

can not be avoided, as it is the natural degradation of the metal into more

energetically favourable compounds. Uniform corrosion implies that anodic and

cathodic reaction sites are small and randomly distributed over the surface and vary

with time, i.e., the anodic and cathodic regions are not separated constantly. Uniform

corrosion reduces the thickness of the material by a specific rate (corrosion rate) that

often can be measured. 
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Localised corrosion involves the separation of anodic and cathodic regions on the

metal surface, where the anodic and cathodic reactions take place. The electrons

move between the sites by conduction in the metal. There are different forms of

localised corrosion. For example, figure 4.4 schematically illustrates the situation of

pitting, one of the common forms of localised corrosion. 

Many metals and alloys form a protective stable oxide layer on the surface,

termed as passive film, which greatly reduces the uniform corrosion rate. Localised

corrosion may occur in the region where the protective layer cannot form or broken

down by some reason. It is the strong and stable passive film on titanium that

provides titanium with its great corrosion resistance, and the frequent break down of

the weak passive film on iron that initiates corrosion on iron. The passivity

characteristics of a metal or alloy can be evaluated by some relatively simple means,

such as potentiodynamic polarisation where the current is measured over a defined

potential range 

4.3.3   Galvanic corrosion
Galvanic corrosion can occur when two different metals are coupled in a corrosive

electrolyte (fig. 4.5).  One of the connected metals will be preferable degraded before

the other. The less noble metal (with lower electrode potential) will become anode

and be preferable corroded due to enhanced oxidation reaction. The more noble

metal will act as a cathode and draw electrons from the less noble metal. This

situation is especially dangerous if the cathode is large compared to the anode. In

that case, the current density of the anodic reactions will become large, which will

increase the local corrosion rate [12].

Unlike uniform corrosion, the risk of galvanic corrosion can be avoided to a large

extent by a proper design.  Coupling of components with a large difference in their

electrode potential by welding, shrimp contacts or other means should be avoided, if

the components can come into contact with an electrolyte. Further, extra care should

be taken not to couple a small less noble metal to a larger more noble metal in order

to avoid the accelerated corrosion of the less noble metal. 
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Figure 4.4.  Illustration of principles of pitting corrosion.

Figure 4.5. Illustration of principles of galvanic corrosion.

Figure 4.6. Illustration of principles of crevice corrosion.
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4.3.4   Crevice corrosion
Crevice corrosion is a local corrosion occurring in crevices where a local oxygen

deficient environment occurs (fig.4.6). The oxygen rich environment outside the

crevice becomes the cathode and the anodic site will be located at a critical distance

within the crevice. This type of corrosion is dangerous, because of the difficulty to

detect it before failure occurs [13]. Like galvanic corrosion it is possible to a large

extent avoid crevice corrosion by appropriate design of the device. 

4.3.5   Corrosion testing and evaluation
The importance of understanding the corrosion process and predicting the

corrosion rate of materials in the body is apparent from both a biological and safety

point of view. When introducing new materials into the design corrosion testing of

the new materials is vital to get an understanding of the behaviour of the material in

the specific electrolyte environment. Although the corrosion testing is often a

complex task, there are some rather straightforward experiments that can be

performed as a first evaluation, and that give considerable information of the

material behaviour in the electrolyte. 

The first measure to take when speculating over the corrosion tendency of a new

material is to check its Pourbaix diagram (figure 4.7) [14]. These diagrams show the

thermodynamic stability the metal and possible compound as a function of potential

and pH. Pourbaix diagrams enable the estimation of the pH and potential ranges

within which a metal surface show immunity (no tendency for corrosion), active

corrosion (high corrosion rate) or passivity (low corrosion rate). The passivity

characteristics of a metal can be evaluated by a simple means, such as potentiodynamic

polarisation where the current is measured over a large potential range. This test is

useful to obtain the potential range within which the material remains passive. It also

gives information of the repassivation capability of the metal. The method is often

used in practice for comparison or ranking of materials. Also, the polarisation
resistance, pR , obtained from an impedance spectrum of a material in relevant

electrolyte can be used to calculate of the corrosion rate (by deriving the corrosion

current from an analogue to equation 4.16).
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4.4   Porous electrodes

Porous electrodes are frequently used in pacemaker applications. Care must be

taken when evaluating the properties of porous electrodes, as the electrochemical

theory applicable to smooth electrodes must be modified to accurately describe the

features of a porous system. Even though the porous electrode obeys the same

electrochemical laws as a smooth electrode on a local scale, the porous nature will

induce spreading of variables affecting the electrochemical environment (i.e.

electrolyte concentration and over potentials) within the volume of electrode (fig.

4.8). This gives rise to well documented effects, such as frequency distribution and

ohmic limitations [15-18]. 

Figure 4.7. Simple Pourbaix diagram for iron.
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Distributed resistance and capacitance have been proposed to describe

electrochemical characteristics of porous electrodes (fig. 4.9), and explained in recent

literature [15-18]. When the discharge rate increases the current increases, which

leads to a larger ohmic drop (IR) inside the pore. Therefore, as the discharge

increases the current will be limited by a diminishing effective potential of the

Figure 4.8. Illustration of over potential distribution η(x) within a porous electrode.

Figure 4.9. Illustration of the pore as a transmission line.
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porous electrode and the accessible surface area will be decreased because the inner

parts of the pores become unavailable. The results indicate that, for the porous

electrodes under very fast potential sweep, there is a certain limit in utilising the

large capacitance of very porous electrodes. 

For pacemaker electrodes operating at high frequencies these effects will

dominate their charge delivering characteristics [V]. One of the most significant

effects in regards to pacemaker applications is the ohmic limitation within the pores

that become dominant during charge/discharge processes of high rate. At high

charge delivery rates the voltage drop down pores reduces the utilisable capacitance

for charge transfer. This is also likely the reason to the observed relationship between

the pacing impedance and the geometric electrode surface area.
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     Five primary goals can be identified when designing pacemaker electrodes:

• Stability of the material 

• Low inflammation 

• Low threshold

• Low energy consumption 

• Reliable sensing 

Numerous design strategies have been implemented to achieve these goals. The

design parameters are often dependent of each other, which makes the design more

of an optimisation question (fig. 5.1). Over the years, many secondary optimisation

goals have appeared, such as high impedance, low polarisation and high surface area

electrodes. To some extent the secondary optimisation parameters are vague and

consist of hand waving arguments with no or little support within established

physical and chemical theories. This chapter reviews design strategies for pacemaker

electrodes and describes the common believes within the pacemaker community

when designing and optimising electrodes. To make it easier to follow the

discussion, these parameters will be discussed in order and their interdependence

will be explained along the discussion. 

Figure 5.1. Schematic view of design goals, design parameters and their interdependence.
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5.1 Stability and degradation

The chemical and mechanical stability of a permanent implant is central to its

performance. The materials suitable for implant applications is limited to so-called

biocompatible materials. Biocompatibility has been defined as;

“Biocompatibility is the ability of a material to perform with an appropriate host response

in a specific application.” [1] 

The nature of biocompatibility and which way material properties affect it, are too

complex and multifaceted issues to be reviewed in this thesis. However, as a general

rule of thumb when selecting materials for pacemaker electrode applications the

material should not cause severe or chronic damage to the tissue. It should affect the

body in a controlled and predictable manner that ends in stable chronic interaction

with the tissue. 

Stimulation electrodes are subjected to potential disturbances and must allow a

current to flow. For many materials, this results in accelerated degradation due to

electrochemical processes, such as corrosion, oxide growth or hydrogen

incorporation. As a consequence, in order to be able to choose the appropriate

material and predict its long time behaviour in the body, a profound knowledge of

the electrochemical properties of the material is required. 

5.1.1   Choice of material
A relatively large selection of materials has been used in stimulation electrode

applications over the years. It is common practice to deposit a thin film of the

electrode material on a suitable substrate if the electrode material does not exhibit

adequate mechanical properties. 

5.1.1.1   Material properties
A brief summary of electrode materials and their behaviour when used as

stimulation electrodes is given below. 

Stainless steel. The first pacemakers had electrodes of stainless steel. The material

was selected due to its availability and successful use as a passive implant. For long-
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term stimulation applications stainless steel was inadequate due to extensive

corrosion and consequently replaced with more suitable electrode materials. 

MP35N and Elgiloy are high strength, corrosion resistant alloys of cobalt,

chromium, molybdenum and nickel. Like stainless steel MP35N and Elgiloy are

unsuitable for long-term stimulation electrode applications due to increased

corrosion rates when transferring stimulation pulses. Another drawback with Elgiloy

electrodes was reported high polarisation during operation. 

Gold is non-toxic and is chemically stable when used as a passive implant. When

used for stimulation purposes it undergoes more rapid corrosion compared to most

other noble metals. The reason is its tendency to form soluble chloride complexes in

chloride containing electrolyte as well as hydroxides at elevated anodic potentials. 

Platinum is a noble metal with proven corrosion resistance and

biocompatibility.and it has been the traditional choice for stimulation electrode

material. Surface redox sites for oxygen and hydrogen adsorption provide the

possibility of certain amount of pseudo-capacitive charge injection [2]. Platinum

readily passes charge by faradaic reactions and therefore solid platinum electrodes

has a poor safe charge injection limits of about 50 µC/cm2 [3]. The surface area of

platinum electrodes can be increased by various methods, such as platinisation,

where a porous layer of platinum is electrodeposited on the original surface. 

Platinum/Iridium alloy. Platinum is a fairly soft metal and is unsuitable in

applications where mechanical rigidity is desired. By alloying platinum with 10-30%

iridium, a harder material is obtained. The Pt/Ir alloys are generally considered to

exhibit similar electrochemical properties as the platinum metal and are extensively

used as a substrate for stimulation electrode.

Iridium oxide exhibits high charge delivering capability. The charge is transferred

via various valence-state changes in the oxide (pseudo-capacitance). Their charge

injection capability is dependent on the production method and level of hydration of

the oxide. Iridium oxide can be produced by different methods, such as

electrochemical oxidation of iridium or physical vapour deposition (PVD) on a

substrate. The surface topography depends to a large extent on the production

method and parameters. Iridium oxide electrodes are extensively used for

electrostimulation purposes, predominantly for neural stimulation [4-8]. Iridium
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oxide is also very corrosion resistant in most environments but the stability of films

of physical vapour deposition (PVD) produced iridium oxide have shown poor

stability in certain applications [IV].

Rhodium oxide and Ruthenium oxide electrodes function according to the same

principle as iridium oxide electrodes. Rhodium oxide has low charge capabilities for

cathodic and anodic first biphasic pulses, but high charge capabilities (300µC/cm2)

during monophasic cathodic pulses applied to electrodes held at an anodic bias [3].

Ruthenium oxide has intermediate charge capabilities (150µC/cm2) during

monophasic cathodic pulses applied to electrodes held at anodic potentials [3]. 

Titanium has been used as a passive implant for a long time with proven

biocompatibility. An oxide film that is formed on the surface protects the metal from

further corrosion. The oxide film acts as a dielectric layer between the metal and the

solution and its capacitance depends on the Ti/O-ratio, applied voltage and electrode

polarity [9]. Titanium oxide is capable of delivering a relatively high charge injection

and has been used for electrostimulation purposes. When subjected to cathodic

potential titanium readily adsorbs hydrogen and forms hydrides, which can cause

embrittlement of the material. 

Titanium nitride exhibits properties characteristic of both covalent and metallic

compounds. It is a hard, corrosion resistant material with good electrical conduction.

[10,11]. Thin titanium nitride coatings can be applied to the surface by PVD. As an

implant material, titanium nitride has proven biocompatibility [10-14]. Rough

titanium nitride coatings are used as an electrode material for stimulation electrodes.

They can be produced with high surface area that provides a high charge capacity

through double layer capacitance [15,16]. The electrical properties can change over

time due to the formation of titanium oxide layer on the titanium nitride especially

under anodic polarisation.

Tantalum is a ductile metal with high corrosion resistance and biocompatibility

[17-19]. In biomaterial applications tantalum is used as sutures, plates, and as a β-

stabilising element in titanium alloys [20, 21]. Tantalum does not have the same

bone-bonding ability as titanium [20] but porous tantalum permits rapid ingrowth of

vascularised soft tissue [22]. Tantalum covered by native or produced tantalum oxide

(Ta2O5) has been used in electrostimulation applications. Since the oxide has a high
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dielectric constant the intention is to design electrodes which transfer the stimulation

pulse predominantly by capacitive charge transfer [23-36]. 

Carbon, in many different forms, is widely used in biomaterial applications.

Generally, carbon exhibits excellent biocompatibility. As a stimulation electrode

carbon has low polarisation, but often show poor mechanical performance. 

5.1.1.2   Material design strategies
Despite the advances in material science and production, few new electrode

materials have been introduced into the pacing society for the last 20 years. Today,

only four electrode materials are used in pacing; porous platinum, iridium oxide,

titanium nitride and vitrous carbon. 

Platinum has proven biocompatibility and well studied charge delivering

characteristics and stability in biological solution. Usually the surface topography is

modified by platinisation (Pt-black electrodes) to increase the surface area. Care must

be taken when designing the lead as Pt will introduce a galvanic element into the

design and increase the risk of corrosion of less noble elements in the system. 

Vitrous carbon electrodes have been used for pacemaker electrode applications

since the 1980s. The carbon electrodes can be produced with a very large surface area

and has low polarisation properties. Due to the poor mechanical stability and

susceptibility to DC leakage currents, carbon electrodes have not gained the same

success as platinum, iridium oxide and titanium nitride. 

Rough iridium oxides, deposited by PVD on Pt/Ir substrate have been used

successfully in pacemaker applications. They have a rather low polarisation and high

charge capability due to its pseudo-capacitive properties. 

Titanium nitride has a proven record as a well functioning stimulation material. It

can be produced with a high surface area by PVD on suitable substrates. The stability

of TiN is excellent due to the formation of stable TiO2 on the surface of the electrode

and it does not undergo corrosion. However, if the oxide layer grows too thick the

impedance of the interface can increase. 
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5.1.2   Charge transfer
The stability and electrochemical performance of the stimulation electrode

material are essential for its function. Unlike passive implants, the stimulation

electrode is required to transfer charge across the electrode/tissue interface in a

controllable manner. Therefore, when evaluating the performance of pacemaker

electrode materials the mechanisms of charge transfer must be investigated. 

5.1.2.1   Charge transfer mechanisms
At the interface between the electrode and the tissue (electrolyte), the stimulation

current is transferred by three possible mechanisms: i) non-faradaic

charging/discharging of the electrochemical double layer, ii) reversible (pseudo-

capacitive) and iii) irreversible faradaic reactions. The relative contribution of the

different mechanism to the total charge transferred during stimulation depends on

the pulse potential and duration, as well as the properties of the electrode material

and the electrolyte. 

Charge transfer by capacitive mechanisms is regarded as safe, as it does not

involve any chemical reactions and hence will not contribute to degradation of the

electrode or production of any potentially harmful reaction products. However, it is

difficult to generate an electric field strength of sufficient magnitude to attain

threshold purely by capacitive means. Surface bound faradaic redox reaction sites

can provide a source of additional reversible charge storage capacity on the electrode

(so called pseudo-capacitance). These reversible reactions are usually of no harm to

the body, as the reaction products do not leave the electrode and can be transferred

back to the original substance by reversal of the potential. Charge transfer through

irreversible reactions is undesirable as it can degrade the electrode and produce

reaction products that may accumulate in the tissue and be harmful to the body. In

particular reactions occurring at anodic potentials can degrade the electrode through

corrosion mechanisms or formation of insulating oxides. Platinum, iridium and

carbon electrodes are susceptible to corrosion at high anodic potentials, while the

oxide formation is the predominant risk for titanium nitride electrodes.

From both a biocompatibility and stability point of view it is necessary to strive

towards operation of the electrode within safe charge injection limits. The safe charge
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injection limit is defined as the potential range within which only reversible reactions

occur. In general, the ultimate potential limits are the hydrolysis of water to oxygen

and protons  (anodic limit) or hydrogen and hydroxide ions (cathodic limit). Within

these potentials, a number of additional reactions may occur, as example, dissolution

of Pt and Au due to complex formation in Cl- containing electrolyte [27] and oxide

formation on TiN [28]. Irreversible reactions can also increase the risk of

inflammation by changing the chemical environment locally around the electrode

[23-25].

5.1.2.2  Charge transfer design strategies
The safe charge transfer limit has been investigated for numerous materials,

including IrO2 [8,29], TiN [28] and Pt [2,30,31]. In general, the charge delivery

capacities within these potentials are insufficient for electrode materials used in

pacemaker applications. One commonly applied strategy to reduce irreversible

reactions has been to increase the surface area of the electrode by enhanced surface

roughness or porosity, in order to increase the charge delivered capacity [15,32-34].

However, this strategy does not guaranty the absence of irreversible reactions since

there are limitations to the use the total surface area during very fast

charge/discharging processes as described in paper III, IV and V.

5.1.3   Comments on stability and degradation
The choice of material is the primary issue when designing electrodes with

required long-term stability. As the electrode will be implanted in the body, the

selection range is limited to so-called biocompatible materials. Secondly, the charge

transferring reactions occurring on the electrode/electrolyte interface should be taken

into account. Although it is desirable to only have capacitive and reversible faradaic

(pseudo-capacitive) charge transfer mechanisms for the stimulation pulse, this is

seldom fulfilled. In practice it is impossible to totally avoid irreversible reactions if

the electrode operates outside its safe potential limit [35,36]. Increasing the surface

area to order to increase the capacitive charge delivery is only to some extent an

adequate strategy. The ohmic limitations of porous materials will diminish the effect
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of a large surface area during the fast charge delivery pulses used for cardiac

stimulation. Although high surface area electrodes increases the charge delivered at

slow charge/discharge rates it is important to understand that it can not be fully

utilised at fast discharge rate and therefore also the presence of irreversible reactions

can not be ruled out [35, III-V].

It must be stressed that the recharging pulse is not capable of reversing

irreversible reaction products back to the reactants, due to kinetic and mass-transport

mechanisms. Charge neutrality in the stimulation pulse does not imply

electrochemical reversibility as electrochemical reactions take place at different

potentials and with different kinetics. The reversal might instead contribute to

corrosion as it introduces an anodic component into the pulse. 

5.2   Reducing inflammation

Reducing inflammation is important for stimulation performance. By reducing

chronic inflammation, the fibrous tissue formed around the implant is held at a

moderate thickness, which is necessary for maintaining low threshold values. 

5.2.1   Biocompatibility and surface topography
As stated in previous section, the inherent biocompatibility of a material is crucial

to its performance as a biomaterial as well as the minimisation of the amount of

irreversible reactions during stimulation. Apart from the surface (electro)chemistry

of a material, also the topography/microstructure of the surface will influence of the

biocompatibility of the material. 

5.2.1.1  Foreign body response
When a foreign material is inserted into the body it will cause a trauma to the

tissue and trigger complex defence mechanisms such as activation of the

complement and the coagulation cascades (briefly described in chapter 3). Well-

functioning biomaterials regulate the response so the cascades proceed without
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major amplification and results in healing of the trauma [37]. Hence, the

inflammation response will follow a predictable path and acquire a steady chronic

state within weeks after implantation, as described in chapter 3. 

 
5.2.1.2  Biocompatibility design strategies
A common strategy to improve the biocompatibility of a surface is to tailor its

topography [37-39]. Topographic features on implants range from millimeters to

nanometers and are all believed to be relevant to the biological response. However,

the exact mechanisms explaining the enhanced function of specific surface properties

is still poorly understood. Even so, the rapid progress within biomaterial science has

lead to a better understanding of this issue. 

It is generally accepted that porous pacemaker electrodes exhibit thinner fibrous

capsule and hence show lower thresholds [40,41]. This has been attributed to better

and faster in-growth, promoting fixation and preventing mechanical disturbances on

tissue [42]. However, before the introduction of steroid eluting porous electrodes, the

benefits of porous electrodes on lowering threshold were not verified [43-46]. 

Interestingly, a study comparing platinum electrodes with surface roughness in

the macro-scale (approximately 30 µm) to platinum electrodes with roughness in the

micro-scale (less than 1 µm) revealed that the macro-porous electrode exhibited

lower threshold [47]. Also, micro-porous Elgiloy electrodes of the same texture

(pores < 25 µm) showed lower threshold compared to smooth Elgiloy electrodes [48].

The reasons to the benefits of porous electrodes compared to smooth electrodes are

difficult to evaluate as the porosity affects not only the biological response but also

the charge transfer mechanisms, an issue that will be addressed later. Another study

which identified the relevance of the nature of the topography of the electrode,

showed lower thresholds for a surface porous electrode (pores < 25 µm) compared to

a totally porous electrode (pores in range of 100-150 µm) [49]. 

Surface modification of the electrode by organic coatings has received some

attention in pacing society. Surface modified iridium electrodes has been produced

by polyethyleneglycol [50] as well as by self assembled monolayers (SAM) of

dodecanethiol on gold-coated platinum electrodes [51]. The SAM modified electrode
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showed reduced acute threshold compared to the control group as well as reduced

chronic threshold. 

5.2.2   Electrode fixation
The design of the electrode fixation to the heart tissue is of importance to the

tissue. Electrode dislodgement is a serious problem, since stimulation can not

proceed. As described in previous section, the nature of in-growth of the electrode

influences the threshold. 

5.2.2.1  Fixation strategies
The electrode should be fixed firmly to the tissue and exert adequate pressure to

allow good transfer of the stimulation pulse. However, the pressure should not be

too high in order to avoid mechanical damage to the tissue. Due to the more severe

trauma caused by screw-in leads they were not frequently used until the

introduction of steroid eluting electrodes [52].

5.2.3   Steroid eluting electrodes
Most pacemakers today are steroid eluting in order to reduce the risk of

inflammation. The steroid is incorporated into the electrode tip and is gradually

released when implanted. Numerous investigations confirm that the steroid eluting

electrode reduce the acute inflammation (see chapter 3.2.2), whereas its effect on the

chronic inflammation is debated. The literature on this subject is rather contradicting,

with some authors claiming the steroid to reduce both the acute and chronic

inflammation, while other claim steroids have little or no effect on the chronic

inflammation [53]. 

5.2.3.1  Steroid design strategies
Three different categories of drugs have been evaluated for pacemaker electrodes;

anti-inflammatory, anti-coagulants and drugs that prevent the formation of an
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extracellular matrix [53]. The effect of both anti-coagulants and drugs preventing

formation of an extracellular matrix are disadvantageous on the threshold

development, probably due to the prevention of rapid in-growth of the electrode into

the tissue. The most successful approach is the use of anti-inflammatory steroids,

such as dexamethasone sodium phosphate in the electrode [41,53-55]. Although the

long-term benefits with steroid-eluting electrodes have been debated [19] the benefits

on the acute threshold are well documented. This is evident from the absence or

reduction of the peak in threshold, which normally appears 1-3 weeks post

implantation [40,52]. The use of steroids has initiated the development of electrodes

with very small geometry surface area (often called high-impedance electrodes) [56-

59]. 

5.2.4   Comments on inflammation
The main strategy used in pacing society to reduce inflammation is the addition of

steroids to the electrode to suppress the immune response. Today, this strategy is

generally not pursued within the biomaterial society. Instead, to improve

biocompatibility the design of surfaces exhibiting appropriate chemical, physical and

interfacial characteristics to avoid the unfavourable tissue reactions are favoured.

Further, novel strategies are explored to design interactive biomaterials that interact

with targets within the body or mimic tissue architecture [60-62]. Biomimetic

materials are intended to elicit specific responses (adhesion, signalling, stimulation)

in the body by incorporating peptides, nucleic acids, growth factors, cell surface

receptors, or any active biomolecules as binding sites. Adapting these strategies

would most likely enhance the performance of the pacing electrode by reducing the

thickness of the fibrous tissue and hence reduce the threshold. 

5.3   Reducing threshold

In previous section the benefits of reducing inflammation and hence reduce the

thickness of the fibrous tissue on the threshold was described. The threshold is also
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affected by other parameters, such as the characteristics of the stimulation pulse and

the charge transferring properties of the electrode. Further, the geometric design of

the electrode has been attributed to affect threshold. This factor will be assessed in

section 5.4. The discussion in this chapter is based on the assumption that the

stimulation pulse is delivered at a time in the cardiac cell action cycle, when it is

most favourable. That is, as an example, not in the refraction period when the heart

can not be activated.

5.3.1   Stimulation mode
It is known from the law of electrostimulation that the delivering time and the

amplitude of the stimulation pulse affects the threshold. According to Weiss´ law of

electrostimulation, the lowest threshold is found at rheobase. This is however not the

energetically most favourable stimulation pulse and hence, pacing is not performed

at this theoretical lowest threshold. The pulse shape must have a rapid increase in

potential or current otherwise activation might not be achieved. Square waves have

been proposed to be the energetically most favourable [63].

Anodic pacing has a somewhat different strength-duration curve than cathodic

pacing [40,63,64]. Cathodic pulses have empirically been demonstrated to require

less energy to initiate heartbeats compared to anodic pulses. A fundamental

explanation to this observation remains to be given but is likely to have both

electrochemical and physiological origins. Also, a positive practical outcome of using

cathodic stimulation pulses is the evasion of degradation of the electrode by

corrosion reactions or loss of conductivity by oxidation, which are likely to occur at

elevated anodic potential. Constant current pulses have generally measured lower

threshold values compared to constant potential pulses. However, due to the

increased current drain associated to the electronic circuit design required for

delivering current pulses, this stimulation mode is not used in today’s pacemakers.

Further, mono-phasic pulses have generally lower threshold than bi-phasic pulses.

Stimulation mode is generally not used as a design strategy for reducing

threshold. Today, most pacemakers deliver capacitively coupled cathodic potential

pulses when stimulating the heart. 
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5.3.2   Comments on reducing threshold
The aim to reduce threshold is closely connected to reducing inflammation and

promoting tissue in-growth. These factors were accounted for in previous section. In

addition, the stimulation mode is of importance. It is of special interest to note the

higher chronaxie for constant current pulses compared to constant potential pulses.

This highlights the role of the charge transferring mechanisms over the interface for

the electrostimulation and suggests that the electric field within the tissue is more

important than the current created by electrochemical processes. In particular,

electrochemically non-polarisable materials like platinum will not sustain a high

surface potential. When passing faradaic currents, the increase in interfacial

impedance due to mass-transport limitations will increase the over-potential. The

additional extra potential-drop will take place over the electrochemical interface and

will not contribute to the electrical field over the tissue. Moreover, it is likely that the

electric field is not the only factor that induces the activation of the tissue but

possibly also the electrochemical potential distribution. As example, it is known that

instantaneous change in ion concentration (inducing a shift of electrochemical

potential) can lead to activation of cardiac cells [65]. 

5.4   Reducing energy consumption

To reduce the energy consumption of the pacemaker there are three main

approaches; First, the pacing threshold should be kept as low as possible by reducing

fibrous tissue thickness around the electrode (reduce inflammation). This issue was

addressed in chapter 5.2. Secondly, the stimulation mode should be optimised. In

theory, this means choosing the pulse shape at chronaxie (chapter 5.3.1) . Finally, a

novel strategy to lower energy consumption has recently evolved. Increasing the

pacing impedance of the electrode leads to a decreased current drain, which is

claimed to reduce energy consumption. In pacing society today the general idea

when designing electrodes is to strive for high pacing impedance, in order to

decrease the energy consumption of the battery, [40,58,59,66-68]. 

norlia01
battery,
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5.4.1   Stimulation mode
As described in previous section the main interest with choosing stimulation

parameters is not to directly reduce threshold but rather to reduce energy in order to

increase battery life. 

5.4.1.1   Stimulation mode design strategies 
According to the law of electrostimulation, the most energy efficient stimulation

pulse is found at chronaxie [40,63,64,69]. However, due to the increase in threshold

over the first weeks following implantation, the general strategy is to add a safety

margin to the pacemaker out-put, generally set to two times the chronaxide value

[68]. Hence, these pacemakers do not operate at minimum energy due to safety

aspects. As all extra stimulation is useless, because of the all-or-nothing function of

the heart, a new design has evolved. Pacemakers with the so-called Auto-capture

function continuously measure the lowest feasible stimulation potential for obtaining

activation (capture) and regulate the device to stimulate at this potential.

5.4.2   Surface area 
The electrode area influence energy consumption in various ways and the

literature on this subject is both extensive and contradicting. A short summary is

given in this section on different surface design strategies argued to reduce energy

consumption of the pacemaker.

5.4.2.1   Minimising threshold strategy
In the literature numerous investigations claim a that smaller surface area will

reduce threshold and hence energy consumption. More specific it has been shown

experimentally that the threshold at chronaxie decreases with decreasing electrode

size [63,64,69]. It is important to take the thickness of the fibrous tissue into account

when determining the optimal area for threshold. The virtual area of the electrode is

determined by the sum of the electrode radius and the thickness of the tissue.
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Explanations to why small electrodes reduce threshold have been attributed to

increased current density at the electrode [40] as well as the higher electric field close

to the electrode surface [69,70].

5.4.2.2  Minimising pacing polarisation strategy
A high pacing polarisation (fast decaying over-potential) is often attributed to

inefficient pacing, and an indication of energy lost during each pulse [40,71,72],

whereas the significance of pacing polarisation on pacing performance is debated

[64,65,66]. However, the pacing polarisation is not generally used as a design

parameter anymore, but has been replaced by the related pacing impedance. 

5.4.2.3 Increasing pacing impedance strategy
The complexity associated to the impedance of the pacemaker lead is generally

well known within pacing society. The impedance of a lead measured by

conventional pacing devices originates from several sources, such as the ohmic

resistance in the lead, the electrolyte impedance (mainly ohmic) and the interfacial

impedance. Studies argue that the lead impedance should be low, as this merely

represents loss due to heat dissipation and does not contribute positively to pacing.

The electrolyte impedance is omnipresent and will wary with the ionic composition

and concentrations, as well as the nature of the tissue. Depending on the length of

the current path in the body, the electrolyte impedance will contribute to the total

impedance to various degrees. 

To decrease the current drain during pacing, one commonly adopted design

strategy is to increase the pacing impedance at the interface. Since the pacing

impedance is inversely proportional to the surface area of the electrode, one

implemented design strategy is to reduce the surface area. This has led to new small

electrodes on the market, so-called high impedance electrodes. 

Reducing the surface area has a drawback in increasing the after-polarisation of

the electrode. This concept will be described in more detail below, as it is central to

the design of pacing electrodes.
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5.4.3   Comments on reducing energy 
It is evident that the reduction of the surface area (geometric) influences the

energy consumption of the pacemaker, primarily by reducing the threshold. Most

likely, high pacing impedance should be regarded as a secondary design parameter.

To strive for high impedance alone will not benefit pacing performance. It is again

important to point out that the pacing impedance can not be separated from the total

surface area and its observed inverse proportionality to the geometric surface area is

due to the ohmic limitations at high charge/discharge rates. The surface area

(topography) also influences the threshold by promoting the biological responses as

described in section 5.2.1. For an electrode with a small surface area the interfacial

impedance is high, which is often regarded as beneficial for pacing efficiency. This

probably needs more consideration by taking into account details in the interfacial

behaviour. 

A small electrode implies high current density during pacing pulse. With high

current density the mass-transport limitation will become more influential and

contribute to an increased interfacial impedance [V]. It can be speculated that the

interfacial impedance originating from mass-transport limitations is not beneficial for

pacing, as it will induce a time-dependent potential drop across the interface. This

potential drop will principally develop over the interfacial region, which can be

roughly approximately up to 0.1-0.5 mm outside the electrode in stagnant solution

[73]. Hence the electric field usable for activating the closest healthy cardiac cell

(separated 1-2 mm from the electrode by the fibrous tissue [69]) is reduced with

pulse time. 

This exemplifies the need for further detailed investigations of the transient

interfacial behaviour during pacing processes in order to find ways to improve the

delivery of stimulation pulses.

5.5 Sensing 

The sensing of the cardiac response signal is crucial for electrostimulation as it

ensures safe and low energy operation. The signal to be sensed by the electrode is a
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small electrical signal originating from the intrinsic heartbeat or the evoked response

as described in chapter 2. 

5.5.1   Optimising pacing and sensing impedance
Traditionally, a high electrode capacitance is associated to low after-polarisation,

which is believed to be beneficial for sensing performance [33,36,40,66]. Figure 5.2

compares the impedance modulus of rough and smooth titanium nitride electrodes.

From the spectra it is evident that the rough and smooth electrode have different

impedance modulus characteristics over the frequency range. In the sensing

frequency range the impedance modulus of the smooth electrode is significantly

higher. High interfacial impedance can obstruct the sensing of the low amplitude

potential cardiac response [34,74,75]. Porous electrodes, which exhibit low interfacial

impedance in the sensing frequency range, are therefore regarded as superior to

smooth electrodes for sensing purposes. 

It is generally accepted that it is beneficial for sensing to have a large surface area

in order to reduce after-polarisation and to decrease the so-called sensing impedance.

Increasing the geometric surface area will increase threshold value, which is not

desirable. Therefore, the strategy used is to design electrodes with high porosity or

surface roughness in order to achieve a large total surface area while maintaining a

small geometric surface area.

5.5.2   Comments on sensing
In the literature it is sometimes stated that the polarisation is proportional to the

total surface area while the pacing impedance is inversely proportional to the

geometric surface area [66-68,76]. It is remarkable that this contradicting statement

has remained in frequent use even though it is evident from elementary physics that

it is not possible to separate the geometric area from the total area in such a

convenient way to support experimental findings. 
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Distributed resistance and capacitance have been proposed to describe

electrochemical characteristics of porous electrodes [77], and the behaviour of porous

electrodes at high/charge discharge rates was explained in chapter 4.4. The ohmic

limitations within electrodes during fast charge/discharging processes provide an

explanation to the observed relationship between the pacing impedance to geometric

surface area of porous electrodes. The charge/discharge process caused by the

pacemaker pulse occurs over a very short time period, and the ohmic resistance of

the electrolyte in contact with the porous electrode will dominate the transfer

mechanism. As discussed above, only the outermost surface area of a porous

Figure 5.2. Impedance spectra of smooth TiN and rough TiN.



84

Chapter 5

pacemaker electrode is available for the charge transfer, hence the pacing impedance

apparently depends on the geometric surface area. Some literature recognises the

concept of limited usage of the capacitance of porous electrodes, but does not

directly relate it to the pacing impedance [33,78-80]. 

5.6   Summary

The design of safe, reliable and high performance stimulation electrodes is in

practise a task of optimisation character as the primary optimisation goals are

dependent on each other. It is important to realise that empirical parameters such as

pacing impedance and pacing polarisation are insufficient to alone describe the

complex electrochemical behaviour of pacemaker electrodes and should be treated

with caution when used as design parameters. 

As example, it can be speculated that the interfacial impedance originating from

mass-transfer limitations is most likely not beneficial for pacing. Mass-transfer

limitations will contribute to an increase in potential drop over the interface during

the stimulation pulse and hence the electric field usable for activating heart cells is

reduced. This exemplifies the need for further detailed investigations of the transient

interfacial behaviour during pacing processes and the importance of understanding

the nature of the (secondary) optimisation parameters. 

From the review and discussion above one fundamental design principle can be

emphasised. This is the reduction and maintenance of a low and stable chronic

threshold. Lowering the threshold will result in decreased degradation of the

electrode and a diminishing release of reaction products due to less irreversible

reactions occurring during pacing. Further, the energy requirement of the electrode

will decrease.  

To achieve low threshold, three main strategies can be identified. First, decreasing

the fibrous tissue thickness by improving the biocompatibility of the electrode. Novel

approaches currently developing in the field of biomaterial science should be

implemented to design interactive and biomimetic electrode materials. Secondly, the

charge transfer mechanisms of the electrode should be investigated to ensure safe
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charge transfer and no irreversible reactions. If the fibrous tissue is reduced by

adopting the methods above, finally smaller electrodes operating at chronaxie can be

utilised, which will reduce the pacing threshold even further. 
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6.1   General aspects and motivation

One approach to gain insight into the electrochemical characteristics and

behaviour of stimulation electrodes is to study the fundamental aspects of the

electrode/electrolyte interface. In this thesis, in situ electrochemical techniques have

been used to obtain information of the electrochemical behaviour of the electrode

when immersed in synthetic body fluid. Complementary surface analytical

techniques have been used to examine the surface topography and composition. In

the following chapter brief descriptions are given for the experimental methods that

have been extensively used in this thesis work. 

6.1.1   The electrochemical cell and electrolyte
In the electrochemical measurements a three-electrode set-up was used (fig 6.1). A

saturated Ag/AgCl electrode was used as reference electrode and a platinum mesh as

Reference electrode

Working electrode

Counter electrode
Luggin capillary

Stirrer

Figure 6.1. Picture of the electrochemical cell used for experiments.
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counter electrode. A Luggin capillary was used to minimise the IR-drop between the

reference and the working electrode. The cell was equipped with a stirrer, for

removal of bubbles on the working electrode where appropriate. All measurements

were performed at room temperature

A phosphate-buffered-saline (PBS) solution, adjusted to pH 7.4, was used as

electrolyte for all electrochemical measurements. The solution has a similar ion

strength as blood, [Na+] = 0.17 M, [K+] = 0.01 M and [Cl-] =0.15 M, and a phosphate

buffer to maintain a stable pH. 

6.2   Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful and non-destructive

technique for investigating electrochemical systems. EIS can provide information of a

vast variety of electrochemical processes, such as charge transfer or polarisation

resistance, corrosion, interfacial and bulk capacitance, transport of species in

electrolyte and solids [1], coatings [2,3], polymer degradation [4] hydrogen

adsorption [5] and lipid bilayers [6]. 

6.2.1   General aspects of EIS
In brief, EIS operates by applying a small sinusoidal potential or current

perturbation to the electrochemical interface while simultaneously measuring its

response (fig 6.2). The resistive and capacitive characteristics of the interface can be

evaluated by analysing the impedance response in a wide frequency range, provided

that the analytical constraints are fulfilled. The strength of EIS lies in the fact that it is

essentially a steady-state technique that is capable of accessing electrochemical

processes whose relaxation times vary over many orders of magnitude [1,7,8]. 

EIS measures the impedance of an electrochemical system as a function of

frequency of an applied small perturbation. For aqueous systems, this perturbation is

normally an AC voltage of small amplitude, typically 5–15 mV peak-to-peak. Using

small amplitude excitation signals allows the response of the electrochemical system
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to be regarded as linear [9]. In a linear system the current response to a sinusoidal

potential will be a sinusoid at the same frequency, but shifted in phase.

In EIS the interfacial response of an electrochemical system is measured over a

large frequency range. The impedance response is then plotted versus frequency to

illustrate the system properties over the measured frequency range. Figure 6.3a and

b, show typical impedance spectra in Bode and Nyquist format, receptively. The

Figure 6.2. Schematic description of principles of electrochemical impedance spectroscopy.

a) b)

Figure 6.3. Representation of impedance data in a) Bode and b) Nyquist plot format.

ω
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Bode plot displays the impedance modulus and phase angle versus the frequency,

while Nyquist plot shows the imaginary impedance versus the real impedance.

 Many concepts used in the analysis of electrical circuits can be applied in

analysing electrochemical impedance spectroscopy data. However, since few real

electrochemical interfaces can be regarded as ideal, the analogy between

electrochemical and electrical systems should be treated with care. For simple

systems certain parameters, such as polarisation resistance (Rp), electrolyte resistance

(Re) can be obtained directly from visually examination of the spectra (fig. 6.3).

However, for more complex responses and to more accurate determination of the

characteristics of the interface, it is better to use an adequate equivalent circuit

representing the interface, and then evaluate the values of the circuit component by

fitting the experimental data using the equivalent circuit.

6.2.2   Theoretical background

When an electrically conductive system is subjected to an electrical perturbation,

its response can be described by a transfer function. One of the most recognised

transfer functions is the resistance of a resistor, which in Ohm’s law describes the

relationship between the current and the potential:

I
UR = (6.1)

 

Usually electrochemical interfaces exhibit more complex behaviour and must be

described by a more general transfer function. The dynamic behaviour of a linear

electrochemical system can be thoroughly defined by its impedance in the frequency

domain. In EIS, the interface is usually perturbed with a small amplitude sinusoidal

perturbation in the form: 

( ) ( )tUtU ωsin0= (6.2)
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where, U(t) is the potential at time t, 0U  is the amplitude of the signal, and ω is the

radial frequency (ω=2πf). In a linear system, the response signal, I(t), is shifted in
phase φ and has a different amplitude, 0I ,

( ) ( )φω += tItI sin0 (6.3)

An expression analogous to Ohm's Law is used to calculate the transfer function of

the impedance as:

( ) ( )
( )

( )
( )φω
ω
+

==
t
tZ

tI
tUtZ

sin
sin

0 (6.4)

The impedance is then expressed in terms of a magnitude, Z0, and a phase shift, φ. By

using Fourier or Laplace transformation, the impedance can be expressed in terms of

the steady-state sinusoidal in frequency domain and the transfer function becomes:

( ) { }
{ }

( )
( ) ( )ω
ω
ωω jZ
jI
jU

tIF
tUFjH ===
)(
)(

 (6.5)

where F represent the Fourier transform, and U(jω) and I(jω) are the sinusoidal

voltage and current. Given that the system is linear, causality is obeyed, and that the

interface is stable over the time of sampling [9], the transfer function may be

identified as an impedance, Z(jω). Since they are vector quantities, H(jω) and Z(jω)

are complex numbers containing both magnitude and phase information. The

impedance is a complex number and is commonly written in the form:

( ) ImRe jZZjZ −=ω  (6.6)

where j = 1− , and ReZ  and ImZ  are frequency dependent real numbers, which

are related to the magnitude of the impedance and the phase shift by:
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( ) 2
Im

2
Re ZZjZ +=ω  (6.7)

Re

Imtan
Z
Z

−=φ (6.8)

From a theoretical viewpoint, the impedance (or, more generally, the transfer

function) is one of the most important quantities that can be measured in

electrochemistry and corrosion science. This is because, if it is sampled over an

infinite bandwidth, the transfer function contains all the information that can be

obtained from the system by purely electrical means. 

6.2.3   Models and equivalent circuits 
The most frequently used method when analysing EIS spectra is equivalent circuit

modelling. As described in chapter 4, the electrical response of certain interfacial

properties can be approximately described by electrical components (fig. 4.1, 4.2 and

4.3). Some elements are analogues to electrical components, such as resistors and

capacitors while others have no electrical equivalent and are defined by their

mathematical functions. By combining these elements into equivalent circuits the

response of the entire electrochemical system can be modelled. When one equivalent

circuit model is proposed to describe the electrochemical features of the system,

spectra fitting can be performed by using non-linear least square fitting. The choice

of equivalent circuit is critical to the quality of the fitting and the physical

interpretation of the result. It is generally agreed that, instead of using complicated

circuits with many elements to achieve mathematically perfect fit, one should use

simple and physically plausible equivalent circuit that gives satisfactory fit, and the

circuit elements should have physical meaning and can be verified by other means.
One simple and often used model of the interface is one resistance, ctR ,

representing the resistance to charge transfer over the interface in parallel to a
capacitor, dlC , representing the double layer capacitance. Sometimes, a polarisation

resistance pR  is used instead of ctR  for more general cases, e.g., corroding electrodes.
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For electrochemical measurements, the resistance of the electrolyte, eR , is added in

series to the interfacial model (fig. 6.4a). More complex interfaces can be described by

adding electrical components as exemplified in figure 6.4b and c.

To accurately describe the non-ideal behaviour of real interfaces, it is necessary to

modify the ideal electrical components in the model. The capacitive behaviour of the

electrochemical double layer is often described by a so-called constant phase element

(CPE). One justification to use CPE is that real surfaces are not completely

homogenous and thereby do not show identical response to the disturbance at every

location on the interface.

Therefore is the measured

response from an interface the

sum of all local responses.

Several theories have been

proposed to describe the non-

ideal behaviour of the double

layer, but none has been entirely

accepted. An effect of the local

variations of the surface

properties is the introduction of

a dispersion of the measured

frequency responses from the

system. 

Most interfaces are regarded

as non-ideal, but in some cases

this becomes more pronounced.

For materials with rough

surfaces, the roughness

drastically increases frequency

dispersion compared to that of

smooth non-ideal surfaces.

Another explanation to CPE

Figure 6.4. Equivalent circuit model over a) interface
exhibiting one constant behaviour, b) interface with
diffusion characteristics and c) two-layer oxide with
porous outer layer and inner barrier layer.

a)

b)

c)
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behaviour originates from inhomogeneous reaction rates on for example

polycrystalline metal surfaces or carbon with distributed reaction sites with different

activation energy [10], various thickness of coatings [11] or non-uniform current

distribution. 

6.3   Cyclic voltammetry

Information of the electrochemical behaviour of a system can be obtained by

sweeping the electrode potential with time and recording the current. Usually the

potential is varied linearly with time over a potential range of interest and the

potential sweep is reversed and this can be repeated, i.e., so-called cyclic

voltammetry (CV). The current peaks in the resulting CV curves can be attributed to

electrochemical processes generating or consuming electrical charge. The current

peaks for oxidation reactions appear in the anodic sweep direction, and current

peaks for reduction reactions appear in the cathodic sweep direction. 

CV is often used to study redox reactions and other electrochemical reactions that

may occur on the electrode surface. The reversibility of an electrochemical reaction

can be evaluated from the corresponding oxidation and reduction peaks. The

resistive and capacitive characteristics of the interface can be revealed by the

potential-dependence of the current. Moreover, the CV can be performed at different

potential sweep rates, which provide information about the influence of the sweep

rate on the electrochemical reactions as well as on resistive and capacitive

characteristics of the interface. This is particularly useful when studying

electrochemical processes occurring on rough and porous electrodes [12].  

A classical example is the cyclic voltammogram of platinum electrode in 0.1 M

H2SO4, shown in figure 6.5. From the voltammogram the peaks can be attributed to

the adsorption/desorption of hydrogen and oxygen on Pt. From CV measurements

information can be obtained of the kinetics of the reactions, adsorption/desorption

processes as well as corrosion rates.
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6.4   Transient techniques

For pacemaker applications it is important to be aware of that processes occurring

during the fast stimulation pulses must be studied by appropriate techniques in

order to analyse the interface when it is not in steady state. The pacemaker pulse is

delivered by capacitive means, which makes it more difficult to analyse the processes

compared the situation under constant current or constant potential pulses. 

6.4.1   Pacemaker pulses
Capacitively coupled stimulation and recharging pulses of adjustable potentials,

pulse widths and rates have been studied in this thesis. The pulses were generated

by a pulse generator built by St Jude Medical AB and applied between the sample

(working electrode) and the counter electrode. The potential and current responses

were recorded by using a digital oscilloscope (Tektronix TDS 420A). The potential

Figure 6.5. Cyclic voltammogram of Pt in 1 M H2SO4.
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response was directly measured between the pacing electrode and the reference

electrode. To minimise the potential drop due to the electrolyte resistance, the

reference electrode was inserted in a Lugging capillary and placed close to the

sample surface. The responding transient current was measured by recording the

voltage drop across a resistor (0.1 Ω) connected in series in the measuring circuit. The

current was then calculated using Ohms law. 

6.4.2   High voltage pulses
For investigation of electrode materials for ICD applications, and for fabrication of

porous Nb oxide through plasma electrolysis anodization, a high voltage pulse a

device (UHM0013) built by St Jude Medical AB, Sweden, was used to generate and

deliver the capacitively coupled pulses. In the experiments each pulse had a

magnitude of 700 V and 10±2 ms duration, with an integrated energy of 40 J per

pulse. Four pulses were applied in series, followed by three minutes rest period

before another series of pulses was applied. The potential and current responses of

the materials were measured in the same way as described above. Due to a relatively

large current, a measuring resistor of 15 Ω was used.

6.4.3   Comments
For transient techniques, the capacitive current density can become large so that

the smaller faradaic current can not be detected and analysed: 

dt
dUCicap = (6.9)

As the capacitance is proportional to the electrode area it is necessary to use

electrodes with a small area (microelectrodes or ultramicroelectrodes) for detailed

studies of faradaic reactions. Another benefit associated with using small dimension

electrodes is the high rate of mass transport of species to and from the electrode

[14,15].
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6.5   Surface analysis

Surface analysis techniques have been used to complement the electrochemical

measurement. Scanning electron microscopy (SEM) was used to examine the

topography and evaluate the extent of degradation after the surfaces was exposed to

electrolyte and simulated/accelerated aging. The surface composition was analysed

with energy dispersive X-ray spectroscopy (EDS) and X-ray photoelectron

spectroscopy (XPS). 

6.5.1   Scanning electron microscopy

Scanning electron microscopy was predominantly used to examine the surface

structure of bulk specimens. With this technique it is possible to study the

morphology (fig. 6.6) of samples and also to analyse elementary chemical

composition. In principal a SEM operates by scanning the sample with a focused

electron beam and detecting an image by collecting the scattered electrons instead of

light as in an optical microscope. When the electrons from the scanning beam

(primary or incident beam) collide with the sample, a variety of signals are

generated. In particular three

signals provide great amount of

information in SEM, namely the

secondary electrons, backscattered

electrons, and emitted X-rays (fig.

6.7). The penetration depth of the

incident beam varies with its

electron energy [15].

The backscattered electrons are

high energy electrons created by

elastic collision when the incident

electron beam hits the atoms in

the sample. The incident electron
Figure 6.6. SEM picture of Ti6Al4V, showing the β-

phase incorporated in the α-phase.

10 µm
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is scattered "backward" 180 degrees and detected by a detector. The backscattered

electrons have high energy, which implies that they can escape from much deeper

down the sample than secondary electrons. Therefore, the surface topography is not

as accurately resolved. Depending on the atomic number the yield of backscattered

electron will vary, i.e. atoms with high atomic number are more efficient scatterers.

Backscattered electron imaging may provide elemental composition variation, as

well as, topographical information.

The secondary electrons are used for imaging of the surface. The interaction of the

incident electron beam and the sample's electrons result in inelastic electron

scattering and production of low energy electrons (secondary electrons). Some of

these secondary electrons are able to escape the sample and can be detected. The

escape depth of the secondary electrons is limited by their mean free path in the

sample [15]. The orientation of surface features influences the number of electrons

that reach the secondary electron detector, which creates variations in image contrast

that represent the sample's surface topography.

Figure 6.7. Illustration of signals generated by the incident electron beam.
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6.5.2   Energy dispersive spectrometry
Another outcome of the interactions of the incident electron beam with the sample

atoms is the ionisation of the atoms in the sample. If a sample atom is ionised

through the emission of a core electron this may lead to the emission of X-ray

photons. The X-rays can be detected by an energy dispersive spectrometer and this

technique is often referred to as energy dispersive spectroscopy (EDS) or energy

dispersive X-ray analysis (EDXA). Analysing the X-rays with respect to their energy

provides elemental identification (since each element radiates at a specific

wavelength) and the relative intensities of these X-rays are used for quantitative

analysis [15]. 

6.5.3   X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy or Electron Spectroscopy for Chemical Anaysis

(ESCA) is based on the photoelectric effect discovered in 1887 by Hertz [16] and

described in 1905 by Einstein [17]. The principle of XPS is the use of a

monochromatic X-ray source to create core holes through emission of photoelectrons

from the sample [18]. The binding energy of these electrons are measured and

provide finger print characteristics of the elements and associated chemical bonds

(chemical state) in the top few atomic layers of the material. Accurate spectroanalysis

of the photoelectrons provide quantitative elemental and compound analysis. 
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     In this chapter, the results and conclusions from the experimental work are

summarised, and the electrochemical performance of the materials is commented

with the intention to clarifying certain operation characteristics of stimulation

electrodes. Finally, an outline for future work is proposed.

7.1   Summary of papers

Paper I. Investigation of Interfacial Capacitance of Pt, Ti and TiN Coated

Electrodes by Electrochemical Impedance Spectroscopy 

In this paper electrochemical impedance spectroscopy was applied to investigate

the capacitance and effective surface area of pure Pt and Ti as well as TiN coated and

platinised Pt and Ti electrodes, exposed to a phosphate-buffered-saline (PBS)

solution. The capacitance of the electrodes in PBS was obtained through quantitative

analysis of the electrochemical impedance spectra (EIS). An increased effective

surface area results in an increased interfacial capacitance. The investigation reveal

that the capacitance of the TiN coated electrodes with a rough surface is several

hundreds times higher than that of a smooth Pt surface. Platinisation of Ti provided

the same extent of increase in capacitance as for platinisation of Pt.

Based on the results from this investigation, it was concluded that EIS is a

powerful technique for characterisation of stimulating/sensing electrodes, as it

reveals both capacitive and resistive parts of the impedance over a wide frequency

range. It is appropriate to use the constant phase element (CPE) instead of

capacitance in the model to describe the electrode/electrolyte interface to account for

the non-ideal features of the interface. 

The impedance spectra provide information about fast (high frequencies) and

slow (low frequencies) processes occurring at the electrode-electrolyte interface. This

is advantage over those industrial impedance measurements at a single frequency or

at a certain time point, where it is difficult to compare results measured by using

different apparatus set-up and algorithms, chapter 2.4.
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Paper II. Investigation of Pt, Ti, TiN, and Nano-Porous Carbon Electrodes for

Implantable Cardioverter-Defibrillator Applications

The electrochemical behavior and stability of Pt, Ti, TiN, and nano-porous carbon

for implantable cardioverter-defibrillator (ICD) electrode applications were

investigated in phosphate buffered saline solution. The electrochemical interfacial

properties were examined by electrochemical impedance spectroscopy, and the

potential and current responses during ICD shock pulses were recorded by a digital

oscilloscope. Changes in surface composition and structure were investigated using

X-ray photoelectron spectroscopy and scanning electron microscopy. 

When subjected to anodic shock pulses with amplitude of 700 V and 10 ms

duration, only Pt was stable while the nano-porous carbon electrode was slightly

degraded. On the other hand, Ti and TiN electrodes suffered severe degradation.

Upon cathodic shock pulsing, all the materials were stable, but Ti and TiN electrodes

with a smooth surface showed evidence of hydrogen adsorption. Electrodes with a

rough surface or porous structure produced less visible gas evolution. This could be

due to a higher proportion of non-faradaic charge transfer as a result of the higher

interfacial capacitance for these materials.

The results suggest that the surface roughness and porous microstructure have a

significant influence on the interfacial behaviour, e.g., reducing the proportion of

faradaic charge transfer during the transient process upon a large polarisation. This

is highly relevant for the design and optimisation of the stimulating electrodes, as

discussed in chapter 5.1.

Paper III. Investigation of Electrochemical Behavior of Stimulation/Sensing

Materials for Pacemaker Electrode Applications

I. Pt, Ti, and TiN Coated Electrodes

In this work, the electrochemical behaviour of Pt, Ti, smooth and rough TiN

electrodes for electrostimulation applications were investigated in a phosphate-

buffered saline solution, and their stability was evaluated by accelerated

electrochemical aging. The materials were chosen because of their current use in

pacemaker electrode applications to serve as references for future studies. 
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The experimental work was performed by electrochemical impedance

spectroscopy and cyclic voltammetry (CV), as well as surface analysis using scanning

electron microscopy and X-ray photoelectron spectroscopy. The influence of surface

roughness on charge-transfer characteristics was examined under fast cyclic potential

sweeps and the stability of the electrodes was investigated by simulated aging

through large numbers of CV cycles between -3 to 1 V vs. open-circuit potential. 

The results show that these electrodes exhibit different electrochemical behaviour,

and surface roughness plays an important role in the interfacial behaviour.

Reversible oxidation and reduction reactions occurred on Pt and rough TiN

electrodes. Oxide growth and partial reduction occurred on Ti and smooth TiN.

Additionally, a pronounced H adsorption on Ti was evident. It was also concluded

that the surface roughness has a significant influence on the interfacial behaviour.

The accelerated electrochemical ageing resulted in considerable oxide growth on Ti

and the smooth TiN, but only slightly on the rough TiN electrode. Small amounts of

K, Na, and P were incorporated into all electrodes. H2 evolution was observed to

occur on Pt and smooth TiN electrodes, but not on Ti and the rough TiN electrodes.

Upon accelerated aging, changes in surface composition and structure occurred to

different extents on the electrode materials. Pt and the rough TiN electrodes were

stable, whereas Ti and the smooth TiN electrodes were affected, mainly by oxidation

of Ti and nitride, but also by H adsorption on Ti.

The effects from the surface roughness become dominant when the

charge/discharge rate is increased above a certain level. Under fast cyclic potential

sweeps (up to 20 V/s), the charge transfer mechanism changes with increasing

potential sweep rate. Although the rough-surfaced TiN provides a high interfacial

capacitance as measured by EIS, the maximum capacitance cannot be fully employed

at high CV sweep rates, because only a small part of the effective surface area is

accessible. As the sweep rate increases, the current-potential response becomes linear

(ohmic) due to the pore-like rough surface. 

The results from this study emphasise the importance of detailed knowledge of

electrochemical interfacial properties of the specific electrode material in the design

of pacemaker system. Different materials, like Pt and TiN, exhibit very different

interfacial behaviour and stability, due to different faradaic reactions that may occur
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on the electrode at anodic and cathodic polarisation. For TiN, oxide formation may

occur above a certain anodic potential and H adsorption may occur at sufficiently

low cathodic potential. However, surface roughness of TiN greatly affects these

processes by reducing the faradaic reactions during fast potential sweeps. All these

detailed knowledge needs to be taken into account in the design of the stimulation

electrodes and the pulses. One can not simply change to a new electrode material or

structure and assume the other parameters remain the same, as discussed in chapter

2.5, 4.4 and 5.1.

Paper IV. Investigation of Electrochemical Behaviour of Stimulation/Sensing

Materials for Pacemaker Electrode Applications 

II. Conducting Oxide Electrodes

In this paper, materials exhibiting pseudo-capacitive properties were examined.

The electrochemical behaviour, interfacial properties and stability of RuO2-, IrO2-,

(Ru1-xMnx)O2- and (Ir1-xMnx)O2 coated electrodes were investigated in a phosphate

buffered saline solution, by electrochemical impedance spectroscopy and cyclic

voltammetry. Accelerated ageing of the electrode materials was simulated by fast

sweep rate CV cycles between -3 to 1 V vs. Ag/AgCl. Changes in surface composition

and structure were investigated using X-ray photoelectron spectroscopy and

scanning electron microscopy.   The materials were chosen to study the pseudo-

capacitacitive contributions to the charge delivery capacity.  

The conducting oxides exhibit high interfacial capacitance. For conducting oxides

the electrochemical double layer and available redox sites on the surface contribute

to faster charging/discharging processes, while slower charging processes take place

in the bulk oxide. The fast charging/discharging processes are favourable for

pacemaker electrode applications where they contribute to reversible charge transfer

during stimulation pulses. However, similar to the rough TiN electrode, the total

capacitance could not be utilised at high sweep rates, due to voltage drop associated

with resistance down the pores and the inability of accessing the redox sites in the

bulk oxide. 
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Showing the best performance among the investigated materials, the RuO2

exhibits capacitive characteristics at sweep rates up to 20 V/s and excellent stability

under the accelerated aging. The IrO2 coating was not stable during the cycling. The

mixed oxides experience limitations at high sweep rates due to the ohmic effects and

some degradation due to the accelerated aging. 

The detailed study in this work reveal that, for the conducting oxide electrodes,

only the easily available redox sites on the surface contribute to fast charging/

discharging processes like in the stimulation pulses. The slow charge transfer due to

reversible oxidation/reduction of the bulk oxide is not useful for pacing applications.

It is necessary to have a rough surface in order to achieve significantly enhanced

charge transfer capacity of the conducting oxide electrodes, as discussed in chapter

5.1 and 5.3.

RuO2 was chosen as a candidate electrode material for future studies because of

its stability and ability to maintain certain capacitive charge transfer at high

charge/discharge rates. 

Paper V. Electrochemical Behaviour of Stimulation/Sensing Materials for

Pacemaker Electrode Applications 

III. Nano-porous and Smooth Carbon Electrodes

In this study the aim was to compare similar materials with different surface

enlargements in order to examine the charge/discharge characteristics at various

rates. The electrochemical interfacial properties of nano-porous carbon electrode

were investigated and compared to a smooth carbon electrode. The interfacial

properties were characterised by electrochemical impedance spectroscopy in a

phosphate buffered saline solution. The influence of charge/discharge rate on the

capacitive behaviour was investigated by cyclic voltammetry between –3 to 1 V at

fast sweep rates. The transient processes at the electrode upon stimulation pulse

were also studied by using a pulse generator. 

At sufficiently high sweep rates of the nano-porous electrode, the charge transfer

characteristics changes from capacitive to resistive, due to progressive voltage drop

down the pores. Only a small part of the total available capacitance of the porous
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electrode can be utilised at high charge/discharge rates. It was suggested that this is

the reason to the observed relationship between pacing impedance and geometric

electrode surface area. 

When subjected to stimulation pulses, compared to the smooth electrode, the

nano-porous electrode delivers some more charge due to lower pacing impedance.

The effective capacitance of the porous and smooth electrode for delivering charge

was estimated to 0.27 mF and 0.19 mF, respectively. Considering the enormous

surface enlargement provided by the porous carbon electrode (about 3000 times), the

corresponding charge delivery capacity is only increased slightly. To enhance the

charge delivery capacity of the pacemaker electrode during operation, its surface

texture (pore diameter and depth) should be optimised with respect to the

penetration depth of the pulse. 

Further, the porous electrode shows a smaller “after-polarisation” over-potential

due to its higher pacing polarisation. Mass transport limitation may be the reason to

the higher time constant and the slower decay in over-potential during the

stimulation pulse for the smooth carbon electrode. At high pulse potentials, some

faradic reaction seems to occur, which is more pronounced on the smooth carbon

electrode.

This study demonstrates the limitation in utilising high interfacial capacitance of

porous electrodes at high charge/discharge rates. The results provide some detailed

understanding of the influence of porous microstructure on the pacing impedance

and pacing polarisation, which is helpful to clarify certain confusing statements in

pacing literature as discussed in chapter 2.3, 4.4 and 5.4.

Paper VI. Fabrication of Porous Nb2O5 by Plasma Electrolysis Anodization and

Electrochemical Characterization of the Oxide

This paper describes the the fabrication of porous Nb oxide electrodes by

applying anodic pulses of 700 V and 10 ms duration in phosphate buffered saline

solution, so-called plasma electrolysis oxidation. The material and method was

chosen in order to fabricate an electrode with predominantly capacitive charge

delivering characteristics and a tailored biocompatible surface structure. 
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After 100 pulses a homogenous totally covering porous oxide was formed,

consisting of Nb2O5. The electrochemical behaviour and interfacial properties of the

porous Nb oxide were investigated in a phosphate buffered saline solution by

electrochemical impedance spectroscopy and cyclic voltammetry. 

EIS measurements indicate that the oxide has a two-layer structure with a

compact inner oxide (barrier layer) and a porous outer layer. The oxide was stable

over a wide potential range but show hydrogen uptake upon cathodic polarisation

below –1 V vs. Ag/AgCl, which influence its electrochemical properties. Aging of the

porous Nb oxide in PBS leads to filling of the pores by precipitates (pore sealing),

which results in enhanced overall corrosion resistance of the oxide film. Cyclic

voltammetry reveal the rectifying properties of the anodic Nb oxide, with low

currents in the anodic region and high cathodic currents below a certain potential

due to hydrogen evolution. For increasing number of CV scans, intercalation of

hydrogen is evident which increases the conductivity of the oxide. 

Paper VII. Electrochemical Behaviour of Stimulation/Sensing Materials for

Pacemaker Electrode Applications  

IV. Porous Nb2O5 electrodes

Porous Nb oxide exhibits interesting features that make it an interesting candidate

material for stimulation electrodes. Nb oxide exhibit rectifying properties

demonstrated by the ability to transfer cathodic currents whereas the anodic currents

are suppressed. It predominantly delivers the charge via reversible non-faradaic

mechanisms and hence does not produce irreversible by-products. Further, it can

deliver very high potential pulses while maintaining a very high impedance and thus

charge lost by faradaic currents are kept low. By producing Nb oxide by plasma

electrolysis oxidation a porous surface structure is obtained which has the potential

to provide a biocompatible interface for cell adherence and growth. 

The electrochemical behaviour and interfacial properties of porous Nb oxide

produced by plasma electrolytic oxidation were investigated in a phosphate buffered

saline solution by electrochemical impedance spectroscopy and cyclic voltammetry.

Changes in oxide properties under anodic and cathodic bias were also investigated
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by EIS. The influence of charge/discharge rate on the capacitive behaviour was

investigated by fast sweep rate CV cycles between –2 to 2 V. Stimulation properties

were investigated by recording the electrochemical response during applied

pacemaker pulses. 

The electrochemical behavior of the porous Nb2O5 depends on the polarization

potential applied to the electrode. At anodic polarization the capacitance of the

inner barrier oxide decreases due to the thickening of the layer, leading to increase

of the impedance of the oxide film. At cathodic polarization the oxide becomes more

conducting due to H intercalation and allowing cathodic current to flow. 

The charging/discharging mechanism remains mainly of capacitive character

when the potential sweep rate is increased to 20V/s. Porous Nb oxide electrodes have

extremely high interfacial impedance, and hence low energy loss, when transferring

pacemaker pulses. During pacemaker applications, it showed very high impedance

even for very high pulse potentials. 

Paper VI and paper VII present detailed results obtained from fabrication and

electrochemical characterisation of the porous Nb oxide, as well as investigation of

the charging/discharging mechanisms and interfacial behaviour (such as pacing

impedance and polarisation) under stimulation pulses. The porous Nb oxide,

fabricated by plasma electrolysis anodisation, combines the porous structure and

“rectifying type” electrochemical properties, which may provide attractive

possibility in the design of the stimulation electrode. Unlike other types of materials,

the anodic porous Nb oxide is stable at anodic polarisation. By using appropriate

pulse form, it is expected to transfer stimulation pulses with very low energy

consumption due to its very high pacing impedance, chapter 2.3 and 5.4. Porous Nb

oxide was chosen as a candidate electrode material for future studies.  

7.1.1   Contributions from the candidate 
I have had a central part in all experimental planning, data acquisition and

analysis presented in the thesis. I have been responsible for preparing the first

version of the papers/manuscripts. 
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7.2   New insights 

As stated in chapter 1, the aim of the experimental work has been to gain

knowledge of different electrode materials and to evaluate their performance for

stimulation applications. The selection criteria of the materials for investigation have

been based on the desire to investigate different charge transferring mechanisms.

More specifically, the following electrode types were investigated; high surface area

materials with high double layer capacitance, conductive and stable thin films

deposited by physical vapour deposition (PVD), electrodes with pseudo-capacitive

properties, and finally electrodes covered with an oxide with high dielectric constant

to inhibit charge transfer via faradaic reactions. The influence of the rate of

charge/discharge upon the charge transferring properties where investigated for all

selected materials. 

The employment of electrodes with special tailored biocompatible surfaces was

identified as one strategy for improving the performance of electrostimulation

electrodes. Also the benefits associated with reducing the irreversible by-reactions

was recognised. In an attempt to combine these features, porous Nb oxide electrodes

were produced by plasma electrolytic oxidation. The pores in the oxide are in the

micrometer range, which can provide a suitable surface for cell adhesion and growth.

Further, the pore size can be tailored by altering the production parameters, which

was investigated in paper VI. The oxide can provide high potential pulses almost

without the presence of irreversible reactions (paper VII).

Many papers are a result from a screening process where candidate materials for

new pacemaker electrodes were investigated. The following materials have been

selected for the following reasons. RuO2 (paper IV) due to its stability and pseudo-

capacitive properties which enhances its charge delivering properties. Porous Nb

oxide (paper VI and VII) due to its electrical performance, stability and

biocompatibility.

Apart from providing increased knowledge about the electrochemical behaviour

of the materials, the experimental results also give an opportunity to relate pacing

theories to fundamental electrochemical theories. This thesis emphasises that certain
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perspectives related to the operation characteristics of stimulation/sensing electrodes

should be revised.

One of the main results is the explanation of the pacing impedance in terms of the

ohmic drop within a porous electrode at high charge/discharge rates. Ohmic

limitations can explain the apparent relationship between the pacing impedance and

the geometric surface area. This was the outcome from the experimental results in

paper III and IV and studied in paper V. 

Further it can be speculated that the interfacial impedance originating from mass-

transfer limitations is most likely not beneficial for pacing. Mass-transfer limitations

will contribute to an increase in potential drop over the interface during the

stimulation pulse and hence the electric field usable for activating heart cells is

reduced. Therefore, the electric field sensed by the closest cardiac cell separated from

the electrode by the fibrous tissue is reduced with pulse time. This exemplifies the

need for further detailed investigations of the transient interfacial behaviour during

pacing processes in order to find ways to improve the delivery of stimulation pulses. 

This thesis also stresses the benefits of using powerful electrochemical techniques

like EIS to investigate the interfacial characteristics of stimulation/sensing electrodes.

In paper I the importance of determining the capacitance and interfacial resistance

was shown. However, the electrochemical performance of pacemaker electrodes

during pacing and sensing can not be accurately determined by analytical techniques

based on steady state behaviour, such as impedance spectroscopy. The importance of

transient processes to stimulation electrode behaviour was manifested in paper III, V

and VII. 

7.3   Future work

It is suggested that academic focus is directed to investigation of the fundamental

molecular mechanisms initiating the activation of the cardiac cell, in order to

optimise the stimulation mechanisms of the electrode. For instance, the influence of

rapidly changing the local electrochemical potential (i.e. by altering local ion

composition) in the extracellular fluid to activate the sodium channel should be
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studied. A local electrochemical technique like scanning electrochemical microscopy

(ECSM) in combination with atomic force microscopy (AFM) is likely to provide

important insights of the transient electrically active biointerface.

From an industrial perspective the selected candidate materials should be taken

into product development projects for further evaluation and undergo

biocompatibility studies in order to be approved for implant applications. It is

recommended that minimising the pacing threshold should become the main

strategy for improving electrode performance instead of secondary design

parameters like high impedance. It is also important to incorporate electrochemical

analysis of the new electrode into the design phase to ensure correct evaluation as

the in-house electrical testing of electrodes do not ensure correct interpretation of the

properties of new electrodes.

Finally, to accomplish true progress within the field of electrostimulation,

innovative and pioneering concepts must be pursued instead of relying on the

development of mature technology. This ambition should be defined as a long-term

goal and manifested by establishing attention on the multi-disciplinary aspects of the

charge transferring system, the bioelectrochemical interface. Through focused and

intimate collaboration to combine knowledge in biology, biomaterial,

electrochemistry and electronics, the vision of biological optimised pacing operating

near 25 mV threshold may become a reality. 
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