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Abstract 
This thesis focuses on the development of an electrochemical tissue perfusion sensor. 

Tissue perfusion is the cellular level mass transport mechanism which describes the movement of 

nutrients and metabolites within in tissue and is a measure of tissue health. Our understanding of 

tissue perfusion is still limited because current measurement tools are inadequate.  

The tissue perfusion measurement technique developed overcomes the limitation of 

current methods in that continuous and cellular level measurements are possible. This is achieved 

using a platinum ring-disc microelectrode operated in the collector-generator mode. This 

electrode pair is placed in tissue where one electrode generates hydrogen whilst the other collects 

it. Tissue perfusion will strongly influence the movement of H2 between the two closely spaced 

electrodes. The ratio of collector to generator current can thus be used to quantify tissue 

perfusion.  

To make the micron size ring-disc electrodes, a novel fabrication method was used. It 

relies on hollow cylindrical sputter coating and produces sensors with diameter as small as 28 

μm. A number of numerical models of the sensor under diffusion and convection mass transport 

modes were constructed to assist the design process and to further our understanding of the 

behaviour of the electrodes in different situations. Experimental characterisation of the sensor 

was also carried out under diffusion and convection mass transport modes. These experiments 

also improved the design of the sensor and often agreed with numerical predictions. Finally the 

sensor was tested in a number of animal and human tissues as well as perfusion models. These 

were used as a proof of principle to confirming the capability of the sensor to continuously 

measure changes in tissue perfusion at the cellular level.  
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1.1 Tissue perfusion 
Tissue perfusion describes the movement of respiratory gases, nutrients and 

metabolites within tissue. Tissue perfusion is the microscopic mass transport mechanism 

that cells rely upon to exchange nutrients and metabolites or waste products. It has two 

components, a diffusive and a convective one. The convection term is predominant in the 

capillary blood vessels, whilst the diffusive term is predominant outside the capillaries. 

To illustrate this, we can consider a single cell in tissue. The nutrients it relies upon such 

as oxygen or glucose, will be transported by convection in the capillaries, then by 

diffusion from the capillaries to the cell. Similarly the metabolites or waste products of 

the cell such as carbon dioxide or lactate, will be transported away from the cells by 

diffusion until they reach the capillaries where they will be convected away. This 

combination of diffusion and convection mass transport is what tissue perfusion 

describes. 

Understanding tissue perfusion, or microcirculation as it is also known, began 

with the work of August Krogh, a Swedish physiologist who was awarded the Nobel 

prise in 1920 for his work on microcirculation. He demonstrated that blood flow in tissue 

is regulated by capillary vessels opening and closing to meet the tissue oxygen needs. He 

published “The Anatomy and Physiology of Capillaries”, a book in which his 

observations and measurement of the mass transport mechanisms in tissue are further 

developed (1).  One of the key observations is that in muscles, capillary vessels are 

ordered in such a way that they all supply a comparable cylindrical volume of cells. 

Based on this observation, Krogh and Erlang proposed a model for the diffusion of 

oxygen from the capillaries and into the tissue. This model is called the cylinder model 

illustrated in Figure 1.1 and described by the following equation: 

 

           (1.1) 

 

Where U (r, y) is the partial pressure of oxygen PO2 (mmHg) located at point (r, y); P(y) 

is the PO2 at a the point y on the capillary wall where r = Rc; Rc and Rt are the radii of the 

capillary and tissue cylinder, respectively; D and α are the diffusion (cm2/s) and solubility 
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coefficients for O2 (mlO2/g.mmHg) respectively; and m is an the O2 consumption rate 

(mlO2/g.s). 

 

Figure 1.1: (a) Schematic of the cross section through a muscle. (b) Diagram of the 

Krogh-Erlang model for the diffusion of oxygen from a capillary towards the tissue. The 

internal cylinder with radius Rc represents the capillary, The outer cylinder with radius Rt 

represents the volume of cells supplied by the capillary. 

 

 The work of Krogh helps describe tissue perfusion as a cellular level mass 

transport mechanism that maintains the cell activity. The levels of perfusion in a tissue 

often change, when it drops severely or for a prolonged periods of time the cells will 

suffer and their survival will become compromised. This is referred to as poor perfusion 

and when it occurs in vital organs such as the heart or brain it can have fatal 

consequences. In general, tissue perfusion drops because of a blockage in the vascular 

network, this occurs for instance in wounds, during heart attacks (myocardial infarction 

or coronary thrombosis), strokes, venous ulcers, arthritis and in many other serious health 

problems. 

Today tissue perfusion is studied for two main reasons; the first is to gain a 

fundamental understanding of cellular level mass transport in the body. The work of 

Michel and of Levick highlight the advances done over the past forty years (2-8). Michel 

and Curry provide a good review of the microcirculation along with the books by Charm 
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and Kurland or Wiedeman et al. (9-11). The second reason tissue perfusion is studied is 

to develop responses to the health problems associated with extreme levels of perfusion. 

Work in this area focuses, for instance, on finding ways of reperfusing hearts following 

ischemia (12) or improving wound healing (13-15); in these events the damage is caused 

by a drop in perfusion levels. Other cases include limiting angiogenesis and blood supply 

to tumours (16), in these events it is high levels of perfusion which are damaging.  

 

1.2 Existing perfusion measurement techniques 
There is a growing number of techniques that can be used to measure tissue 

perfusion: 

• Functional magnetic resonance imaging (fMRI). 

• Laser Doppler flowmetry (LDF) 

• Radioactive or fluorescent microparticules injection 

• Hydrogen clearance 

• Heat clearance 

• Ultasound 

• Visual reflectance 

• Pressure, velocity sensors 

Although they are reported to measure tissue perfusion, most of these techniques measure 

blood flow not tissue perfusion. The misunderstanding comes from the loose 

interpretation made of tissue perfusion, which tends to include any flow or mass transport 

measurement in tissue. In fact, tissue perfusion occurs on a much smaller scale. In this 

thesis we will refer to tissue perfusion when dealing with cellular level mass transport 

mechanisms. Of the techniques listed above, the ones that actually measure tissue 

perfusion as we define it are: 

• Radioactive or fluorescent microparticules injection 

• Laser Doppler flowmetry 

• Heat clearance  

• Hydrogen clearance 
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The other techniques do not yet have the spatial resolution to measure on the micron 

level. Most of these reach their measurement limit around 2 mm3
; this is notably the case 

of fMRI and the ultrasound techniques, which are otherwise great tools for performing 

blood flow measurements.  

We will now describe the basis of these four techniques and explain why they too 

lack key features needed to study perfusion. The inadequacy of the current measurement 

techniques has motivated our work towards developing a new technique.  

In the radioactive or fluorescent micro-particles technique, micro-balls are 

injected into blood vessels upstream of the tissue being investigated. These micro-balls 

are either fluorescently or radioactively labelled and they will be transported by the blood 

through the tissue. When the particles reach the capillary level, they will get lodged in the 

capillaries because they are slightly larger than the capillary diameter. This is generaly 

done in animals because the tissue then has to be excised and slices prepared so that the 

micro-balls that have become lodged can be counted under the microscope. Blood flow is 

estimated by considering the number of capillary vessels that were open and active and 

extrapolating the volume flow rate in that slab of tissue (17,18). In bone blood flow, this 

method is considered to be the “gold standard” (19,20). The problems with this technique 

are that it is destructive, which makes it unsuitable for humans. Also the assumptions 

made about calculating blood flow from the number of open capillaries is debatable and 

there is no consideration of alternative mass transport routes, such as diffusion and the 

lymphatic flow as pointed out by Fluck et al. (21). As a result, blood flow is generally 

underestimated using this method. Despite this, it is often used as a benchmark against 

which to compare other tissue perfusion measurement techniques (22,23). 

Laser Doppler flowmetry uses a monochromatic laser beam that is shone at the 

skin surface. The light that is reflected from moving objects such as blood cell and vessel 

wall, will undergo a Doppler shift. The amount of shift is related to the speed of the 

object. The detection of the reflected laser light is made by photodetectors. Blood flow is 

then correlated to the speed of the red blood cells (24,25). This technique is now well 

established and has been well reviewed (26,27). One of the key application of Laser 

Doppler flowmetry is the monitoring of burns (28,29). This method only gives relative 

values and not real blood flow because the volume probed varies due to the nature of the 
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technique. Another disadvantage is that the penetration of the laser into tissue is limited, 

thus the technique is mostly restricted to surface blood flow measurements, although 

recently it has been used endoscopically (30). 

Thermal clearance is one of the oldest techniques used for measuring tissue 

perfusion and is still in use today (31-35). It involves a heating source and a 

thermocouple both of which are placed in tissue. The heating source heats the tissue and 

monitors the time needed for the tissue to return to the original temperature after the 

heating source is turned off. The understanding is that the circulating blood will cool the 

tissue back to normal levels that is 37 º C. There are two problems with this method. The 

first is that the temperature resolution has to be very accurate because the amount of 

heating that can be administered is limited because of risks of burning the tissue with too 

much heating. The other problem is that the response of the body to over-heating often 

involves vasodilatation and blood flow alterations which lead to unnatural or stimulated 

tissue responses. It is thus difficult to be certain of the validity of the mass transport 

measurement made using this method.  

The hydrogen clearance techniques, also called the hydrogen wash in / wash out 

technique, was developed by Aukland et al in 1963 (36) and was further developed by 

Lubbers and Stosseck in the seventies (37,38). In this technique, a known quantity of 

hydrogen gas (H2) is introduced into the breathing air or injected into the artery of an 

animal or patient. The surgeon positions a platinum electrode in the tissue of interest. 

This electrode is held at a potential such that it detects all dissolved hydrogen gas that 

comes in contact with its surface. Once the amount of H2 detected reaches a steady state, 

the tissue is assumed to be saturated and the supply of H2 is turned off. The clearance of 

H2 is then monitored. H2 is removed from the tissue in very much the same way as the 

metabolites of a cell. Through monitoring the H2 clearance, blood flow can be estimated 

by approximating the volume of the blood vessels in the tissue in which the measurement 

is made. This method is also considered to be one of the “gold standard” of tissue 

perfusion measurements and has been well reviewed in the past by Young as well as by 

Harrison and Kessler (39,40). It is used for heart perfusion measurements (41,42), brain 

measurements (43-45), or to compare and calibrate other measurement techniques (32,46-

49). There are however problems with this method in that it only provides one 
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measurement for each clearance. Repeated measurements are possible but the time 

required to saturate then clear the tissue is rather long; usually 15-20 minutes are required 

and this can double or triple in poorly perfused tissue (39,50). This poor temporal 

resolution was somewhat improved by measuring the arrival of hydrogen rather than its 

departure from a tissue, this allows for measurements every 5 min (51). Still this poor 

temporal resolution is a significant limitation of the technique. Other types of gases have 

also been used for clearance measurements such as Nitrous oxide; the technique and its 

limitations remain the same however (52-54).   

 

 Current tissue perfusion measurement techniques have some clear disadvantages 

and limitations. The main drawbacks are the poor spatial resolution, poor temporal 

resolution and poor choice of marker for monitoring perfusion. These limitations have 

motivated our work in developing a novel perfusion measurement technique which 

combines high spatial and temporal resolution and provides physiologically accurate 

measurements of the mass transport mechanisms involved in tissue perfusion. 

 

1.3 The ring-disc, collector-generator microelectrode method 
We have developed a method of measuring tissue perfusion that overcomes the 

limitations of the established techniques by enabling cellular level measurements, 

continuous monitoring and use of diffusible and inert tracer. The technique we have 

developed is an electrochemical technique which involves implanting two platinum 

electrodes into the tissue of interest. The two platinum electrodes are used in the 

collector-generator assembly. In this technique one electrode generates hydrogen gas by 

electrolysis of water whilst the other, placed a distance away, collects the generated 

hydrogen gas. The mass transport mechanism that allows the dissolved H2 to move from 

the generator to the collector electrode is tissue perfusion. The transport of CO2 in tissue 

from a cell where it is generated to the capillary where it is removed is very much 

analogous to the movement of H2 in our technique. In a tissue where perfusion levels are 

high, most of the H2 generated will be washed away by the capillaries before it can reach 

the collector electrode. As a result, the level of collected H2 will be low. In a tissue where 

perfusion levels are low, the H2 generated will not be washed away and a large portion of 
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it will be collected. The collection efficiency (CE) is defined as the percentage ratio of 

the collector to generator current and is often used to describe these measurements.  This 

is the basis of the technique which was pioneered by Stossek and Lubbers in 1972 (38). 

In their work, they presented the use of two disc shaped Pt electrodes for the 

measurement of tissue perfusion in the brain. Their approach was successful although it 

still relied on pulse generation rather than continuous generation of H2. This was because 

of the large size of the electrodes used (i.e. 200 μm diameter), which would produce too 

much hydrogen if used continuously. Another problem with the approach was the shape 

of the electrodes, both discs. This implies that the sensor has a preferred orientation, or 

that not all directions in which perfusion is acting will be measured by the sensor. In our 

approach the problems associated with the size and orientation of the sensor are 

overcome by using micron sized ring-disc electrode as the collector-generator. Figure 1.2 

shows a schematic view of the sensor in tissue and the way it works. 

 
Figure 1.2:  (a) Three dimensional view of the sensor, the ring is shown in red and the 

disc in blue. (b) Section view of the sensor inserted into tissue. Again the disc is in blue 

and the ring in red. This illustration shows a disc generating case, with hydrogen being 

generated at the disc and then being either collected at the ring or removed by tissue 

perfusion. 

(a) 

(b) 
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1.4 Electrochemical methods 
 The sensor used relies on electrochemical methods which will now be described 

briefly. Electrochemistry is concerned with the events that take place at the interface 

between an electrical conductor and an ionic conductor through which a current is 

flowing. In our case we use these techniques to quantify the movement of H2 from one 

electrode to another. The collector and generator electrodes both made of platinum 

perform different reactions. The generator produces H2, the tracer molecule, by 

electrolysis of the water found in tissue, whilst the collector detect H2 which reaches its 

surface.  The steps involved in either reaction are described in Figure 1.3 where we see 

the link between the mass transport and the electron transfer. One of the advantages of 

using electrochemical techniques is that there is a direct relationship between the number 

of tracer molecules that have reacted at the surface of an electrode and the current that is 

measured. This imparts great resolution to the measurements made. 

 
Figure 1.3: Scheme of electron transfer at an electrode. The first step is the mass 

transport which brings the species close to the electrode. The rearrangement of the 

species and the space around it occurs before and after the electron transfer.  
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 There are two ways of forcing a reaction at the surface of an electrode either by 

imposing a voltage and monitoring the current or imposeing a current and monitoring the 

voltage. The first is done through a potentiostat (i.e. a constant voltage source) and the 

second through a galvanostat (i.e. a constant current source). Potentiostats are more 

commonly used as they allow for more selectivity of the reaction that takes place at the 

electrode surface. Galvanostats provide a control of the flux at an electrode, which is 

useful to control the concentration of products of a reaction because of the direct link 

between current and the number of electrons passed. In this thesis both instruments have 

used. The potentiostat is used for three techniques; cyclic voltammetry, 

chronoamperometry and constant voltage amperometry recordings. Cyclic voltammetry 

was used to identify precisely the potentials and current levels that were required to 

collect and generate H2. Constant voltage amperometry was always used to collect the 

hydrogen, because the levels collected changed throughout the course of an experiment. 

Often the generation of H2 was also done using constant voltage amperometry. The 

galvanostat was used exclusively to generate a fixed flux of H2. The reason for generating 

fixed flux of hydrogen is that is makes the interpretation of the results simpler but also it 

eliminates any variations in the production of hydrogen. These variations could be due to 

changes in the mass transport of water in tissue or degradation of the surface of the 

generator electrode, for instance through fouling. 

 

1.4.1 Microelectrodes 
  The electrodes used in this work are microelectrodes. Microelectrodes are 

electrodes which have at least one characteristic dimension on the micron scale (i.e. 

radius of the disc, thickness of a band etc.). When this is the case, the behaviour of the 

electrode departs from that of a macroelectrode. The main difference in the behaviour 

comes from the changes in mass transport to and from a microelectrode. As a result of 

their small size microelectrodes have a number of advantages such as, improved mass 

transport, high signal to noise ratios, increased temporal resolution, low charging currents 

and reduced solution resistance artefacts (55,56).  

 Microelectrodes have been used extensively and their advantages have made them 

the number one choice for electrochemical investigation. Microelectrodes come in a 
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variety of different shapes; ring, wire, band, tubes, arrays, but most commonly the disc. 

Disc microelectrodes are predominant mainly due to their ease of fabrication and as a 

result the breadth of knowledge regarding them is significant. In this thesis both disc and 

ring microelectrodes are used. Ring microelectrodes and especially thin ring 

microelectrodes are used because they benefit from further improved mass transport 

properties. This is because the ratio of electrode edge to electrode area is far greater than 

for other disc or even band microelectrodes. This is important because the edge of an 

electrode benefits from radial mass transport, whereas at the centre of the electrode the 

mass transport is mostly normal. Consequently the current density at the edge is higher 

than at the centre of an electrode. This effect is known as the edge effect and is described 

in Figure 1.4.  

 
Figure 1.4: Two dimensional view of the edge effect at a disc microelectrode. (a) 

Concentration contour. (b) Flux over the surface of the electrode. The edge of the 

electrode is clearly passing more current than the centre, which is representative of the 

edge effect. The electrode has dimentions -0.5<X<0.5. (Plots taken from simulations 

presented in Chapter 3) 

 

 

 

 

 

 

(a) (b) 
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The diffusion limiting current at a disc electrode set in an insulating plane is 

defined by Equation 1.2 (57): 

 

(1.2) 

 

Where n is the number of electrons exchanged, F is Faraday’s constant, D is the diffusion 

coefficient of the species, c its bulk concentration and r the radius of the disc. Typical 

currents at the disc are between 6 and 1 μA depending on whether hydrogen was 

generated or collected. 

 

Whilst the diffusion limiting current for a thin ring set in an insulating plane is 

defined by Equation 1.3 (58): 

 

(1.3) 

 

Where a and b are the inner and outer radii of the ring respectively. A thin ring is defined 

as having a/b >0.91. Our ring electrodes have a/b ratios between 0.92-0.95. Typical 

currents at the ring are between 10 and 1 μA again depending on whether it generates or 

collects H2. 

The main motivation for using microelectrodes is their small size which brings 

our measurement tool within the range of capillary and cellular length scales. The other 

reason is their unparalleled ability to detect changes in mass transport. 

 

1.4.2 Ring-disc microelectrode 
 Ring-disc microelectrodes are a type of dual electrode detector that are becoming 

popular for electroanalytical measurements. Other types of dual electrode detectors such 

as the disc–disc and the band–band have featured more predominantly in recent 

publications (59-63) although this is probably due to their ease of fabrication rather than 

their properties as sensors. Indeed, the ring-disc microelectrode has advantages over other 

dual electrode detectors in that the two electrodes are radially symmetric and of different 

shapes. The radial symmetry of the electrodes simplifies the positioning of the sensor 
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experimentally as the sensor has no preferred axis. The different shape of the electrodes 

is useful because very versatile measurements are possible owing to the significant 

difference in the edge to area ratios between the ring and the disc. These features make 

the ring-disc microelectrode, a powerful dual electrode detector particularly when used as 

a collector-generator for the study of mass transport effects. 

 

1.4.3 Hydrogen evolution on platinum 
Hydrogen generation or hydrogen evolution on electrodes is one of the most 

studied processes in electrochemical history. A wide range of electrode materials and 

solution conditions have been used to study this process, which have greatly contributed 

to our fundamental understanding of electrode reactions (64-66). In acidic solutions, the 

overall reaction is  

 

2H+ + 2e-            H2 

Or  

2 H3O+ +2e-                H2 +2H2O 

 

whilst in neutral and basic solutions the following reaction prevails: 

 

2H2O +2 e-           H2 +2OH- 

 

Hydrogen evolution is a reaction that involves an absorbed intermediate. Cyclic 

voltammetry provides a way of showing the presence of absorbed intermediates (see Fig 

1.5). The absorption occurs at potential slightly positive of the H2 evolution potential. 

The two peaks denoted Hs and Hw in Fig 1.5 are characteristic and indicate the presence 

of strongly and weakly absorbed hydrogen respectively (M-H bonds). As the level of 

over-potential is increased the bonds between the metal and the H atoms will be broken 

to form the H2. There are two possible mechanisms that can lead to the breaking of the 

M-H bond, either a chemical or an electrochemical mechanism. In ether case the strength 

of the M-H bond bears significancantly on the rate of the hydrogen evolution. The rate 

limiting step can either be the formation of the H-M intermediate or the breaking of the 
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H-M bond. Volcano plots are useful at illustrating the relationship between hydrogen 

generation and bond strength for different materials. Figure 1.6 show one such plot taken 

from Krishtalik (67) and further discussed by Trasatti (68). From these we see clearly that 

platinum along with rhodium, rhenium and iridium display the highest current densities, 

meaning they posses the right bond strength to yield maximum H2 generation. 
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Figure 1.5: Current voltage plot for a 125 μm Pt disc electrode in 0.5 M H2SO4 with scan 

rate of 0.1 mV/s (Ag/AgCl reference electrode). Arrows indicate the direction of the scan, 

which shows all of the characteristic features of hydrogen evolution on polycrystalline Pt. 

Hw and Hs refer to the peaks that represent the weakly and strongly absorbed hydrogen. 

The large peak that occurs around 0.4 V is due to the stripping of the platinum oxide. 
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Figure 1.6: Exchange current for electrolytic hydrogen evolution vs. strength of 

intermediate metal-hydrogen bond formed during electrochemical reaction (from 

Krishtalik (67)). 

 

The H2 formed is in a dissolved form in the solution surrounding the electrode (in 

tissue this is the extra-cellular fluids). If the rate of H2 generation is too great; it can lead 

to the formation of bubbles, which is unwanted both because it complicates the 

measurements of current but also because it may be harmful to the tissue. The classical 

view of bubble nucleation was first proposed by Volmer and Weber (69), this process has 

been well reviewed by Jones et al. and will only briefly be discussed here((70) and 

references therein). As H2 is being generated, it will saturate the solution surrounding the 

electrode. As the level of saturation increases, the molecular attraction energy increases, 

the dissolved H2 is said to be in a bound state and has a net negative energy (relative to a 

free molecule at rest). This state is favourable for phase transfer. Yet for a bubble to 

grow, the pressure within the bubble has to overcome the surface tension of the solution 

on its wall. Initially the surface to volume ratio is very high, which means extremely high 

levels of saturation are needed. For a container free of defects on its walls, bubble 
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nucleation is typically initiated at 100 times super-saturation. When defects are present 

on the walls of the container or in the solution, bubbles appear at 10 times super-

saturation. 

In our case the electrodes producing the hydrogen may have defects on the 

surface or at the interface between the electrode and the insulator. However, we attempt 

to minimise this by careful polishing and electrode cleaning. Furthermore, the reduced 

size of our electrode means the probability for bubble formation is further reduced (i.e. 

the most likely place for bubble formation has to be the surface of the electrode because 

of the high concentration). Both these points suggest that we will be able to generate 

supersaturated H2 before bubbles will form. Macpherson and Unwin reported H2 super-

saturation up to 3-4 times using a 25 μm disc diameter electrode in 0.1 M KNO3 before 

bubbles were seen (71).  This is particularly useful as it will significantly improve the 

time resolution of our measurement technique and mean we can probe larger volumes 

with smaller electrodes.  

 

1.5 Numerical modelling of electrochemical processes 
Numerical modelling in electrochemistry has been used for over thirty years. It is 

mainly concerned with solving concentration profiles over time and space in order to 

explain the processes occurring at the electrode and within its vicinity. Feldberg is 

credited as being the first to use numerical simulation to solve electrochemical problems 

back in 1964 (72-74). Since then the subject has been greatly advanced by the work of 

Bard and Britz for instance (56,75). Numerical modeling in electrochemistry is today 

well established and routinely used. Solving the governing mass transport and kinetic 

equations can be done in a number of ways. In the past finite difference was the only 

viable discretisation method; today more methods are available, namely finite element, 

finite volume and boundary element methods. The choice of solver was motivated by the 

computational power needed and the ease with which it could be programmed. Advances 

in hardware and software means one can now run electrochemical simulations on a 

personal computer through commercially available, user friendly software. It thus makes 

sense to use discretisation techniques that are more flexible and powerful. In this thesis, 

the finite element software Comsol was used to run the simulations. The main advantages 
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is that non-uniform mesh elements can be constructed, which makes the modeling of 

complex geometries possible. The robustness of this package has been well demonstrated 

in electrochemical publications and elsewhere (76-81).  
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1.6 Aims and outline of the present work. 
  The aim of this work is to develop an electrochemical tissue perfusion sensor.  

The sensor should overcome the limitations of existing tissue perfusion measurement 

techniques and be capable of measuring on the cellular level in a continuous fashion 

using a diffusible and inert tracer. 

 

This aim can be broken down into four specific objectives: 

• Develop a production protocol for the fabrication of a collector-generator 

electrode assembly. The electrochemical sensor selected is the ring-disc 

microelectrode which combines small size and multi-directional mass transport 

measurement capacities. 

• Develop a numerical model of the electrochemical processes occurring at the 

ring-disc microelectrode to aid the design and further our understanding of the 

sensor behaviour. 

• Test the sensor under different mass transport modes to identify the mass 

transport measurement capacities of the sensor in environments that are relevant 

to tissue. Tissue perfusion involves a diffusive and convective term acting in a 

medium with complex geometry; all of these will have to be investigated. 

•  Test the sensor in vitro in a variety of tissue environments as a proof of principle 

for the operation of the sensor. 

 

In Chapter 2 a novel ring-disc microelectrode fabrication method based on 

cylindrical sputter coating is described. The machine built for this purpose is 

characterised and optimised to produce ring-disc electrodes ranging from 28 to 150 μm in 

diameter and with ring thicknesses from 0.5 μm to 3 μm. The electrodes made display an 

electrochemical behaviour that agrees well with theoretical predictions and the 

fabrication method developed produces electrodes on a large scale. 

Chapter 3 discusses theoretical aspects of the ring-disc microelectrode and its use 

in different mass transport modes. To this effect a number of finite element models are 

presented, they cover amongst other things investigations into the influence of electrode 
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size, operating mode and mass transport on the measurement made with the ring-disc 

sensor.  

Chapter 4 pertains to diffusion and the use of the sensor to detect changes in this 

mass transport mode. This chapter also serves to introduce the experimental techniques 

that are used in subsequent chapters. 

In Chapter 5 the effects of convection mass transport are considered. The ring-

disc microelectrode is used to measure changes in flow through tubes, porous media, 

pulsatile and jet flow. These provide a way of characterising the behaviour of the sensor 

in environments that are close to those observed in tissue as well as validate some of the 

numerical predictions and display the measurement potential of the sensor. 

Finally Chapter 6 describes the steps taken to prepare the sensor for use in-vivo as 

well as some proof of concept perfusion measurements using the ring-disc microelectrode 

in different types of tissue and animal models. 
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2  
 
Ring-disc microelectrode fabrication 
 

 

 

 

 

 

 

 

______________________________________________________ 

The development of a novel fabrication process for making ring-disc microelectrode 

is presented. The new method relies on the use of an inverted cylindrical sputter 

coater, which coats micron size layers of platinum onto polyimide insulated wires. 

The construction and optimisation of the machine is presented along with the 

electrodes produced using this process. 
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2.1 Introduction 
Ring-disc microelectrodes are made up of two electrodes, the ring and the disc. 

Disc microelectrodes are well established electrodes, the most popular fabrication 

methods have been covered in a book by Bard and Mirkin (82) and reviews by Wightman 

and Wipf (83).  Perhaps the simplest method of making a disc electrode is to seal a 

micron sized wire into an insulator, often by sealing the wire into a pulled glass capillary. 

The complexity in making ring-disc microelectrodes lies in the fabrication of the ring. 

Currently there are four ways of making micro-ring electrodes, all of which can be 

adapted to make micro ring-disc electrodes. These methods are micro-lithography, 

electroless deposition, conductive paint deposition and vapour deposition and they will be 

briefly described in the following paragraphs. Because none of the current methods of 

fabricating ring-disc microelectrodes suited our requirements, a novel method was 

developed based on the use of a special type of physical vapour deposition. The design, 

construction and characterisation of this coater is described in the latter part of this 

chapter. 

 

2.1.1 Micro-lithography 
Although micro-lithography was not used in this work it is worth describing the 

technique and some of its advantages and disadvantages. Microlithography is a popular 

and well established method of making microelectrodes of varying sizes and shapes; the 

technique has been well described in a number of books and reviews (84-86). It is 

basically the same method that is used in integrated circuit fabrication. The process starts 

with a metal substrate being coated with a photosensitive material (photoresist). Selective 

areas are then exposed to UV light through a mask. A developing process leaves resist on 

the chosen areas. The metal substrate areas not covered by the photoresist are then etched 

away. Once the photoresist is removed the patterned metal electrodes are revealed.  

Two types of photoresists exist; positive or negative resist. Positive resists are initially 

marginally soluble. Upon exposure to UV light, they become highly soluble. A positive 

image of the mask is thus retained. Negative resists have the opposite properties as they 

become less soluble after exposure to radiation. It is therefore the negative image of the 

mask that is retained. 
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One of the main drawbacks of microlithography is that the electrodes produced 

are either recessed or protruding. Protruding electrodes occur when no insulator is used to 

seal the electrodes. When an insulator is used, a recess is almost always present. Both of 

these geometries are non-ideal and they require more complex interpretation especially 

when the electrodes are used as collector-generators. Theoretical and experimental 

studies of single electrodes have shown that a recess or a protrusion will significantly 

disrupt the current density at an electrode; a recess will decrease the current whilst a 

protrusion will increase it. (87,88). 

Another drawback of this method is that ring-disc electrodes cannot be fabricated 

using lithography, this is because the connection to the disc must pass through the ring. 

As a result the ring is not continuous, which again means that the electrodes are not ideal. 

Figure 2.1 shows what can be achieved by lithography; such designs have been used by 

many authors for collector-generator applications (89-91).  

 

 
Figure 2.1: Typical ring-disc electrode produced by micro-lithography. The ring is 

incomplete and one or both electrodes are either protruding or recessed. 

 

2.1.2 Electroless deposition 
Electroless deposition is a process by which an insulating material can be coated 

with a conducting material. Its name differentiates it from the more classical electrode 

deposition where the deposition is driven by an electron flux occurring at the surface of a 

conducting material (i.e. an electrode). In electroless deposition, the flux of electrons is 
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not provided by a conducting surface, instead it is provided by a chemical reductant in 

solution. Not all conducting materials can be deposited in this way, there is however, a 

process for platinum black deposition which was investigated. 

The first step is to make a solution containing Pt, this is done by mixing 0.3 g  

chloroplatinic acid (H2PtCl66H2O) with 10 g of deionised water. This constitutes a 3% 

solution. To initiate the reaction a few drops of a 5% solution of lead acetate 

(Pb(C2H302)2) are added to the solution. Platinum black will then form on any surface 

placed in solution. This process was used to coat insulated Pt wires by simple immersion. 

The rate of the deposition is controlled by the amount of lead acetate that is added 

to the chloroplatinic acid solution. (Method taken from Rosebury (92)). 

 This deposition technique was rather unsatisfactory in our hands. Very limited 

deposition was observed even on the walls of the glass beaker containing the platinising 

solution. Moreover we later discovered that the solutions used are also the basis for the 

constant current deposition of Pt (93). This further casts a doubt on the validity of the 

method proposed by Rosebury, if current is being used by others to force the reaction 

then it is unlikely that the reaction can proceed by itself. The limited success achieved 

with this method meant we did not proceed with it. 

 

2.1.3 Conductive paint deposition 
Conductive paint deposition was used in this work to fabricate Pt rings and carbon 

rings. The first step is to make a disc electrode. In our case the size of the insulator 

surrounding the disc must be small and controllable. The only reliable method in this case 

is to use a capillary puller to make the disc electrode. This method is well described by 

Wightman and Wipf (83) and Miller and Pelling (94) and involves sealing a fine wire 

into a glass capillary by means of a capillary puller. Careful polishing of the tip reveals a 

disc surrounded by a uniform layer of glass.  

To make ring-disc microelectrodes, a 50 μm Pt wire (99.99% Advent) was first 

sealed into a 1.5 mm borosilicate glass capillary (World Precision Instruments Inc., 

Sarasota Florida) using a Narishige (Tokyo, Japan) PB7 vertical puller.  The next step 

was to deposit a layer of conducting paint onto the outside of the glass. Initially a carbon 

paint (Spi 05006AB West Chester USA) was used because it was cheap and dried in air. 
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Subsequently a platinum paint was used (Harovia Liquid gold). Applying the paint to the 

glass was done by dip coating or by rotating the capillary in a lathe and using a 

paintbrush to deposit the paint on the capillary.  

For the platinum paint, multiple coatings were often required. To improve the 

deposition each layer was cured in the oven at 70°C for 15min. This removed the bulk of 

the solvent in the paint. Once the desired number of layers had been applied the capillary 

was placed in the oven at 700°C for 15min to pyrolyse the paint. 

Connections were made to the wire (disc) and paint layer (ring) using silver epoxy 

and silver wires. The entire assembly was then cast in epoxy. Figure 2.2 summarises the 

process and Figure 2.3 shows some typical SEM pictures of the ring-disc microelectrodes 

produced in this manner. Achieving uniform paint deposition was the biggest problem 

with this method. Another problem encountered was that it was hard to have both ring 

and disc concentric (see Figure 2.3). The electrochemical behaviour of the carbon ring 

sensors is good as can been seen in Figure 2.4. The limiting currents for the disc are 

consistent with theoretical solutions, those from the ring less consistent (probably due to 

the recess or protrusion of the carbon ring). Only partial success was achieved with the Pt 

paint deposition. Getting the Pt to stick to the glass was a problem as well as achieving 

uniform and reproducible rings. Some of these problems were alluded to by MacPherson 

and Unwin (95). It seems the cleanliness of the glass and the freshness of the solution are 

paramount to achieving satisfactory rings. For making Pt ring-disc microelectrodes this 

fabrication process proved too inconsistent and time consuming so it was abandoned. 
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Figure 2.2: Steps involved in the ring-disc microelectrode conductive paint deposition 

fabrication technique. (a) A platinum wire is inserted into a glass capillary which is 

heated in a capillary puller. (b) The capillary has been pulled and the wire is sealed into 

the glass. (c) The capillary is dip coated repeatedly with a conductive paint (Pt or C). (d) 

Alternatively the conducting paint can be applied to a rotating capillary using a 

paintbrush. (e) Once the paint has dried (air drying for C, oven curing for Pt) connections 

are made to the ring and disc. (f) The entire assembly is sealed in epoxy resin. 

 

(a) 

(b) 

(e) 

(f) 

(d) (c) 
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Figure 2.3: Scanning electron micrographs of ring-disc microelectrodes produced by the 

conductive paint deposition technique. The discs are 50 μm in diameter, the rings are 

seen only faintly as a small recess on the outside of the glass insulator. The rings shown 

here are made of carbon, a material less distinguishable under SEM. Left hand image 

shows a sensor with an eccentric disc. The right hand image shows a uniform and 

concentric electrode. 

 

 
Figure 2.4: Typical cyclic voltammogram for an electrode produce by dip coating. The 

carbon ring (grey) and Pt disc (black) responses are shown  in a 10mM solution of 

Ru(NH3)6
3+/2+ in 1M KCl.  
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2.1.4 Vapour deposition  
Vapour deposition is an established technique that is used routinely in science and 

engineering for the fabrication of thin films. Rossnagel (96) and Swann (97) provide 

good reviews of the subject whilst Rosebury (92) and Roth (98) have written some very 

useful books on the subject in which most practical and theoretical problems are 

answered. Two types of vapour deposition exist, chemical and physical vapour 

deposition. Both of which have been used to make ring-disc microelectrodes.  

In chemical vapour deposition (CVD), a gas mixture is made to react at a given 

temperature and pressure to produce the desired deposit within a vacuum chamber. CVD 

was first used by Zhao et al. to make carbon/carbon ring-disc microelectrodes (99). In 

their method, a carbon fibre is first coated with silica, then with carbon by introducing 

different gas mixtures at high temperature into the vacuum chamber. The deposition of 

silicon and carbon can be repeated to produce multiple coatings. A cut perpendicular to 

the carbon fibre axis reveals a carbon ring separated from the carbon fibre disc by a layer 

of silica. This method is elegant with the advantage that the insulator and then the carbon 

film deposits uniformly and from all sides onto the surface of the carbon fibre. As a result 

the ring and disc are radially symmetrical and uniform. The application of these 

electrodes has been demonstrated for dual analyte detection as well as for HPLC end 

column detection (100,101). Kovalcik et al. also used a similar CVD method coupled 

with electrode modification to fabricate different metallic ring-disc electrodes (102). The 

first stage involved the use of the CVD method to fabricate a tungsten/tungsten ring-disc 

microelectrode sealed in silica. In the subsequent step the tungsten electrodes were 

partially etched away followed by electroplating of the chosen metal into the voids. They 

illustrated this technique by making a Cu/Cu ring-disc microelectrode. This complex 

fabrication process, however, highlights one of the main drawbacks of using CVD in that 

not all materials can be deposited. Moreover, for those materials that can be deposited the 

operating procedures required are often quite complicated; this is especially true for metal 

deposition. Finally it must be said that achieving reproducible metallic microelectrodes 

appears difficult and the potential for mass production seems limited. 
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In physical vapour deposition (PVD), the material to be deposited is eroded away 

from a target surface by the bombardment of argon ions in a plasma. The bombardment 

of the target surface leads to the formation of a cloud/vapour of particles which will 

deposit onto any surface they come in contact with. This process is also referred to as 

sputter coating. In most cases to make a ring-disc microelectrode using PVD, a pulled 

capillary electrode is placed above the planar target of a sputter coater so that a layer of 

material is deposited onto all sides of the glass insulation to form the ring. Liljeroth et al. 

have perfected this technique, often rotating the capillary above the target to achieve 

more uniform ring thickness (77,103). The clear advantage of this method is that any 

conducting material can be sputtered to form a ring. There are, however, some 

disadvantages. The location of the capillary electrode above the target will significantly 

influence the uniformity of the ring as well as its radial symmetry about the disc. This is 

because the sputtered particles will only reach the surfaces facing the target (i.e. line of 

sight deposition). Rotating the pulled capillary electrode above the target helps to 

overcome this problem but it does not totally eradicate it, especially when thin rings are 

being deposited (i.e. ≤1 μm). Having a ring that is slightly eccentric or of non-uniform 

thickness is not so problematic if the sensor is used for dual analyte detection. It is, 

however, a problem when the ring-disc is used as a collector-generator because eccentric 

and non-uniform electrodes will complicate the interpretation of the measurements (77). 

Another disadvantage of using classical PVD targets to coat micron sized pulled capillary 

electrodes is that most of the sputtered target material is wasted as it never reaches the 

capillary electrode. This makes the process expensive, especially when precious metals 

are being deposited. 

 

2.2 Design, building and characterisation of an inverted 

cylindrical sputter coater  
To overcome the limitations of the existing fabrication techniques, a novel 

method for the fabrication of metallic ring-disc microelectrodes was developed. In this 

method an inverted cylindrical sputter coater is used to continuously coat micron sized 

insulated wires. The cylindrical target used in the sputter coater ensures a uniform and 
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symmetrical coating of the wire and its small size improves the deposition rate as well as 

minimising the cost and waste of the target. Design features such as the ability of the 

coater to deposit all conducting materials, its small dimensions and ease of assembly are 

presented. Following the optimisation of the operating parameters of the coater, namely 

the cathode voltage and chamber pressure, the deposition rate achieved for platinum is 

just below 1 nm/s. The smallest sensors produced have outer diameters less than 28 μm 

and rings as thin as 0.5 μm.  

The method used is a PVD technique that overcomes the limitations associated 

with the previous use of this method, namely the non-uniform ring deposition and the 

waste of target material. As a result, the cost of the process is reduced and the electrode 

reproducibility is improved. This is achieved by using a cylindrical target rather than the 

classical planar target in an arrangement called the inverted cylindrical sputter coater. 

Inverted cylindrical sputter coaters were developed in 1935 by Penning (104) and have 

been well reviewed (105,106). Rather than sputtering from a flat target the sputtering 

occurs from the inside surface of a cylindrical target. This focuses the sputtered material 

towards the centre of the cylinder, which increases the deposition rates and improves the 

uniformity of the coating and has been shown to be well suited for the continuous coating 

of fibres or ribbons. Because the wires are passed through the target using a simple 

spooling mechanism, significant length of wires can be coated at once without having to 

break the vacuum or stop the sputtering process. 

In our application, we have to consider the fact that the size of the wires to be 

coated rarely exceeds a couple of hundreds of microns, well below the typical size of 

fibres coated previously using inverted cylindrical sputter coaters (107,108). Another 

important consideration is the volume of the target. Most electrodes are made from 

precious metals of extremely high purity and are therefore expensive. If the size of the 

target can be reduced the overall coating process will be cheaper. By using a small 

cylinder target we are able to reduce the target volume as well as reducing the distance 

between the target and the wire to be coated. As a result the uniformity of the coating is 

improved, the deposition rates are greatly enhanced and the price associated with the 

coating is reduced.  
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2.2.1 Materials, methods and instrumentation 
Coater 

Figure 2.5a shows a detailed drawing of the coater and Fig 2.5b shows the cross 

sectional view of the sputter coater designed  Figure 2.6 shows a picture of the coater and 

some of its components. All of the chamber components are standard vacuum 

components apart from the target holder. The evacuation of the chamber is first done by a 

rotary vane pump (1.5 Two Stage Edwards ), then a turbo-molecular pump (Pfieffer TPH 

190) is used to reach the lower pressures. The pressure in the chamber is monitored using 

either Pirani or Penning gages (Edwards) depending on the value of the pressure (1-10-4 

mbar for the Pirani and 10-2-10-6 mbar for the Penning). All connectors, fittings and 

valves were purchased from Edwards, Crawley UK. The target holder was machined out 

of MACOR and houses the cathode (i.e. the target), and two copper cylinder anodes one 

above and one below the cathode. The target holder is removable, which makes changing 

the target easy as well as simplifying the cleaning and maintenance. The cathode is 

connected to a high voltage source (Brandenburg), whilst the anodes are connected to 

ground (not shown in drawing). The current passing between the cathode and the anodes 

during the sputtering is monitored and controlled as it gives a good representation of the 

amount of sputtering that is taking place and is indicative of the deposition rate (109). 

 

Pt/Pt Ring-Disc microelectrode fabrication using a hollow cylinder sputter coater 

Insulated wires are available from most precious metal suppliers and come in 

different sizes and with the advantage that the insulation thickness is known and 

consistent. We found that the best insulator was polyimide, because of its heat resistance 

and the apparent ease with which the sputtered particles stuck to it. This cannot be said 

for polyester insulated wires which are affected by heat.  

Before coating, the polyimide insulated wire is cleaned in ethanol, then water and 

dried. The wire is then mounted onto spools; one above and one below the target holder. The 

speed at which the wire passes through the target is controlled by an electric motor fitted with 

a set of gears. To coat the wire, the chamber is first evacuated to a low pressure (<10-5 mbar). 

The process of sputter coating occurs when a glow discharge is initiated between an anode and 

the cathode (- target). This is done by applying a negative voltage to the target (2.5 kV applied 
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across a ballast resistance 100 kΩ), and introducing argon, at a pressure of 0.3 mbar into the 

chamber. In the glow discharge process a free electron is accelerated toward the substrate by 

the applied electric field (voltage) and collides with Ar atoms causing positive Ar+ ions to be 

formed. The argon ions are in turn accelerated by the field but in the opposite direction toward 

the cathode, and in doing so acquire significant energy from the field. When they strike the 

target at high velocity target atoms or molecules are ‘sputtered’ from the surface and being 

mostly neutral drift at random with their initial kinetic energy toward the substrate where they 

condense into dense solid films of the target material.  

Once this process has stabilised, the insulated wire is passed through the cloud of 

sputtered target material at the centre of the cylinder. The thickness of the deposition is 

controlled by the rate at which the wire is fed past the target. Polyester-insulated Pt wires of 

different core diameter, 25, 50 and 125 μm (99.99% Goodfellow), were coated with Pt using 

this process. Once coated, the wires are cut into 3 cm long sections. Separate connections are 

made to the inner metal core and the outer metal sputtered layer using silver wires (99.99% 

Goodfellow) and conducting epoxy (Circuit Works). The entire assembly is then potted in 

epoxy resin (CY13GI+HY1300, Robnor Resins, Swindon). To reveal the ring-disc, the epoxy 

assembly is cut perpendicular to the wire using a diamond saw. The electrodes are then 

polished using aqueous slurries of 1, 0.3 and 0.05 μm alumina with rinsing and sonication 

between each polish. Finally the electrodes are cleaned by cycling the potential from -1.5 V to 

1.5 V for 15 min at 2.5 V/s, then holding the potential at -1.5 V for 15min in 0.5 M H2SO4.  

 

Chemical Reagents  

Chemical reagents Ru(NH3)6Cl3, KCl, (Aldrich) were used to make a solution of 

10mM Ru(NH3)6Cl3 in 1M KCl. The solutions were deoxygenated by bubbling with 

nitrogen for 20 min prior to use. Demineralised and filtered water was taken from a Purite 

Select system (resistivity of ≥14 MΩ cm).  

 

Instrumentation  

An eight channel potentiostat CHI 1030 (CH Instruments Inc. Texas) was used to 

control the voltage at the ring and disc microelectrodes which were placed in a glass 
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electrochemical cell also containing a large Pt mesh counter and Ag|AgCl (3 mol dm-3 

KCl) reference electrodes. Visual reflectance thickness monitoring was carried out using 

a Filmetric F20. Scanning electron microscopy (SEM) imaging was carried out using a 

Jeol S610 system. 

 

(a) 
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Figure 2.5: (a) Drawing of the coater (additional drawings used are in Appendix 1). (b) 

Cross section view of the inverted cylindrical sputter coater and detailed view of the 

target holder. (1) Cathode ring, metal target (2) Anodes, copper (3) Target holder, 

MACOR (4) Wire spooling mechanism (5) Insulated wire (6) Vacuum chamber, 

Aluminium (7) Pressure sensor (8) Argon inlet. 

 

(b) 
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Figure 2.6: (a) Picture of the coating rig. (b) View inside the chamber whilst it is in 

operation.  

 

 

(a) 

(b) 
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2.2.2 Coater characterisation and optimisation 
Of the many parameters involved in the sputtering process the cathode voltage 

and argon chamber pressure are the most influential in determining the rate of deposition 

and the quality of the metal coating on the wire.  

We consider first the influence of the applied voltage on the current between the cathode 

and the anodes for different argon chamber pressures. The current-voltage relationship 

describes the way in which the argon molecules are ionised in the plasma. Figure 2.7 

shows a simulation of the voltage distribution between the anode and the cathode. These 

simulations were only used to help visualise the voltage profile, they were not used to 

assist the design of the coater.  

 
Figure 2.7: The graph on the left hand side shows the simulated voltage profile through a 

section of the chamber. The location of the anode and cathodes on the graph are depicted 

schematically. On the right is a three dimensional view of the anode and cathode 

arrangement. 

  

 The I-V plots in Figure 2.8 will differ from coater to coater due to the large 

number of parameters involved in the ionisation process (110). It has been demonstrated 

that inverted cylindrical sputter coaters operating with no or low magnetic enhancement 

can display a current plateau as the voltage applied to the cathode increases. Such a 

plateau behaviour was not observed in our system, which could be due to the overheating 

Cu anode 

Cu anode 

Pt cathode 
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of the gas in the plasma (111). The variation in the slope with argon pressure highlights 

the change in the number of ionisation events that are taking place (Fig 2.8). Except for 

the lowest applied voltage 0.5 kV, as the pressure increases the current response increases 

for a given voltage. This is also seen by the change in colour and brightness of the plasma 

which becomes more intense as the pressure increases. The measurements in Figure 2.8 

were limited by the 8 mA current cut off limit of the power source, which was reached 

above 0.2 mBar (circle, square and diamond marked lines) when the applied voltage was 

beyond 1.5 kV. When the coatings were carried out, a different wiring arrangement was 

used which made it possible to bypass this cut off and reach higher current values.  

 

 
Figure 2.8: Current voltage characteristics of the coater for different chamber argon 

pressures. 

 

In Figure 2.8 the effects of increasing the argon pressure appear beneficial and 

rather straightforward; however this is not entirely true. Changing the argon pressure in 
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the chamber will have two effects. The first is to influence the amount of target 

bombardment that is taking place. This is seen clearly in Figure 2.8 where the current 

between the electrodes is up to 4 times higher as the pressure goes from 0.1 to 0.3 mBar 

for a given cathode voltage. The second effect will be to influence the mean free path of 

the target material that has been sputtered away by the bombardment. A low chamber 

pressure will increase the mean free path of the sputtered material and ultimately lead to 

more deposition, a high chamber pressure will have the opposite effect. To investigate the 

antagonistic effects of chamber pressure on the deposition rate, a series of glass slides 

were placed at the centre cylinder coater. Pt was deposited onto each slide for 30 s with a 

constant cathode voltage of 2.5 kV across the ballast resistance but for varying argon 

chamber pressures. The thickness of the deposition was then measured using an optical 

thickness monitor by correlating the transmittance with thickness. We found that the 

thickness increased steadily from 20 to 30 nm as the pressure increased from 0.15 to 0.35 

mBar. Beyond 0.35 mBar the thickness dropped rapidly to less than 10 nm. The steady 

increase followed by the sharp decrease in the deposition as the pressure goes up is 

characteristic and has been reported previously for many types of sputter coaters (108). It 

suggests that there is an optimum pressure at which the system should be run to achieve 

the highest deposition rate, in our case 0.3 to 0.35 mBar. This optimum chamber pressure 

is specific to platinum deposition. A different optimal pressure is likely and the 

characterisation described would have to be repeated if other materials are to be 

deposited.  

Having established the optimum voltage and pressure at which to operate the 

coater, it is now possible to investigate the deposition profile onto wires. This was done 

again by placing a glass slide in front of the target onto which platinum was deposited for 

15 s at a constant voltage of 2.5 kV and chamber pressure of 0.3 mBar. Figure 2.9 shows 

the distribution profile measured along the vertical axis of the slide. The Gaussian 

distribution of the thickness along the glass plate is almost perfect. The maximum values 

are directly in front of the target and correspond to a deposition of 1nm/s which is high 

for diode sputtering (109). To achieve different coating thicknesses, a spooling 

mechanism is used which allows the wire to be moved through the cylinder at different 

speeds.  
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Figure 2.9: Thickness distribution of Pt along the vertical axis of the Pt deposited onto a 

glass slide placed in the cylinder coater. Schematics below the graph show the location of 

the glass slide in the coater. The thickness measurements were made at the centre of the 

glass slide, this was identified at the start of the slide as the point with the highest 

thickness.  

 

 

 

 

 

Glass slide 
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2.2.3 Electrochemical sensors 
 To illustrate the application of this coating process for electrochemical electrodes 

Pt/Pt ring-disc microelectrodes of three different dimensions were fabricated using 

different sized insulated wires, 25, 50 and 125 μm (see Figure 2.10). It is clear that the 

rings are very uniform and centred about the discs. Figure 2.10(c) shows a vertical cross 

section through a coated wire (i.e. perpendicular to the plane of the ring-disc). The 

thickness of the deposition along this wire was measured to be 6.01±0.31 μm, this 

highlights the consistent nature of the deposition along the wire.  

Figure 2.11(a) shows the cyclic voltammograms for all three ring-disc electrodes 

in 10 mM Ru(NH3)6
3+/2+ in 1M KCl. Each electrode was scanned alone so as not to 

induce any feedback or shielding effects. The limiting currents observed for each 

microelectrode agree well with theoretical predictions for a microdisc (57) and microring 

(58). This is especially relevant to the ring currents as it implies that the entire surface of 

the ring is electroactive thus confirming the integrity of the coating observed under SEM. 

Figure 2.11(b),(c) show collector-generator type response of the electrodes where one 

electrode is reducing Ru(NH3)6
3+ to Ru(NH3)6

2+ and the other is oxidising Ru(NH3)6
2+ 

back to Ru(NH3)6
3+. For a disc generating case Fig 2.11(b) the collection efficiency for 

the 25, 50 and 125 μm electrodes is 13.5, 42.5 and 31 % respectively. When the ring is 

generating (Fig 2.11(c)) the collection efficiency is 61, 46.5 and 47%. These differences 

in collection efficiency are due to the subtle differences in the electrode dimensions. The 

collection efficiency of a ring-disc electrode depends on the dimensions of the disc and 

ring electrodes as well as the size of the spacing between them. Predicting the collection 

efficiency of a ring-disc electrode is not possible a priori, the only reliable method is 

numerical modelling. Such models have been developed by ourselves (112) and by others 

in the past for macro ring-disc electrodes (113).   

The difference in the limiting currents observed between the cyclic 

voltammograms in Figure 2.11(a) and the amperometric traces in 2.11(b),(c) are 

characteristic of feedback mechanisms. Feedback occurs when the collector and 

generator electrodes are close enough that their diffusion profiles overlap. In this event 

the products of the reaction at the collector diffuse back to the generator. This is also 

called redox cyclic and has an effect to increase the current at both electrodes. The 
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increase in generator current due to feedback for ring generating cases is 49%, 22% and 

7% for the 25, 50 and 125 μm electrodes respectively. When the disc is generating the 

increase in current due to feedback is 87%, 1% and 17%. These effects are considerable 

and often provide valuable current amplification when noise is significant or when low 

redox concentrations are being used. The large variability in the amount of feedback 

achieved from one electrode to the other is somewhat concerning. Comparing the 

experimental current with those predicted by the numerical model does show a mismatch 

(see Fig 2.11., dotted lines are simulated, solid lines are empirical recodings).  The 

discrepancy between the experimental and numerical current values is probably due to 

non-planar electrode surfaces. A full description of the numerical model is presented in 

the following chapter along with an investigation of the effects of recessed and 

protruding electrodes. 

The large majority of measurements made with these electrodes were stable for 

weeks. The electrodes that did deteriorate were brought back to their original condition 

with a light polish.  
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Figure 2.10: SEM pictures of the ring-disc microelectrodes. (a) 125 micron core 

insulated wire, (b) 50 micron core insulted wire. (c) Transverse slice through a wire to 

reveal the uniform coating achieved along the length of the wire. More pictures of the 

electrodes are given in Appendix 2. 

 

B 
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Figure 2.11: (a) Cyclic voltammograms for all three Pt/Pt ring-disc microelectrodes (b) 

Disc generating ring collecting for three electrodes of different geometry. The generation 

step is switched on after 5 s. (c) Ring generating disc collecting. The redox couple used is 

Ru(NH3)6
3+/2+ 10 mM concentrations and the scan rate was 0.05 V. Ring electrodes 

current are represented in grey lines, disc electrodes currents are in black. In (b) and (c) 

the dotted lines represent simulated current responses, whilst solid lines show 

experimental recordings. 
 

To showcase the possibilities that arise from this new fabrication method, a 

number of miscellaneous electrodes were made. These electrodes were not used directly 
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for the work that is reported in this thesis, but they are interesting and have many 

applications in other fields of electrochemistry. These electrodes are a ring-ring-disc 

microelectrode and an iridium-gold electrode.  

The ring-ring-disc or double ring-disc microelectrode was made by first coating 

an insulated wire in platinum (as described above), then coating a hollow silicon fibre 

with platinum. Placing the ring-disc fibre into the hollow fibre and insulating the entire 

assembly produces a double ring-disc electrode. Figure 2.12 shows an SEM picture of the 

electrode. Figure 2.13 (a) show typical cyclic voltamograms (b) and collector-generator 

type responses, where the disc is generating (ring generating modes were also 

investigated). The main feature of this electrode is the close proximity of the three 

electrodes and their radial symmetry (although this is not the case in Fig 12 subsequent 

cuts revealed radially symmetrical electrodes). Possible application would be in multi-

analyte detection or a self-contained sensor. By self-contained we mean a sensor that has 

reference and counter electrodes as part of the same assembly. Plating of the inner ring 

with silver was investigated but resulted in some cross talk with the other electrodes 

(more control of the plating should solve the problem).  

 

 
Figure 2.12: (a) SEM picture of the double ring-disc electrode, the insulation appears not 

to have filled a volume between the tube and ring-disc wire, this was not the case further 

up the electrode, at which point the radial symmetry of the electrodes was also improved 

(i.e. observed under light microscope after cutting the electrode tip). Pt areas appear in 

white, both rings are clearly visible.  

(a) (b) 
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Figure 2.13: (a) Cyclic voltammograms in 20 mM Ru(NH3)6

3+/2+ in 1M KCl of the disc 

(black), inner ring (dark grey) and outer ring electrodes (light grey). (b) Collector-

generator response, where the disc is generating Ru(NH3)6
3+ and the inner and outer ring 

are collecting Ru(NH3)6
2+. The generator voltage was decreased every 30 s in increments 

of 0.1 V from 0V to -0.6 V vs Ag/AgCl. 

 

The iridium-gold ring-disc electrode was made with the view of developing a pH 

and oxygen sensor; the oxygen being detected ameperometricaly at the gold disc and the 

pH being measured from open circuit potential at the ring. To coat iridium the pressure 

and voltage characteristics of the coater had to be altered slightly to achieve the best 

deposition rate. Other than that, the process was the same as for the Pt coating of the Pt 

insulated wires. For the iridium ring to detect pH changes it has to be oxidised. This is 

done by anodisation in 0.5 M H2SO4 following the method of O’Hare et al. (114). Figure 

2.14 shows the calibration of the iridium vs a commercial pH meter, the slope is below 

the Nernstian predictions (i.e 30mV rather than 60-70mV) which could be due to 

incomplete Ir oxidation. Figure 2.15 shows the response of the Au disc when the voltage 

is scanned from -0.4 to 1V vs Ag/AgCl. and the change in pH as measured with the Ir 

ring. The pH drops as electrolysis of water occurs (i.e. oxygen is generated which leaves 

a surplus of protons), these are consistent with our expectations. When hydrogen was 

generated the opposite pH shift was measured at the ring.  
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Figure 2.14: Open circuit potential recorded by the iridium ring vs pH recorded by a 

commercial pH meter. Circle, square and dimond markers show three trials. 
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Figure 2.15: In black is the current recorded at the gold disc, left axis. In grey is the pH 

shift recorded at the ring over the same time interval, right axis. For the current 

measurement the bottom axis can be turned into voltage by multiplying by the scan rate 

(v = 0.01 V/s) 
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2.3 Conclusion 
A novel method for the fabrication of ring-disc microelectrodes has been 

presented. The novelty of the fabrication technique involves the use of an inverted hollow 

cylindrical sputter coater to deposit metal films continuously onto insulated wires from 

all sides. The systematic study of the parameters pertaining to the coater has identified 

the optimum cathode voltage for Pt depositionto be 2.5 kV across a 100 Ω ballast 

resistance and the argon chamber pressure as 0.3 mbar which results in a deposition rate 

of 1 nm/s. The consistency and uniformity of the metal deposition along the wire is a 

notable feature of this method. This is achieved by the ring shape and small size of the 

target, which has the added advantage of reducing the cost associated with the coating. 

Future developments of the coater could include the use of several sequential targets of 

different material through which the wire could be passed to achieve multiple material 

coatings or alternate metal and insulator coatings.   

The electrodes produced exhibit excellent electrochemical behaviour, which agree 

with theoretical predictions for thin rings and ring-disc interations. The smallest sensor 

produced had an outer diameter less than 28 μm, although we believe this is far from the 

lower limit achievable with the present coater. Reducing the size of the target should 

enable the fabrication of extremely small ring-disc microelectrodes. 

Although used for the fabrication of ring-disc microelectrodes, this method is 

equally well suited for the fabrication of micro-ring electrodes and micro-optical ring 

electrodes. 
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Numerical modelling of the ring-disc electrode 
 

 

 

 

 

 

 

 

________________________________________________________________________ 

A detailed numerical analysis of the behaviour of the ring-disc microelectrode is 

presented. In the first part of this chapter the effect of diffusion mass transport on 

the sensor behaviour is considered. In the second part convection mass transport is 

added to the models. In both mass transport modes the influence of electrode size, 

flux distribution and operating mode on the measurement made are investigated. 

Some of the models described relate to experiments presented in subsequent 

chapters, in most cases the correlation between experimental results and numerical 

predictions are good.  
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3.1 Introduction 
Numerical modelling in electrochemistry is primarily concerned with solving 

concentration profiles through space and over a period of time. These can arise from 

electrochemical reactions at the surface of electrodes, chemical reactions in solution or 

mass transports of depolarised electrolyte. The reasons for numerically modelling 

electrochemical problems are of course varied and numerous especially as the practice is 

becoming more widespread. Some of the more popular reasons are: 
• To validate experimental observations, in cases where no analytical solutions 

exist or because limited experimental recordings are available.  

• To attribute experimental measurements to physical phenomena.  

• To carry out a systematic study of the parameters affecting the electrode 

reactions. These could be electrode geometry, mass transport effects such as 

diffusion or convection, electrochemical reaction rates and many others.  

• To investigate cases that are currently impossible or hard to achieve 

experimentally. For instance where dangerous reactions are concerned or for 

systems of very small size. 

 

In this thesis the main purpose of the numerical modelling has been to assist in the 

sensor design process. To this effect a systematic study of the parameters influencing the 

measurements capacities of the sensor was undertaken. These are the electrode geometry, 

the mass transport in the vicinity of the sensor and the volume probed by the sensor. The 

modelling work highlighted important features of the sensors such as the significance of 

having both electrodes on the same plane or the use of the transient profile to assess the 

level of diffusion within the medium surrounding the sensor. It also helped solve some 

key problems that arose through the experimental work. Overall, a greater understanding 

of the processes occurring at the electrode and within its vicinity was achieved through 

the use of numerical modelling and this significantly contributed to the outcome of this 

work.  
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3.1.1 Governing equations 
The basic equation solved in electrochemical modelling is the diffusion equation, 

known as Fick’s second law: 

 

          (3.1) 

 

Where c is the concentration, t the time, D the diffusion coefficient and       is the 

Laplacian operator in space. This is a second order partial differential equation, and when 

solved will describe the concentration profile of a species through space and over time. 

The different forms of the Laplacian used in this chapter are listed below:  

 

In Cartesian coordinates: 

 

Two dimensional         (3.2) 

 

 

 

In axisymmetric cylindrical coordinates: 

 

Two dimensional         (3.3) 

 

In addition to increasing the number of dimensions considered, the equation 

system is made more complicated by the addition of more than one chemical species. In 

this work the concentration profile of up to two species was modelled. 

Finally and probably most significantly the governing equations can be made 

more complex by considering additional mass transport modes, namely convection and 

migration in solution. The complete mass transport equation known as the Nernst-Planck 

equation then becomes: 
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(3.4)  

 

Where u is the fluid velocity,    is the gradient, z is the charge, F Faraday’s constant,     

the universal gas constant and T the temperature. 

 

3.1.2 Static vs Dynamic 
Electrochemical problems can be solved in a static (i.e. steady state) or dynamic 

(i.e. time dependent) way. Dynamic model are more complex as they involve solving for 

the variation of concentration over time and space. Dynamic models are required when 

modelling cyclic voltammetry for instance. Static models are more common and simpler 

in that the concentration is only a function of space. In this case left hand side of the mass 

transport equations Eq. 3.1, 3.4 are set equal to zero. In electrochemistry, however the 

time dependency of the static model is implied because the time constants are small. We 

refer to these as quasi steady state models. Such models are used, for instance, to 

establish diffusion limiting currents as well as in most cases where convection is 

considered. In this thesis both quasi steady state and dynamic models were used in order 

to probe the relationship between the sensor and its environment. 

  

3.1.3 Discretisation methods 
Before the model can be solved it has to be discretised, this is the process of 

replacing a continuous system of differential equations by a finite discrete approximation. 

There are a number of different descretisation methods. The following list highlights the 

ones used in electrochemical modelling: 

• Finite difference 

• Finite element 

• Boundary element 

• Finite volume 
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Finite difference discretisation  

Finite difference currently dominates the electrochemical modelling scene (75). 

This is because it is relatively straightforward to implement, it is cheap computationally 

and it has been very successful. This discretisation method works by dividing the model 

space into a series of equidistant points, known as nodes. The derivatives in the mass 

transport equation are then approximated as finite difference in concentration between 

adjacent nodes. In a two dimensional system the concentration at each node will be 

described with respect to its four neighbours by a set of linear equations. Initial and 

boundary conditions provide the limits for the solution iteration, these will end when the 

variation in successive solutions at each node is below a set threshold. 

Finite difference has its limitations, for instance in very non-linear systems or 

when non-uniform boundary conditions are applied as well as when complex model 

geometries are being considered. As the problems in electrochemistry become more 

elaborate and computer power less of an issue, choosing more sophisticated discretisation 

techniques becomes pertinent. 

 

Finite element discretisation 

Finite element discretisation has become the standard in engineering modelling. It 

is also becoming popular with electrochemists because the problems considered are 

getting more complicated and the geometries less ideal. Finite elements methods (FEM) 

were first developed in 1943 by Richard Courant to solve vibration systems (115). A 

broader definition was then presented by Turner et al in 1956 (116).  

FEM works by dividing a body into smaller elements of finite dimensions called 

finite elements, these are connected by a finite number of joints called nodes. The 

properties of the elements are formulated and combined to obtain the properties of the 

entire body. The governing differential equations are solved approximately over the finite 

element. The solutions of each element are then combined to obtain the solution for the 

entire body. This is possible because continuity is ensured at each node. Initial and 

boundary conditions provide the limits for the solution iteration; these will end when the 

variation in successive solutions is below a set threshold. 
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FEM allows for non-uniform boundary conditions and complex geometries both 

of which are used in our models. As a result we chose to use finite element methods as 

our discretisation technique. 

 

3.1.4 Numerical solvers 
The commercial numerical modelling package used in this work has a number of 

built in solvers (UMFPACK, GMRES, Conjugate gradients, Geometric multigrid ect.). In 

general the UMFPACK solver was used as it is COMSOL’s most robust and complete 

solver. These solvers also enable multiphysics problem solving, for our application this is 

useful as we will often combine mass transports with fluid flow simulations.  

 

3.1.5 Assumptions and simplifications  
When using numerical modelling it is essential to establish whether the physical 

conditions encountered experimentally are well represented by the equations in the 

model. This is the first requirement the model has to fulfil in order for its results to be 

compared to the experimental findings. In most cases the experimental measurement 

environment is subject to too many physical processes for them all to be accounted for in 

a model. As a result the first stage often involves simplification of the processes being 

modelled. In this thesis a number of simplifications and assumptions are made: 

• Geometrical simplification of the sensor and its environment. This work almost 

entirely focuses on solving the mass transport between two electrodes that are 

coupled electrochemically. The nature of this couple requires that a species is 

generated at one electrode and collected at another. For any quantitative 

information to be extracted from the model, the mass transport problem has to be 

solved in three dimensions. This is unfortunately quite expensive 

computationally. However the geometrical symmetry of the ring-disc electrode 

makes it possible to use axial symmetry about the centre of the disc to simplify 

the three dimensional model into a less computationally demanding two 

dimensional model (see Fig 3.1) This simplification was almost always used. 

• The environment in which the sensor is evolving is assumed homogeneous. This 

is not the case experimentally especially when in biological tissue. Yet to try and 
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address the non-uniform nature of tissue in our models would have been limiting 

and in all cases except for Section 3.2.4, the space surrounding the electrodes was 

assume to be uniform.  

• Migration mass transport is not significant. This assumption is true 

experimentally because the solutions used contained large amounts of background 

electrolyte. Physiologically this assumption also holds again, due to the large 

concentration of ions in the body. The presence of an excess amount of ions will 

effectively limit the effects of migration to within few bond lengths of the surface 

of the electrode (56).  

• The entire surface of the electrode is assumed to be active electrochemically. That 

is to say that the electrochemical reaction taking place at the electrode is possible 

over its entire surface. Moreover we did not account for non-ideal geometries of 

the electrodes (i.e. distorted discs, incomplete rings etc.) 

• The chemical reaction taking place at the electrode surface is assumed to be a first 

order reaction of the kind     A ± e-   B           

• The diffusion coefficients are constant throughout the experiment. 

• For the steady state mass transport limiting conditions, the concentration of 

reactant at the electrode surface reaches 0. This does not necessarily imply that 

the concentration of product will equal 1. 
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Figure 3.1: (a) View of a ring-disc microelectrode in three dimensions and (b) the 

subsequent simplification of the geometry by taking advantage of the axial symmetry 

about z. 

 

3.2 Pure diffusion 
The following sections describe a number of models and simulation results in 

which only diffusion mass transport is considered. Diffusion plays a key role in tissue 

perfusion as it is the mass transport that bridges the gap between the areas where 

convection is occurring and the areas too distant from a blood vessel to benefit from 

convection. Most cells are not directly in contact with the capillary vessels, they therefore 

rely heavily on diffusion for their survival. 

There is also evidence that diffusion plays a significant role when the flow to a 

region of tissue has been impaired. A number of studies have investigated this, 

confirming that at the cellular level diffusion of gases, nutrient and metabolite is 

paramount (11). Studying diffusion with the sensor is therefore key to its application to 

monitor tissue perfusion. The models described in this section have helped design the 

most efficient sensor geometry as well as investigating the significance of membranes, 

reaction rates, diffusion coefficient and analyte concentration on the measurement 

capacity of the sensor. 
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3.2.1 Investigation of the parameters affecting the collection efficiency of 

ring-disc microelectrodes 
The parameters affecting the collection efficiency of a ring-disc microelectrode 

operating in the collector-generator mode are numerous. The first parameters considered 

pertain to electrode geometry; the disc radius and the inner and outer ring radii (see 

Section 3.2.1.a). We investigate the way in which the collection efficiency changes for 

different sensor dimensions. The influence of recess and protrusion of the electrodes is 

also studied over a reasonable range of distances (Section 3.2.1.b).  The other parameters 

considered pertain to the flux distribution at the surface of the ring and disc electrodes, 

focusing on the generator electrode (Section 3.2.1.c). The flux distribution at the 

generator is influenced by the voltage applied and the relative rates of mass transport or 

electron transfer of the species used.  

 

(a) Effect of electrode geometry on the collection efficiency 

A semi-analytical solution for the collection efficiency of ring-disc 

microelectrodes was proposed by Phillips and Stone (113) although practically 

achievable devices lie off their graph. Moreover the semi analytical solution still requires 

a numerical modelling step before the analytical step can be realised. As a result, this 

approach has found little application. More recently a purely numerical approach was 

taken by Liljeroth et al (77) and produced solutions that were in good agreement with 

experiments.  This method, a finite element approach, is the one we have chosen to 

pursue as it allows non-uniform meshes to be constructed. This becomes useful when 

complex geometries are being modelled or when non-uniform boundary conditions are 

applied; both of which are relevant to our case. 

 

 

 

 

 

 



Chapter 3  Numerical modelling of the ring-disc electrode 

 73

Theory 

We consider a system consisting of a ring-disc microelectrode set in an insulating 

plane. The model is in cylindrical polar coordinates (r,z) with rotational symmetry about 

the z axis as described in Fig. 3.2a. The solution within the model boundary contains an 

electro-active species, A, which is assumed to undergo a simple one electron transfer 

leading to species B. 

                 (3.5) 

The forwards reaction occurs at the generator electrode whilst the backwards 

reaction occurs at the collector. The collection reaction is always assumed to be diffusion 

limited. Species A and B are assumed to diffuse freely in solution and have equal 

diffusion coefficients, D. The model geometry, parameters and equation system were 

non-dimensionalised with respect to the radius of the disc, R1, the bulk concentration of 

species A, CA,∞, and the diffusion coefficient, D (75) in the following way:  

 

 

 

Note that the non-dimensional diffusion coefficient equals one and that dimensionless 

parameters are in lower case, whilst dimensional ones are in upper case. For a still 

solution with high background electrolyte concentrations, the mathematical model 

describing the mass transport of species A and B is given by: 

          (3.6) 

 

          (3.7) 

 

Where       is the Laplacian operator in cylindrical coordinates (see Section 3.1.1 Eq. 3.3). 

The boundary conditions used in these sections are sumarised in Table 3.1. The flux at 

the electrodes is given by: 

 

 

           (3.8) 
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The integration limits ρ1 and ρ2 are respectively 0 and r1 for the disc and r2 and r3 for the 

ring. Where         is the normal gradient operator. 

The collection efficiency is defined as: 

(3.9)  

 

Where Jc and Jg are the collector and generator fluxed respectively. 

The model boundaries, rmax and zmax were twenty times greater than r3. Simulations with 

larger limits did not significantly change the flux measured at the electrodes (i.e. <1%). 

The mesh was refined at the electrodes (minimum element size 0.01×r1) and allowed to 

grow towards the boundaries. Doubling the number of mesh elements did not noticeably 

enhance the solution. The current at a 50 μm diameter disc electrode as evaluated by our 

model is 1.1% lower than that found using the analytical solution for a microdisc (57). 

Simulations were carried out using the finite element solver Comsol 3.2 in Matlab 6.5.  

 

The model was meshed with unstructured triangular elements. The mesh density was 

high on the disc, ring and ring-disc spacing boundaries (minimum element size 0.01). The 

mesh was then allowed to grow towards the edges of the model (growth rate 1.2). With 

these settings the models had upwards of 3000 mesh elements. Figure 3.2 shows a typical 

meshed model.  
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Figure 3.2: Model geometry used (a). Close up of the ring disc area for the planar (b) 

and the protruding case (used in section 3.2.1b) (c). z1 is the height of the protrusion 

whether it is for both ring and disc, just disc or just ring protruding. For the recessed 

model z1 is negative. The model is a two dimensional model with axisymmetry about z.  
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Table 3.1. Boundary conditions for both ring and disc generating cases. 

 Disc generating Ring generating 

Boundary conditions  

 
z=0         0<r≤r1 
z=0         r2<r≤r3 
z=0         r1<r≤r2; r3<r≤rmax 
r=0         0<z≤zmax 
r= rmax   0<z≤zmax  
z= zmax   0<r≤rmax 

 
cA = 0; 
                    ;  cB = 0 
              
Axial symmetry            
cA = 1; cB = 0 
cA = 1; cB = 0 

 
                    ; cB = 0 
cA = 0; 
 
Axial symmetry         
cA = 1; cB = 0 
cA = 1; cB = 0 

 

    
Figure 3.3: Model mesh elements, note the increased mesh density around the electrodes. 

Left hand image shows mesh quality on a scale of 0 to 1, 1 being the highest. 

 

Results and discussion 

Electrochemical coupling occurs between two electrodes when an electroactive 

species is produced at one electrode (the generator) and reacts at the other electrode (the 

collector). In a still solution, the generated species diffuses away, some eventually 

reaching the appropriately polarised surface of the collector electrode where it will react. 

The redox couples used is Ru(NH3)6
3+/2+ in 10mM concentrations. Comparing the current 

drawn by the generator and the collector provides information about the diffusion of the 

species from one electrode to the other and is usually described in terms of the collection 

efficiency (CE) Eq. 3.9.  

AnBn cc −∇=∇

0=∇=∇ BnAn cc
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The effects of varying the size of the disc, inner ring radius and outer ring radius 

are investigated for the diffusion limited case, with Ru(NH3)6
3+/2+ as the redox couple. 

The simulated collection efficiency results are presented in Fig 3.4 where both the disc 

and ring generators are considered. When the disc is generating (Fig 3.4a,c) the collection 

efficiency is seen to increase as the outer ring radius, r3 is increased and decrease with 

increasing inner ring radius, r2. Large inner ring radii are often required to maximise the 

volume probed by the sensor and if the disc is generating then one would recommend 

having a large ring in order to retain high CE values. When the ring is generating (Fig 

3.4b,d) the collection efficiency drops both as the inner ring radius and outer ring radius 

are increased. The higher CE values in Fig 3.4d illustrate the benefits of using thin rings, 

where the edge effects are more predominant. The significant difference between the 

values for CE for the disc and the ring generating cases highlights the advantage of 

having two different geometries that can be used in alternation to probe different aspects 

of the mass transport problem being investigated. A compromise has to be reached 

however on the outer ring radius to ensure that both modes can yield high CE.  

If other mass transport modes are to be investigated using ring-disc 

microelectrodes, then having a high collection efficiency will ensure a wide detection 

range. It is worth noting that the CE values obtained for the steady state diffusion case are 

not necessarily the maximum values that can be achieved, under forced convection (117) 

and in scanning electrochemical microscopy (SECM) experiments (77,103) higher 

collection efficiencies are possible. Nevertheless the values obtained under diffusion 

mass transport provide a starting point for selecting the optimal geometry for the 

electrodes. 
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Figure 3.4: Effect of varying the electrode geometry on the collection efficiency. Outer 

ring radius,r3, is plotted against inner ring radius,r2. All lengths are normalised with 

respect to the disc radius, the electroactive species used is Ru(NH3)6
3+/2+,  

DRu = 7.6x10-10 m2s-1
. The changes in collection efficiency (CE) are shown by the colour 

scale. (a) and (c) are for disc generating cases, (b), (d) are for ring generating cases. Both 

sets of four plots show the same data only in different presentations. 
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(b) Recessed and protruding electrodes 

When comparing CE values obtained with our model and those obtained 

experimentally, by ourselves and others, some discrepancies appear (see Table 3.2) The 

values obtained by us for Electrode A and Electrode B are for the redox couple 

Ru(NH3)6
3+/2+.  The inconsistent nature of the discrepancy between the modelled CE and 

the experimental values would tend to suggest that the cause is experimental rather than 

numerical. SEM observation of the surface of our electrodes often revealed minor 

geometrical imperfections which seem to stem from the polishing process. We found that 

polishing sometimes produced protruding or recessed electrodes as a result of the 

differences between the hardness of electrode and the insulating material. This 

observation motivated our numerical investigation of these effects which incidentally is 

relevant to electrodes produced by lithographic techniques which also result in 

protrusions or recesses being formed.  

 
 Disc Generating 

Collection Efficiency % 
Electrode dimensions Difference % Authors Redox couple 

r1 r2 r3 Experimental Modeled vs Model 

Kovalcik et al 102 MV2+/1+ 1.25E-05 2.25E-05 2.35E-05 38 38.1 -0.3 

Ghanem et al.121 Fe(CN)6
4-/3- 2.50E-05 3.20E-05 3.24E-05 30 26.0 15.4 

Liljeroth et al.103 FcMeOH/1+ 1.25E-05 1.24E-04 1.25E-04 33 19.4 70.1 

Liljeroth et al.77 Ru(NH3)6
3+/2+ 5.00E-06 3.47E-05 3.50E-05 26 23.0 13.0 

Electrode A Ru(NH3)6
3+/2+ 2.50E-05 3.12E-05 3.37E-05 49.5 49.5 0.0 

Electrode B Ru(NH3)6
3+/2+ 6.60E-05 8.90E-05 9.04E-05 34.7 26.2 32.4 
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 Ring Generating 
Collection Efficiency % 

Electrode dimensions Difference % Authors Redox couple 
r1 r2 r3 Experimental Modelled vs Model 

Kovalcik et al 102 MV2+/1+ 1.25E-05 2.25E-05 2.35E-05 28 32 -12.5 

Ghanem et al.121 Fe(CN)6
4-/3- 2.50E-05 3.20E-05 3.24E-05 84 50.3 67 

Liljeroth et al.103 FcMeOH/1+ 1.25E-05 1.24E-04 1.25E-04 - 3.9 - 

Liljeroth et al.77 Ru(NH3)6
3+/2+ 5.00E-06 3.47E-05 3.50E-05 - 6.2 - 

Electrode A Ru(NH3)6
3+/2+ 2.50E-05 3.12E-05 3.37E-05 56.3 50.1 12.4 

Electrode B Ru(NH3)6
3+/2+ 6.60E-05 8.90E-05 9.04E-05 37.2 46.6 -20.2 

 

An analytical solution for the current at a deeply recessed micro-disc was 

established by Bond et al.(88) More recently an analytical solution for coupled 

electrochemical and chemical (EC’) mechanism at a recessed micro-disc electrode was 

presented.(118) Recessed and protruding disc and band electrodes have also been studied 

numerically.(87,119,120) To our knowledge, however, there has been no investigation of 

the effects of protruding or recessed collector-generator assemblies.  

 

The model used is essentially the same as in the previous section only additional 

boundaries are present because of the recess and protrusion. The changes made to the 

geometry of the model are seen in Figure 3.2c, and the additional boundary conditions are 

given in Table 3.3. The flux at the electrodes also changes, for a recessed case, the walls 

surrounding the electrodes are assumed insulating so flux is given by: 

  

          (3.10) 

 

The integration limits ρ1 and ρ2 are respectively 0 and r1 for the disc and r2 and r3 for the 

ring. For the protruding case the protruding walls are considered active electrochemically 

so the flux at the electrodes must include these boundaries: 

For the protruding disc: 

 

(3.11) 
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(3.12) 

 

 

Table 3.3. Boundary conditions for both ring and disc generating cases. 

 Disc generating Ring generating 
Boundary conditions  
 
z=0         0<r≤r1 
z=0         r2<r≤r3 
z=0         r1<r≤r2; r3<r≤rmax 
r=0         0<z≤zmax 
r= rmax   0<z≤zmax  
z= zmax   0<r≤rmax 

 
cA = 0; 
                    ; cB = 0 
              
Axial symmetry            
cA = 1; cB = 0 
cA = 1; cB = 0 

 
                        ; cB = 0 
cA = 0; 
 
Axial symmetry             
cA = 1; cB = 0 
cA = 1; cB = 0 

Recessed electrodes  
r= r1; r= r2; r= r3        0<z≤z1 

 
 

 
 

Protruding electrodes  
r= r1                    0<z≤z1 
r= r2; r= r3        0<z≤z1 

 
cA = 0; 
                       ;cB = 0 

     
                    ;   cB=0 
cA = 0;          

 
 
Results and discussion 

For a given electrode geometry (r1= 25 μm, r2= 31.2 μm and r3= 33.7 μm) three 

cases are considered with ring and disc as generators, (i) both ring and disc protruding or 

recessed (circle marker), (ii) only disc protruding or recessed (square marker), (iii) only 

ring protruding or recessed (diamond marker). Fig 3.5 summarises the results obtained, 

the solid symbols represent disc generating cases and the open symbols ring generating 

cases. There is a clear indication that the CE drops with increasing recess and rises with 

increasing protrusion of the electrodes. The only times this is not the case is when the 

generator alone is recessed or protruding, then both protrusion and recesses result in a 

slight drop in the CE value. It seems therefore that altering the mass transport to the 

collector is the critical factor in altering the CE of the ring-disc microelectrodes. This 

observation is true regardless of the shape of the collector but is more marked when the 

ring is collecting than when the disc is collecting. This is because radial diffusion to a 

micro-ring electrode is even more predominant than to a micro-disc electrode. Further 

simulations were carried out to assess the influence of electrode geometry on these 
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results. For different electrode geometries the trends described in Fig 3.5 stay unchanged, 

except that as the separation between the electrodes increases, the effects of protrusion 

and recess on the CE decrease. Similarly as the outer ring radius is increased, a recess or 

protrusion will have less of an effect. From the trends described in Fig 3.5 it is possible to 

infer that Electrode A has a slight protrusion of the disc (≈1 μm), similarly the electrode 

used by Ghanem et al.(121) which has comparable geometries could have a protruding 

disc or both a protruding ring and disc. 

In practice, the size of the recess or protrusion that occurs as a result of polishing 

is small (≤1 µm). Unfortunately the changes in CE appear steepest at low z1 values. For 

electrodes produced by micro-lithography the recesses or protrusions are larger but their 

value is known and controllable, which is advantageous. If lithography is to be used, one 

would recommend not using an insulator to produce protruding electrodes which benefit 

from the increase in CE values. 
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Figure 3.5: Effect of recess or protruding electrodes on the collection efficiency for an 

electrode with r1= 25 μm, r2= 31.2 μm and r3= 33.7 μm in a 10mM Ru(NH3)6
3+/2+

 

solution. The height of the protrusion and depth of the recess is described by z1, which is 

positive for protrusions and negative for recesses.  Disc generating mode (filled marker) 

and the ring generating mode (empty marker) are simulated. Circles indicate both ring 

and disc protruding/recessed, squares only the disc and diamonds only the ring 

protruding/recessed.  
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 In Fig 3.5 when the ring is generating with both ring and disc protruding (empty 

circle) the CE seems to fluctuate.. Some fluctuations are also observed on the disc 

generating trace (filled circle) again with ring and disc protruding.  We have repeated the 

simulations for these cases taking intermediate z1 values, to those shown on the figure 

and have found that the instability in the collection efficiency is still present.  

When the electrodes are protruded the entire protruding surface becomes active 

electrochemically. The disc is no longer a disc but a solid cylinder and similarly the ring 

becomes a hollow cylinder. It is we believe the increase in electrode area which is not 

matched with an increase in current because of the non-ideal mass transport to these new 

surfaces that leads to the fluctuation observed. Figure 3.6 shows the concentration profile 

for the ring generating cases when both electrodes are protruding.  It highlight the 

peculiar mass transport to the walls of the protruding electrodes. 

 

 
Figure 3.6: Concentration contour plots for ring generating case. Both ring and disc are 

protruding (Z1 = 0.2), contour lines show concentration (line spacing c= 0.5).   
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(c) Varying the flux distribution at the generator electrode 

The collection efficiency of a given ring-disc microelectrode describes how much 

of the species produced at the generator reaches the surface of the collector. 

Understanding the flux distribution at the generator is therefore important. (122) Aside 

from electrode geometry there are three parameters that can affect the flux at the surface 

of an electrode, the voltage applied, the diffusion coefficient and the reaction rate 

constant of the species. 

 

Theory 

We consider a system consisting of a ring-disc microelectrode set in an insulating 

plane. The model is in cylindrical polar coordinates (r,z) with rotational symmetry about 

the z axis as described in Fig 3.2a. The solution within the model boundary contains an 

electro-active species, A, which is assumed to undergo a simple one electron transfer 

leading to species B (see Eq. 3.5). The model geometry, parameters and equation system 

were non-dimensionalised with respect to, R1, the radius of the disc, CA,∞, the bulk 

concentration of species A and D the diffusion coefficient (75) (see section 3.2.1a). 

For a still solution with high background electrolyte concentrations the mathematical 

model describing the mass transport of species A and B is given by: 

          (3.13) 

 

          (3.14) 

 

 In these simulations slow scan cyclic voltammograms (i.e. v =1 mV/s) are being 

modelled. In this case the reaction occuring at the generator is described by a normal flux 

in accordance to the Butler-Volmer equation, Eq. 3.15, for which the electron transfer 

coefficeint,α, is taken equal to 0.5. The boundary condition are summarised in Table 3.4. 
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Ө and ξ are respectively a non-dimensional reaction rate and the non-dimensional applied 

voltage defined as: 

 

 

Where k0 is the reaction rate constant, D the diffusion coefficient, R1 the radius of the 

disc, F Faraday’s constant, E the applied potential, E0 the formal redox potential, T the 

temperature and      the Universal gas constant. 

The potential applied to the generator, ξ is swept between ξ min and ξ max with a scan rate 

v: 

 

ξ = ξ min+vτ          (3.16) 

 

The non-dimensional normal flux at the electrodes is given by Eq. (3.8). 

In these time dependent simulations, the collector is always at the diffusion limiting case 

and the geometry of the electrode is r1 = 1 r2 = 1.25 r3 = 1.35.  

 

Table 3.4. Initial and boundary conditions for both ring and disc generating cases. 

 Disc generating Ring generating 
Initial conditions    
τ = 0 cA, ∞ = 1; cB,∞ = 0 cA,∞=1; cB,∞=0 
Boundary conditions  
 
z=0         0<r≤r1 
z=0         r2<r≤r3 
z=0         r1<r≤r2; r3<r≤rmax 
r=0         0<z≤zmax 
r= rmax   0<z≤zmax  
z= zmax   0<r≤rmax 

 
Eq 3.14; 
                    ;cB = 0 
              
axial symmetry          
cA = 1; cB = 0 
cA = 1; cB = 0 

 
                    ;  cB = 0 
Eq 3.14; 
 
Axial symmetry          
cA = 1; cB = 0 
cA = 1; cB = 0 

 

 

Results and discussion 

As the voltage applied to the generator goes beyond the formal redox potential, 

Eo, the electrode begins to act as a source or sink and the radial diffusion to and from the 

electrode will increase. This has been well described in terms of the edge effect. The 

change in the diffusion profile at the generator can be detected by the collector providing 
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the gap between the two electrodes is small. In Fig 3.7 (b,d) the collector does indeed 

detect this change and the CE is seen to rise as the voltage goes above Eo. Different 

electrode geometries will increase or decrease this effect. We envision that the change in 

CE as a result of increasing overpotential could be used as a mechanism to probe 

different aspects of the mass transport mode being investigated.  

 

To investigate the effects of the diffusion coefficient and reaction rate constants 

on the collection efficiency different values of Θ (3e4 to 3e-6) were also considered in 

these simulations. Curves a in Figure 3.7 are representative of dissolved gases reacting at 

the electrode whilst curves f would represent proteins reacting on the electrode. The 

effect of varying Θ on the generator’s flux is seen in Fig 3.7(a,c). As Θ decreases the 

amount of overpotential needed to reach the diffusive limiting case increases. The 

collection efficiency is affected by these changes but eventually reaches the same limiting 

values. A decrease in the reaction rate constant results in an increase in the level of 

overpotential needed to reach the maximum collection efficiency. On the other hand an 

increase in the diffusion coefficient results in an increase in the over potential needed. It 

is the changes in reaction rate constants that are most relevant, however, because 

diffusion coefficients in solution only vary by two to three orders of magnitude whereas 

k0 can vary by 10 orders of magnitude. The issue of needing more overpotential to reach 

the same collection efficiency is a problem because most of the time the oxidation and 

reduction of a species is limited to a specific potential window beyond which other 

reactions will interfere. As a result it may not be possible to reach the required level of 

overpotential to drive the reaction fully, in which case the flux at the electrodes and the 

collection efficiency will be lower and may lead to misinterpretation. 

Experimental confirmation of the simulated results are shown in Fig 3.7a and 

3.6c. The redox couples used are (Ru(NH3)6
3+/2+), for the line marked Ru, and (Fe2+/3+

 as 

Fe(NH4)2(SO4)2), for the line marked Fe. The oxidation of Fe(II) to Fe(III) is shown as a 

reduction for comparison purposes (line marked Fe). The location of both experimental 

curves with respect to simulated curves falls within the limit of published data for D and 

ko values.(123-126). 
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Figure 3.7: Influence of voltage, diffusion coefficient and reaction rates constant on the 

flux (a,c) and collection efficiency (b,d) of a ring-disc microelectrode. The dimensions of 

the electrode used are R1= 25 μm R2= 31.2 μm and R3= 33.7 μm. Curves a, b, c, d, e and f 

represent simulations for different values of Θ (a =3.16x104, b =3.16 x102, c =3.16,  
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d =3.16 x10-2, e =3.16 x10-4, f =3.16 x10-6). In (a) and (c) the modeled fluxes are shown 

as dotted lines, whilst experimental recordings are solid lines. The collector flux, Jc, is 

positive and the generator flux, Jg, negative. The experimental curves marked Ru 

represents the reduction of Ru(NH3)6
3+/2+ and the line marked Fe represents the oxidation 

of Fe(NH4)2(SO4)2  shown as a reduction for comparison purposes. 

 

Conclusion 

The evaluation of collection efficiencies at ring-disc microelectrodes operating as 

collector-generators was investigated theoretically. The disc diameter, inner ring radius 

and outer ring radius were varied extensively and their effect on the collection efficiency 

were simulated. In all cases CE increases as the inner ring radius is decreased. For disc 

generating cases, CE increases when the outer ring radius is increased whereas for ring 

generating cases CE decreases as the outer ring radius increases.  

The influence of recessed or protruding electrodes on the CE was also 

investigated and was found to be significant. In general, protrusion of the electrode 

increases the CE values whereas a recess decreases it. Recess or protrusion of the 

collector electrode will always be more significant than a recess or protrusion of the 

generator.  

The contribution of electrode voltage, diffusion coefficient and reaction rate 

constant on the CE values obtained for ring-disc microelectrode was also modelled. All 

three parameters affect the flux distribution at the generator electrode. The highest 

collection efficiencies are achieved when the flux at the edges of the generator is at a 

maximum, which is possible with high overpotentials, fast diffusion and fast kinetics. 

Finally experimental measurements of the various cases modelled showed good 

agreement with simulations. 

 

3.2.2 Transient current response at the ring 
When used as a collector-generator, the ring-disc microelectrode is able to detect 

changes in mass transport in its vicinity. Mass transport in tissue can be divided into two 

components, a diffusion term and a convection term. Changes in perfusion in tissue 

mostly reflect changes in convection, the diffusion term is believed to be constant 
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because the tissue environment is not changing as the measurements are being made. If 

the sensor is to be used to make measurements in a number of different tissue locations 

within the same experiment, then the diffusion term cannot be overlooked. In the steady 

state, differentiating between the contribution from diffusion and the contribution from 

convection is impossible. During the transient response that proceeds the steady state this 

may be different. This is because the timescales of diffusion and convection are different. 

Exploiting this difference should enable us to identify and quantify the contribution of 

diffusion mass transport. The questions we will be answering are, what influence do the 

diffusion coefficients of species A and B and the initial concentration of species A have 

on the transient current response of the sensor. Experimental investigation of the response 

of the sensor to different tissue types (i.e. fat, smooth muscle, kidney etc.) is presented in 

Section 6.2.1. Here we consider the numerical simulation of such experiments. The 

model used is the same as in Section 3.2.1.a except that a time dependant case is 

considered (i.e. Eq. 33.13, 3.14). Also the diffusion coefficients of species A and B are no 

longer equal as they are varied independently. Varying the initial concentration of species 

A is also considered, although it must be said that the effect this will have is more 

predictable (i.e. vary the current response). The range of diffusion coefficients consider is 

from 0 to 1 (non dimenalised with respect to the value of DA in solution) for both species 

A and B and cA at time t=0 is varied from 0 to 1 (nondimentionalised with respect to the 

value of cA in solution).  

 

Results and discussion 

The results in Figure 3.8 show that once a steady state is achieved the value of the 

diffusion coefficient of species A and B or the concentration of A has no effect on the 

level of collection efficiency. This was also highlighted is section 3.2.1.c where it was 

shown that the same steady state collection efficiency values were achieved for different 

values of k0.r/D. In the transient state varying the concentration and diffusion coefficient 

of species A (Fig 3.8.a,b) also has little effect on the CE behaviour. The only change seen 

is a reduction in the current values for the ring and disc because fewer tracer molecules 

(i.e. species B) are present (see Fig 3.9a,b). This was expected as it follows from the 

limiting equation at an electrode, which relate the current to the concentration and 
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diffusion coefficient of a species. Significant changes to the collection efficiency occur, 

however, when the diffusion coefficient of species B is varied (see Fig 3.8.c). In this case, 

as the diffusion coefficient increases the time needed to reach a steady state CE value 

decreases. These changes in the CE are mostly due to changes in the ring current as seen 

in Fig. 3.9c, the slight changes in the disc current reflect the fact that as DB changes the 

reaction at the generator becomes diffusion limited but with respect to the diffusion of 

species B.  

 
Figure 3.8: Transient variation of the collection efficiency leading to the steady state. (a) 

Concentration of species A is changed from 0-1. (b) Diffusion coefficient of species A is 

varied from 0-1 and (c) diffusion coefficient of species B is varied from 0-1. The 

simulations were run for an electrode with geometry r1 = 1, r2 = 1.2 and r3 = 1.4 and the 

redox couple used is Ru(NH3)6
3+/2+. 

(a) (b) (c) 
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Figure 3.9: Current transients at the disc for (a) different value of cA, (b) different value 

of DA, (c) different values of DB. The grey lines show the transient flux at the collector 

i.e. the ring. The black lines show the transient at the generator i.e. the disc. The 

simulations were run for an electrode with geometry r1 = 1, r2 = 1.2 and r3 = 1.4 and the 

redox couple used is Ru(NH3)6
3+/2+. 

 

(b) (a) (c) 
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These results support the idea that the ring-disc electrode operating in the 

collector generator mode is capable of differentiating between the contributions from 

diffusion and convection mass transport. Such studies have been carried out on band-

band microelectrode by Amator et al. and Feldman et al. (127,128), both of which 

produced similar conclusions. However, these effects have not been reported for ring-disc 

microelectrode to our knowledge nor has the application of this technique been linked to 

a way of monitoring changes in tissue type or structure (i.e. fat, muscle, burnt tissue, etc.) 

The key findings of this investigation are that if the current at the electrodes 

decreases it is due to a change in DA or cA and if the collection efficiency changes during 

the transient response it is due to a change in DB. This becomes very useful when the 

sensor is placed in tissue, as we will be able to tell what is taking place in the tissue. A 

steady state shift in the collection efficiency can be attributed to a change in convection. 

A change in the current values will indicate a change in the concentration or diffusion 

coefficient of species A (i.e. water). A change in the transient collection efficiency will 

indicate a change in the diffusion coefficient of species B (i.e. hydrogen). All of these 

insights give a more complete understanding of what is occurring in tissue. 

  

3.2.3 Investigating the effect of a membrane layer above the sensor 
To protect the sensor from fouling when used in-vivo, a gas permeable membrane 

is often applied on the surface of the electrodes. Numerically this can be modelled by 

considering a layer above the electrode in which the diffusion coefficient of both species 

A and B and the concentration of species A are varied. This follows from the idea that 

both diffusion coefficients and concentration are generally different from their bulk 

values within a membrane.  

Membrane coated electrodes or electrodes covered by a thin film are found in a 

large number of applications (i.e. fuel cells, enzyme based electrodes, in-vivo sensors). In 

general the membrane is used either to trap a redox mediator or to act as a selective 

barrier. Some numerical work is also reported and has focused on assessing the effect of 

membrane porosity, mass transport and the concentration and diffusion coefficient of the 

species within the membrane (129-131). Arkoub et al. investigated the effects of such 

variables on double band microelectrodes operating as collector-generator under a thin 
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film of Nafion to be used as an artificial nose (132). They were able to relate the current 

and collection efficiency of the bands to a specific membrane thickness, concentration 

and diffusion coefficient of the redox couple placed in the membrane. Such an analysis 

opens the possibility of in situ determination of membrane swelling, of redox 

concentration and diffusion coefficient, which ultimately improves the measurements 

accuracy. Such an analysis has not yet been reported for ring-disc electrodes and this 

motivated our investigation of the problem.  

The model used is a steady state model. This model is very similar to the one used 

in Section 3.2.1, only this time an additional subdomain is present as shown in Fig 3.10. 

A continuity boundary condition is applied to the internal boundaries of this sub domain. 

In addition to the extra boundary, this model differs from that in Section 3.2.1.a in that 

the initial value of ca and the overall values of Da and Db can be varied from 0 to 1 in the 

membrane. The size of the membrane was also varied from 0 to 1. The simulations were 

run for an electrode with geometry r1 = 1, r2 = 1.2 and r3 = 1.4. These simulations are 

steady state simulations. 

           
Figure 3.10: Geometrical model of the ring-disc microelectrode with a protective 

membrane above the electrodes. (a) View of the entire model, (b) close up of the 

electrode and membrane (thickness 1). 

 

Results and discussion 

The simulated results are shown in Figure 3.11a, 3.11b and 3.11c where the 

changes in collection efficiency (Z axis) are presented with respect to thickness of the 

membrane (X axis). In Fig 3.11a the Y axis shows the effect of varying the initial 

concentration of species A from 0 to 1 in the membrane. In Fig 3.11b the Y axis shows 

Membrane 

Membrane 

r1 r2 r3 

z1 

(a) (b) 
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the variation of  Da, the diffusion coefficient of species A in the membrane is varied from 

0 to 1, In Fig 3.11c the Y axis show the variation in Db, the diffusion coefficient of 

species B in the membrane is varied from 0 to 1. 

From Fig 3.11a it is clear that varying the concentration of species A has no effect 

on the collection efficiency of the sensor. The electrode current will vary linearly with ca 

but the ratio of the current stays the same, so the CE stays unchanged. This is true 

regardless of the membrane thickness. Similarly varying the diffusion coefficient of 

species A, Fig 3.11b has no effect on the collection efficiency, despite the current at the 

electrodes varying linearly with Da (this follows from the equation describing the current 

at a microelectrode i.e. I = 4nFDcr). It is only when the diffusion coefficient of species B 

in the membrane is varied that the collection efficiency will be affected Fig 3.11c. In this 

case a large drop in the collection efficiency occurs as the diffusion coefficient tends 

towards 0 from its bulk value of 1. It is when the membrane thickness is minimum that 

the collection efficiency is lowest, as the membrane grows the collection efficiency 

recovers. Simulations with even larger membrane thicknesses confirm this further (see 

Fig 3.12). 

Physically it is quite likely that Db will change in the membrane in which case a 

thicker membrane will be more advantageous, this may however limit the detection 

capabilities of the sensor, namely its probing volume. 
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Figure 3.11: Variation in the collection efficiency as a result of a membrane above the 

sensor, disc generating case. Varying the concentration of species A in the membrane (a). 

Varying the diffusion coefficient of species A in the membrane (b). Varying the diffusion 

coefficient of species B in the membrane (c). Electrode geometry is r1=1 r2=1.2 r3=1.4, 

redox couple used is Ru(NH3)6
3+/2+. 

(a) 

(b) 

(c) 
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Figure 3.12: Variation in the collection efficiency as a result of a membrane above the 

sensor, disc generating case. Varying the diffusion coefficient of species B in the 

membrane. The thickness of the membrane is increase substantially from 0-10. Electrode 

geometry is r1=1 r2=1.2 r3=1.4, redox couple used is Ru(NH3)6
3+/2+. 

 

3.2.4 Influence of one capillary vessel in the vicinity of the sensor 
One of the ways of assessing the influence of the environment on the sensor and 

the collection efficiency it measures, is to consider a microscopic view of the 

environment above the sensor. The question asked here is how would the sensor respond 

to the presence of a single capillary in its vicinity? This simple case was modelled and 

made more complex by varying the location of the capillary in space. 

 In these models we cannot use the axial symmetry simplification because of the 

presence of the capillary (i.e. the model geometry is no longer symmetrical). As a result 

to obtain quantitative data one has to model in three dimension, this is quite expensive 

computationally. Useful qualitative information can nevertheless be obtained from a two 

dimension model and along with the less expensive computation motivated our use of 

such a model. 
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Theory 

We consider a steady state model in two dimension, which is a section through 

the ring-disc electrode. The ring and disc electrodes thus become line electrodes set in an 

insulating plane. The ring consists of two small lines set on either side of a larger line, the 

disc. Above the electrodes a circle represents the capillary vessel see Fig. 3.13. The 

solution within the model boundary contains an electro-active species, A, which is 

assumed to undergo a simple one electron transfer leading to species B (See Eq 3.5). 

The forwards reaction occurs at the generator electrode whilst the backwards 

reaction occurs at the collector. The collection reaction is always assumed to be diffusion 

limited. Species A and B are assumed to diffuse freely in solution and have equal 

diffusion coefficients, D. The model geometry, parameters and equation system were 

non-dimensionalised with respect to, X1, the radius of the disc, CA,∞, the bulk 

concentration of species A and D the diffusion coefficient :  

 

 

 

Dimensionless parameters are in lower case, whilst dimensional ones are in upper case. 

For a still solution with high background electrolyte concentrations the mathematical 

model describing the mass transport of species A and B is given by: 

 

          (3.17) 

 

          (3.18) 

 

Where       is the Laplacian operator in two dimensions (see Eq. 3.2). Within the model 

space a capillary vesel is prestent which is modelled as a circle, with diameter similar to 

that of a large capillary vessel (i.e. 10 μm in diameter). The walls of the capillary are 

assumed to be a sink for species B so that cB=0. The boundary conditions used in this 

model are sumarised in Table 3.5. The flux at the electrodes is given by: 

 

           (3.19) 
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The integration limits ρ1 and ρ2 are respectively –x1 and x1 for the disc, x2 and x3 as well 

as –x2 and –x3 for the ring.  

The model boundaries, xmax and ymax were twenty times greater than r3. Simulations with 

larger limits did not significantly change the flux measured at the electrodes (i.e. <1%). 

The mesh was refined at the electrodes (minimum element size 0.01x1) and allowed to 

grow towards the boundaries. Doubling the number of mesh elements did not noticeably 

enhance the solution. 
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Figure 3.13: (a) Model geometry in two dimensions with a capillary vessel acting as a 

sink. The three movements of the capillary considered are shown as Case 1, 2 and 3 for 

respectively a horizontal, vertical and diagonal movement of the capillary. (b) Close up 

of the electrodes. (c) Shows the model mesh structure.  
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Table 3.5. Boundary conditions for disc generating cases. 

 Disc generating 
Boundary conditions  
 
y=0         -x1<x≤x1 
y=0         x2<x≤x3; -x2<x≤-x3 
y=0         x1<x≤x2; x3<x≤xmax; -x1<x≤-x2; -x3<x≤-xmax 
x=xmax   0<y≤ymax 
x=-xmax   0<y≤ymax 
y= ymax   -xmin<x≤xmax 
Capillary walls 

 
cA = 0; 
                     ;    cB = 0 
              
cA = 1; cB = 0 
cA = 1; cB = 0 
cA = 1; cB = 0 
cB = 0 

 
 

Results and discussion 

 The location of the capillary vessel in the vicinity of the sensor will influence the 

measurement made at the sensor. As the capillary vessel approaches the sensor surface, 

the collection efficiency drops because the collector is no longer the sole sink for species 

B see Fig 3.14 (a, b, c). The somewhat unsteady traces observed in this figure are due to 

the rearranging of the mesh as the location of the capillary is changed. Figure 3.15 show 

the flux of species B into the capillary as it is moved vertically from the surface of the 

electrode case B in Fig 3.14. Figure 3.16 shows concentration plots of the capillary at 

different locations above the sensor.  

These results are a clear indication that the sensor is able to detect a single 

capillary in its vicinity as long as it is no more than 6 radii lengths away from the centre 

of the disc. It must be said, however, that we have assumed a zero concentration of 

species B at the surface of the capillary, this may not always be the case. In fact it is more 

likely that the concentration of species B on the surface is between 0-1. The results in Fig 

3.14 are therefore an overestimation of what is likely to occur in tissue. In addition, one 

must say that there is no apparent way of determining where the capillary is located. The 

drop in CE indicates that the capillary is close to the sensor but does not indicate where it 

is located with respect to the sensor. Finally these results are for a two dimensional model 

and therefore the values obtained are only qualitative. 

AnBn cc −∇=∇

0=∇=∇ BnAn cc
BnAn cc −∇=∇
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Figure 3.14: Influence of a single capillary vessel on the simulations made by the sensor 

the sensor and its measurement. Only disc generating cases are considered with an 

electrode with geometry r1 = 1, r2 = 1.2 and r3 = 1.4, the redox couple used is 

Ru(NH3)6
3+/2+. Changes in collection efficiency are shown with respect to the location of 

the capillary, 0 being at the electrode surface and 20 being at the edge of the model. (a) 

The capillary is moved horizontally from above the electrode towards the edge of the 

model (Case 1). (b) The capillary is moved vertically from above the electrode towards 

the edge of the model (Case 2). (c) The capillary is moved diagonally from close to the 

electrode towards the edge of the model (Case 3).   

(a) 

(b) 

(c) 

Case 1 

Case 2 

Case 3 
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Figure 3.15: Variation of the flux of species B into the capillary as it is moved vertically 

from the surface of the electrode. ((See Fig 3.14 b for the CE variation) 
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Figure 3.16: Variation in the concentration profile of species B as the capillary height 

above the sensor changes 
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3.3 Convection and diffusion 
In the following sections convection and diffusion mass transports are considered. 

As described previously, convection is significant in tissue perfusion. Experimental 

measurements of convective flow using the ring-disc microelectrode form a considerable 

portion of this thesis. Numerically the treatment of convection is used as a means of 

validating sensor characterisation experiments rather than trying to model the types of 

convective flow that occur in tissue. This is because convection in tissue is very 

complicated and heterogeneous. Two types of flows were modelled; impinging flow and 

tube flow. In impinging flow, the sensor is placed at the end of a tube so that the flow 

over the sensor resembles that of an impinging jet onto a surface. The advantage of this 

flow environment is that it has been solved analytically, so in the model one can use a 

predefined flow profile over the sensor. When pipe flow is considered, the sensor is 

placed perpendicular to the flow direction in a pipe. As a results a boundary layer will 

form on the surface of the sensor. In this case the velocity profile over the sensor is 

calculated by solving the Navier-Stokes equations.  

 

3.3.1 Impinging jet flow 
Impinging jets are well established in fluid mechanics, where they are exploited 

for their enhanced heat and mass transfer characteristics. The flow profile from an 

impinging jet has been extensively studied and has revealed interesting features and 

characteristic regions where a particular flow profile is observed. These are the core 

region, the stagnation point, the wall jet region and the fully developed flow region, these 

were described analytically by Homann and Frössling (133,134).  

In electroanalysis (HPLC, FIA), the use of impinging jets is growing steadily 

because they provide reproducible and well described mass transport characteristics. In 

the past achieving well-defined flow profiles over an electrode would have involved the 

use of a rotating disc electrode (135). However this technique is not suited to 

microelectrode because of problems in placing the electrode at the centre of the disc. In 

electrochemistry impinging jets have been used to study reaction mechanisms (136), 

investigate the effects of mass transport (137) as well as for HPLC end column detection 

(138,139). 
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In our application, the flow arrangement used is similar to that used in HPLC 

where the sensor is placed at the end of a tube. In some respects this is not true jet flow 

because the movement of the flow is relatively slow and it is limited by the walls of the 

tube. However the results presented do suggest that the jet flow approximation assumed 

is valid, therefore the analysis presented should be relevant to more classical jet flows 

experiments as well. 

 

Theory 

A system consisting of a ring-disc microelectrode embedded in an insulating 

plane is considered (Figure 3.17). The solution present within the model boundary 

contains an electro-active species, A, which is assumed to undergo a simple one electron 

transfer leading to species B (Eq. 3.5). The forwards reaction occurs at the generator 

electrode whilst the backwards reaction occurs at the collector. Both disc and ring 

generators are considered in the simulations where diffusion and convection mass 

transfers are taking place. For the steady stat the mathematical model of the mass 

transport above the electrodes is given by the following system of partial differential 

equations: 

 

           (3.20) 

 

(3.21) 

 

Where D is the diffusion coefficient assumed to be equal for species A and B taken as D 

= 7.6x10-10 m2/s. ▽ is the gradient and ▽2 is the Laplacian in polar coordinates, c is the 

concentration and u is the local flow velocity (where u=(u,v)). The impinging jet flow 

profiles are computed using Eq. 3.22, 3.23 and 3.24 (173): 

          (3.22) 

 

          (3.23) 

 

          (3.24) 
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Where Ψ is the axis-symmetric stream function. The stream function is a complete 

solution that simplifies the expression of the flow velocities. The assumptions associated 

with the stream function are that the flow is steady, incompressible and axisymmetric 

about the centre of the jet. 

The non-dimensional parameters used in the simulations are: 

 

    

 

Where Pe is a form of the Peclet number which relates convection to diffusion. The 

boundary conditions used are found in Table 3.6. 

Simulations were carried out using Femlab 3.2’s finite element solvers in Matlab. The 

mesh was refined over the disc and ring (min element size 0.01 x r1) and expanding 

towards the model boundaries. A sample code used for the numerical modelling can be 

found in Appendix 3. 

 

Table 3.6 Initial, sub-domain and boundary conditions or settings for both ring and disc 
generating cases. 
 

 Disc generating Ring generating 
Sub-domain settings  
 
v (z component of the velocity) 
u (r component of the velocity) 

 
-kr 
2kz 

 
-kr 
2kz 

Boundary conditions  
 
z=0         0<r≤r1 
z=0         r2<r≤r3 
z=0         r1<r≤r2; r3<r≤rmax 
r=0         0<z≤zmax 
r= rmax   0<z≤zmax  
z= zmax   0<r≤rmax 

 
cA = 0; 
                    ;cB = 0 
              
Axial symmetry         
cA = 1; cB = 0 
Convective flux 

 
                    ; cB = 0 
cA = 0; 
 
Axial symmetry         
cA = 1; cB = 0 
Convective flux 
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Figure 3.17: Schematic representation of the Ring-Disc electrode and the direction of the 

flow above the electrode.  

 

Results and discussion  

For an electrode with geometry r1 = 25 μm r2 = 31.2 μm r3 = 33.7μm, as the Peclet 

number increases the collection efficiency decreases. The rate of decrease in CE is more 

significant when the ring is generating then when the disc is generating (see Fig 3.18). 

This is mostly due to the geometrical arrangement of the electrodes and the direction of 

flow. When the flow is reversed for negative Pe values (somewhat unlikely 

experimentally, but interesting numerically) it is the disc generating mode that sees the 

highest drop in CE. Which confirms that the geometry of the electrodes and direction of 

flow play a significant role in the way in which the CE drops with increasing flow rates. 

The concentration profiles of species B are shown in Fig 3.19, where Fig 3.19a is for a 

disc generating case and Fig 3.19b is for the ring generating case. 
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Figure 3.18: Simulated change in collection efficiency with Peclet number. Disc 

generating case is in dotted line, ring generating case is in solid line. Negative Pe values 

describe the cases where the flow is reversed.  

 

In Figure 3.18 it can be seen that beyond a certain Peclet number, the collection 

efficiency no longer drops. The dynamic limit of the sensor has been reached, any 

changes in the collection efficiency beyond such Peclet numbers will not be due to 

convection. In some applications operating in this mode is required, for instance where 

homogeneous chemical reactions in solutions are being investigated (EC type 

mechanisms) but for flow measurements we want to be below this limit.  
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Figure 3.19: Concentration contour plot for species B. (a) Disc generating, (b) ring 

generating for a Peclet number of 3. Electrode geometry is r1 = 25 μm r2 = 31.2 μm r3 = 

33.7μm and the redox couple used is Ru(NH3)6
3+/2+. Contour lines have equal 

concentration separation (c = 0.5). 

 

Our application is to detect flow, so the plateau reached by the CE indicates the 

maximum level of flow that can be detected by the sensor. It is interesting to see that 

when the ring is generating the dynamic range is lower than when the disc is generating. 

This would tend to suggest that these detection limits are a function of electrode 

geometry and size. To investigate this, the size of the sensor was varied extensively. The 

simulated results are shown in Fig 3.20-21 and clearly show that electrode geometry 

plays a significant role in the dynamic limit of the sensor. When the disc is generating 

increasing r2, the ring-disc separation will decrease the collection efficiency. When r3 is 

increased the collection efficiency increases which is consistent with the fact that an 

electrode of larger area will collect more. When the ring is generating, increasing r2 also 

decreases the CE. Increasing r3 decreases the collection efficiency, because the 

contribution from the edge effect is becoming less and less significant as the ring area is 

increased. In section 3.2.1.a it was also shown that thin ring generators will have a higher 

collection efficiency than large ring generators. For a more detailed description of these 

effects, we refer the reader to that particular section. 

 

r r 

z z 
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Figure 3.20: Change in collection efficiency with Peclet number for disc generating case. 

(a) Effect of changing r2. The arrow indicates increasing r2. (b) Effect of changing r3. The 

arrow indicates increasing r3. 
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Figure 3.21: Change in collection efficiency with Peclet number for ring generating case. 

(a) Effect of changing r2. The arrow indicates increasing r2. (b) Effect of changing r3. The 

arrow indicates increasing r3. 

 

Relating the simulations to experimental measurements 

The impinging jet simulations described in the previous section consider the 

effects of convection as a stream function, Ψ. To correlate the simulated results for the 

collection efficiency with experimental recordings one must relate the stream function 

and its variable k with the flow rate through the flow cell. This can be done numerically 

by solving the Navier-Stokes equations for the flow through the flow cell. Once the flow 

is calculated, the velocity profiles over the sensor can be extracted; this in turn is related 

to the variable k in the stream function as described in Equations 3.22-3.24. 

 

We consider a circular duct at the end of which a sensor is placed (Fig 3.22). 

Rotational-symmetry is assumed about r = 0 in order to simplify the model. Real tube 



Chapter 3  Numerical modelling of the ring-disc electrode 

 115

dimensions are used in the model. The equations governing the flow through the duct are 

the Navier-Stokes equations, which in the steady state are: 

 

(3.25) 

 

(3.26) 

 

Where v and p are the velocity and pressure.   

The properties of the solution are taken to be those of water (ρ = 1 kg.m-3 μ = 1x10-3 

kg.m.s-1). The boundary conditions are shown in Fig 3.22, the inlet velocity at the top of 

the duct (boundary a) is taken as a fully developed Poiseuille flow with a profile defined 

by: 

 

(3.27) 

 

Where d is the diameter of the tube (2 mm), r is the radius, and Vm is the mean 

velocity taken as the volume flow rate divided by the area of the pipe (see Table 3.7). 

This flow profile is valid because the length of tubing from the pump is over 0.5m long 

and the flow rates are in the laminar regime with Reynolds numbers of the order of unity.  

On boundary c where the flow exits the model, an outflow pressure is assumed, it 

is taken as atmospheric pressure. All other boundaries have a no slip condition except on 

the axis of symmetry where continuity is imposed. The mesh was refined around the 

sensor, inlet and exit area because of the somewhat complex geometry of the model at 

these boundaries. 
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Figure 3.22: Two-dimensional axisymmetric model geometry for the impinging jet flow 

simulations. The dimensions are real and in millimeters. Flow direction is from top to 

bottom. The structure at the bottom (boundaries e and d) represents the tip of the sensor.  

 

 

 

 

 

6 

Not to scale 
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Table 3.7: Values for the volume flow rate and the mean flow velocity 

Volume flow rate 
ml/min 

Volume flow rate 
m^3/s 

Mean flow velocity Vm 
m/s 

0.1 1.67E-09 5.31E-04 
0.5 8.33E-09 2.65E-03 
1 1.67E-08 5.31E-03 
1.5 2.50E-08 7.96E-03 
2 3.33E-08 1.06E-02 
2.5 4.17E-08 1.33E-02 
3 5.00E-08 1.59E-02 
3.5 5.83E-08 1.86E-02 
4 6.67E-08 2.12E-02 
4.5 7.50E-08 2.39E-02 
5 8.33E-08 2.65E-02 

  

Figure 3.23 shows the normal and radial flow profiles above the sensor for a flow rate of 

5ml/min.  The flow profile does not change substantially when different flow rates are 

considered, only the value of the velocity changes. This is what is predicted by the stream 

function, Ψ. From these simulations, the velocity in the r and z directions along a given 

line above the sensor can be plotted; this is shown in Figure 3.24. The linear relationship 

of flow and distance is an indication that the flow over the sensor is indeed that of a jet 

impinging onto a surface. The assumption of the stream function used in the diffusion 

convection model is therefore a good approximation. The slope of these plots enables us 

to calculate k, this follows from Eq. 3.23-24. Both u and v velocity plots give the same 

value for k, which again is consistent with theory. Table 3.8 lists the simulated values of 

k obtained for different flow rates.  
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Table3.8: Relationship between Peclet number, flow rate and k values 

Pe k Vm 
 m ml/min 
1 1.216 0.405333
2 2.432 0.810667
3 3.648 1.216 
4 4.864 1.621333
5 6.08 2.026667
6 7.296 2.432 
7 8.512 2.837333
8 9.728 3.242667
9 10.944 3.648 
10 12.16 4.053333

  

 
Figure 3.23: (a) Normal and (b) radial flow contours over the sensor for a flow rate of 5 

ml/min. 

Axial velocity Radial velocity 

R R 

Z 
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Figure 3.24: Radial component of the velocity above the sensor for different flow rates 

applied at the entrance of the flow cell. The slope of the lines is used to evaluate k the 

component of the stream function used in the convection diffusion model. 

 

This analysis enables the direct comparison of the simulated results with the 

experimental ones. These are shown in Figure 3.25 for a disc generating case and 3.26 for 

a ring generating case. In the disc generating case the agreement between the 

experimental curves and the numerical ones is good especially when the flow rate is low. 

For higher flow rates the agreement is less good this might indicate a deviation from the 

impinging jet flow profile as the flow rate increases (i.e. possible recirculation, etc.). In 

the ring generating mode the agreement between numerical and experimental 

measurements is less good. The reasons for this are unclear our experience would have us 

think the cause is related to imperfections in the ring electrode (i.e. recess or protrusion). 

The discrepancies are particularly noticeable for the 50 micron disc electrode (pink 

trace). These points are further discussed in Section 5.2.2. 
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Figure 3.25: Effect of flow on the collection efficiency of a ring-disc microelectrode for 

disc generating cases. Markers represent average experimental measurement and range (n 

= 3), solid line represents the simulated results. The sensor used had dimensions of R1 = 

25 μm, R2 = 31.2 μm, R3 = 31.3μm (50 Disc) R1 = 62.5 μm, R2 = 75 μm, R3 = 75.5 μm 

(125 Disc).  The redox couple is Ru(NH3)6
3+/2+. 
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Figure 3.26: Effect of flow on the collection efficiency of a ring-disc microelectrode for 

ring generating cases. Markers represent average experimental measurements and range 

(n = 3), solid line represents the simulated results. The sensor used had dimensions of R1 

= 25 μm R2 = 31.2 μm R3 = 31.3μm (50 Disc) R1 = 62.5 μm R2 = 75 μm R3 = 75.5 μm 

(125 Disc).  The redox couple is Ru(NH3)6
3+/2+. 

 

3.3.2 Tube flow 
 Laminar flow through tubes has been widely studied and suitably characterised. 

Most analytical chemistry and chemical engineering applications involve tubes and 

channels, the potential for processes monitoring in these ducts is undoubtedly motivating 

research into electrochemical measurements in tubes. The most common electrode 

geometries used in tubes are band and tubular electrodes.  Both are placed flush with the 

tube wall and have been used for the detection of food colorants (140), floride (141), 

glucose and ascorbic acid (142) amongst other things. Amatore and Compton have both 

contributed significantly to the use of band and tubular electrodes for measurements in 

ducts. In recent years they have published a number of papers and reviews on the use of 
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multiple channel electrodes as collector-generators. Compton’s work in this area has been 

more theoretical (143-149), whilst Amatore’s work has involved both experimental and 

numerical studies (59,150-152). A particular mention has to be made for the series of 

papers published by Amatore et al. on the use of double band electrodes for the in situ 

electrochemical determination of flow profiles in channels (59,150,151). The parallels 

between these publications and our work are noteworthy.  

With regards to the design of a perfusion sensor, tube flow is a good environment 

to characterise the response of the sensor to flow. Incidentally tube flow is not too 

dissimilar to the flow of blood through blood vessels. In future our analysis may be useful 

if the sensor is to be used to measure flow inside a blood vessel. 

The numerical flow analysis used here follows a different sequence from the one 

described in the previous section 3.3.1. In this case we cannot express the flow profile in 

the convection diffusion model in terms of a predefined function because no such 

function exists. We therefore have to solve the Navier-Stokes equations first, so as to 

establish the profile of the flow over the sensor. Subsequently this flow profile is 

employed in the convection diffusion model used to compute the collection efficiency of 

the sensor for a given flow rate.  

 

Flow through a tube 

The model used in the fluid flow simulations is in three dimensions. It resembles 

the experimental setup in that a solution flows through a pipe (8 mm diameter) in which a 

sensor has been inserted. We used real dimension for this model as it was rather 

particular to our application. The sensors used experimentally were set in epoxy and had 

a diameter 5 mm (tubular shape), they were inserted so that the electrode surface was at 

the centre of the pipe. The model used is shown in Figure 3.27. The boundary conditions 

are Eq. 3.27 for the inlet and a pressure of 1 atm at the outlet, all other boundaries have a 

no slip condition. The properties of the fluid used are those of water at room termperature 

(ρ = 1 kg.m-3 μ = 1x10-3 kg.m.s-1). The equation solved is the Navier Stokes equations 

(Eq. 3.25). 
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Figure 3.27: Model geometry used to compute the flow profile over the electrode 

surface. 

 

The inlet velocity profile used is shown in Figure 3.28. Figure 3.29 showns a 

velocity profile through the tube. The velocity of the fluid below the sensor is seen to 

increase which is consistent with the fact that we are constricting the area of the tube. On 

the surface of the electrode a boundary layer is formed, as long as the flow through the 

tube is stable the thickness of the boundary layer should be stable. We then compute the 

change in velocity normal to the surface of the sensor. The velocity profile over the 

sensor surface for different flow rates through the tube are shown in Figure 3.30. These 

profiles are then used in the convection diffusion model.  

Inlet 

Location of the electrode 
Outlet 



Chapter 3  Numerical modelling of the ring-disc electrode 

 124

 
Figure 3.28: Velocity profile applied to the inlet of the tube for a flow rate of 3 ml/min. 

This follows from the assumption that the flow is fully developed and laminar when it 

reaches the flow cell. Experimentally this was achieved by separating the pump and the 

flow cell by 0.5 m of tubing. 

 
Figure 3.29:  Slice plot of the velocity through the centre of the tube for a flow rate of 3 

ml/min(i.e. along y = 0). Colour bar indicates the velocity of the fluid in m/s.  
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Figure 3.30: Velocity profile directly above the sensor for different flow rates through 

the pipe.  

 

Convection diffusion model 

 Having established the flow profile over the surface of the electrode we can now 

apply it to a diffusion convection model of the sensor, thereby assessing the effect of flow 

on the collection efficiency. 

The diffusion convection model is a two dimensional model. The axial symmetry 

boundary condition cannot be used here because the flow only acts in one direction. The 

model used is shown in Figure 3.31, the steady state case is considered and two species 

are interacting. The equations being solved are the same as in Section 3.31 (Eq. 3.20 and 

3.21). The model is non-dimensionalised as in previous sections. The boundary 

conditions are described in Table 3.9 where a is the slope of the velocity profile taken 

from Fig. 3.30.  
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Table 3.9: Boundary conditions 

 Disc generating 
Sub-domain settings  
 
u (y component of the velocity) 

 
-a×y 

Boundary conditions  
 
y=0         -x1<x≤x1 
y=0         x2<x≤x3; -x2<x≤-x3 
y=0         x1<x≤x2; x3<x≤xmax; -x1<x≤-x2; -x3<x≤-xmax 
x=xmax   0<y≤ymax 
y= ymax   -xmin<x≤xmax 
x=-xmax   0<y≤ymax 

 
cA = 0; 
                     ;    cB = 0 
              
cA = 1; cB = 0 
cA = 1; cB = 0 
Convective flux 

 

The influence of flow on the collection efficiency is shown in Figure 3.32. In 

these simulations the dimensions of the sensor are varied. The left-hand plot shows 

variations in x2 and the right-hand plot shows variations in x3. We see that the collection 

efficiency drops with increasing flow rate. As the ring-disc separation, x2, increases the 

overall level of CE drops. As the ring thickness, x3, increases the overall level of CE 

increases.  

These simulations are qualitative, to obtaine quantitative simulations of the effect 

of electrode geometry and flow rates on the collection efficiency three dimensional 

simulations are required.  

 

 

 

 

 

 

 

 

Figure 3.31: Schematic representation of the model used to simulate the effects of flow 

over the sensor. The model is in two dimensions which leaves the ring split in two bands 

either side of the disc.  
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Figure 3.32: Modelled change in collection efficiency with flow rate for different 

electrode dimensions. The left-hand plot shows variations in x2 and the right-hand plot 

shows variations in x3. 
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3.4 Conclusion 
 In this chapter a number of numerical models describing the behaviour of the 

ring-disc microelectrode under different mass transport modes were presented.  

Initially only diffusion mass transport was considered. The effects of varying the 

size and shape as well as protrusion or recess of the electrodes, the operating mode and 

the flux distribution were investigated (3.2.1). The effects of coating the electrode with a 

membrane were also studies (3.2.3). As well as the possibility of using transient electrode 

responses to gain more information about the medium in which the sensor is evolving 

(3.2.2). 

In the second part convection and diffusion mass transport were considered. Two 

flow profiles were investigated, impinging jet flow onto the sensor and tube flow over the 

sensor. Again the effects of varying the electrode size was investigated and revealed that 

there is a detection limit beyond which a sensor will not be able to detect changes in flow.  

Whenever possible the model results were compared to experimental 

measurements. In general we found good agreement between the two. 

Overall the model predictions were useful in highlighting features or limitations 

of the ring-disc microelectrode. These contributed to the design process as well as 

providing a fuller understanding of the mechanisms controlling the behaviour of the 

sensor in its various application modes. 
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4  
 
 
Mass transport measurements under diffusion 

control  

 

 

 

 

 

 

 

________________________________________________________________________ 

Diffusion plays a key role in tissue perfusion as it dominates transport of nutrients 

and metabolites between the cells and the capillary vessels. Electrochemical sensors 

and more specifically microelectrodes are particularly sensitive to diffusion. This 

sensitivity is further enhanced when microelectrodes are used as collector-

generators as in our application. In the following section we will describe the basic 

principle of the sensor, its features and how it is used to detect changes in diffusion.  
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 4.1 Experimental methods  
The experiments presented in this and the next two chapters all rely on the same 

electrochemical protocols. These experimental methods will be discussed here. The way 

in which the ring-disc microelectrode can be used as a collector-generator to make mass 

transport measurements will also be presented.  

 

4.1.1 Electrode polishing and cleaning 
Polishing and cleaning the electrode was always done prior to using the sensor for 

measurements. Polishing is done by tracing figures of eight with the tip of the electrode 

in aqueous slurries of alumina powder (Buehler, Windsor, UK) placed on polishing mats 

(Buehler, Windsor, UK). Three grades of alumina powder are used: 1, 0.3 and 0.05 μm, 

the electrode is thoroughly rinsed and sonicating in deionised water between each grade.  

To assess the progress of the polishing process, the limiting current of the 

electrodes and the collection efficiency of the sensor are measured intermittently. Often a 

sensor displayed good correlation between the electrode currents and electrode size but 

had low collection efficiency. This is generally caused by slight defects in the sensor 

surface often located between the ring and the disc. These defects have little effect on the 

limiting current at both the ring and disc electrodes but they do affect the collection 

efficiency measurement (because of the coupling and the transport of redox species from 

one electrode to the other). Polishing of the sensor was done until the current and 

collection efficiency levels were close to their predicted value. The current levels at the 

ring and disc electrode were established by the equations of Szabo and Saito (57,58), 

whilst the level of collection efficiency of the sensor was established by numerical 

simulations.  

After polishing, cleaning the electrodes is done by cycling the potential at the 

electrodes between -1.5 and 1.5 V vs. Ag/AgCl in 0.5 M H2SO4 at a scan rate 2.5 V/s for 

15 min. The generation of oxygen and hydrogen at the potential extremes helps dislodge 

species absorbed onto the electrode surface. Then the electrodes are held at -1.5 V for 15 

min, which leaves the surface clean (66). One of the ways used to assess the cleanliness 

of the electrode surface is by cyclic voltammetry where one can check if the peak to peak 
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separation of a reversible redox couple such as Ru(NH3)6
3+/2+ is close to 57 mV . If it is 

substantially different, then the cleaning process has to be prolonged.  

 

4.1.2 Cyclic voltammetry 
The characteristics of the redox species that are useful to our investigation are the 

voltage at which the oxidation and reduction occurs, the current drawn by the oxidation 

and reduction and the formal redox potential of the reaction. This information is best 

obtained using cyclic voltammetry (CV). In CV a triangular wave voltage perturbation is 

applied to the electrode (Fig 4.1a). From the electrode current response the potential at 

which the oxidation and reduction reactions are taking place as well as the formal redox 

potential E0 can be identified. At slow scan rates, the limiting current at a microelectrode 

is directly related to its radius (56,66). Figure 4.1 shows the information obtained from 

CV. In our investigation, CV was performed at the start of every experiment to assess the 

state of the electrode, the solution and the state of the reference and counter electrodes. 

Through this we identify at which potential the generator and collector are to be held or 

what current to impose the generator. During the experiments, cyclic voltammograms 

were often repeated to check that the system had not drifted or changed significantly. 

Figure 4.1 shows a typical cyclic voltammogram for the redox couple Ru(NH3)6
3+/2+ at 

intermediate scan rates. When H2 was used as the redox couple, the same parameters 

were extracted from the curves although the limiting current was often hard to assess 

because of bubble formation.  
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Figure 4.1: (a) The triangular voltage wave-form applied to the electrode. (b) Current 

response at the electrode (c) Cyclic voltammogram of a 50 μm Pt disc diameter electrode 

in 10 mM Ru(NH3)6
3+/2+ in 1 M KCl. E0 is the formal redox potential, Eox and Ered are the 

potentials at which the oxidation and reduction reactions are taking place, Epp is the peak 

to peak separation and Ilim is the diffusion limiting current.  

 

(a) (b) 

(c) 
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4.1.3 Collecting mode 
In this work constant potential amperometry was always used to collect the redox 

couple. The reason for collecting the redox couple using this techniques is that it 

guarantees the right species is collected be it H2 or Ru(NH3)6
2+. Another advantage is that 

this technique imposes no limitation on the amount of current that can be drawn by the 

electrodes. Finally this technique is well suited because it provides high temporal 

resolution. In our application the concentration of generated species at the surface of the 

collector changes in response to often rapid changes in mass transport, thus it is essential 

to be able to continuously detect these changes.  

 

4.1.4 Generation mode 
There are two generating modes that can be used to generate the tracer molecule. 

These are constant current generation and constant voltage generation. Both were used in 

this thesis, their operation advantages and disadvantages will now be described.  

 

Constant voltage generation 

 Constant voltage generation is carried out using chronoamperometric techniques 

operated through a potentiostat. The main reason for using this technique to generate the 

tracer molecule is that it ensures the right species is generated. Chronoamperometry is an 

electrochemical technique in which the potential at the electrode is stepped whilst the 

current is measured and plotted over time. This technique has the advantage of providing 

good temporal resolution with regards to the events that take place at the electrode (56). 

A typical chronoamperometric trace is shown in Figure 4.2; Figure 4.2a shows the input 

signals for the generator and the collector, whilst Fig 4.2b shows the current response at 

the generator and collector. The collection efficiency is calculated by taking the ratio of 

collector to generator current.  
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Figure 4.2: (a) Input voltage to the generator (black) and the collector (grey). (b) 

Chronoamperometric trace or current response at the generator (black) and collector 

(grey) electrodes. (c) Collection efficiency evaluated from the ratio of collector current to 

generator current. The sensor used had a disc diameter of 50 μm and ring thickenss 2.5 

μm, the disc generating mode was employed in a 10 mM Ru(NH3)6
3+/2+ in 1 M KCl.  

 

Despite being used throughout this work, chronoamperometry is not our preferred 

operating mode for the sensor. The reason being that the mass transport we wish to 

measure at the collector may also affect the generation of the redox couple. This is 

because chronoamperometry imposes no control on the amount of current passed, thus 

the amount of species generated can vary. In fact when using chronoamperometry to 

generate our tracer species changes in reactant concentration, diffusion coefficient and 
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reaction kinetics will all lead to changes in generator current. The effects of changing the 

mass transport on the measurement are shown in Figure 4.3. Both the generator and 

collector are affected by the change in mass transport, the measurement would be simpler 

if only the collector could detect the mass transport changes. This is disadvantageous as it 

adds complexity to the measurement of mass transport which is our chief intent. Similarly 

the influence of reactant concentration on the current measurement at the collector and 

generator is illustrated in Figure 4.4.  

There is one application where constant voltage generation is essential; this is 

when investigating the transient behaviour at the ring-disc microelectrode. In Section 

3.2.2 numerical investigation of transient ring-disc measurements were discussed as a 

way of probing the nature of the tissue type, the water concentration and variations in H2 

and H2O diffusion coefficient (experimental investigation of these effects is presented in 

Section 6.2.1).  

The reason we used chronoamperometry to generate the redox couple is that it is a 

technique that is easily implemented and present on all commercial electrochemical 

instruments. 
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Figure 4.3: Problems arising from the use of chronoamperometry to generate the redox 

couple. The generator trace is in black and the collector trace is in grey. The steps are 

induced by the change in pump speed, these changes in mass transport are detected at the 

generator and the collector. It would be simpler if only the collector detected these 

changes. 
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Figure 4.4: Constant voltage step generation at the disc (-0.1, -0.2 and -0.3 V steps), the 

ring was held at 0.2 V vs. Ag/AgCl. The black trace shows the response when the 

solution contains 10 mM Ru(NH3)6
3+2+, grey trace is for a solution that contains  

1 mM Ru(NH3)6
3+2+. 

 

Constant current generation 

 Constant current generation is done using a galvanostat and the technique of 

chronopotentiometry. To establish the level of current that needs to be imposed, cyclic 

voltammetry can be used. In our application we generally impose currents that are close 

to the diffusion limiting value although as we will see later, lower current levels may be 

useful.  

Chronopotentiometry is similar to chronoamperometry, only a fixed current is 

imposed on the electrode rather than a fixed voltage. Chronopotentiometry is popular for 

electroplating, scanning electrochemical microscopy and electrochemical time of flight 
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applications (153,154). This technique provides good temporal resolution of the events 

taking place at the electrode. Imposing a fixed current also means the electrode is not 

affected by mass transport effects. For our measurements this technique is useful because 

it will guarantee a constant concentration of generated species, thus making the 

measurements of tissue perfusion easy to interpret. Figure 4.5 shows a series of traces 

obtained using chronopotentiometric generation. 

 

 
Figure 4.5: (a) Current step imposed at the generator (black) and the current measured at 

the collector (grey). (b) Collection efficiency evaluated as the ratio of collector to 

generator current. 

 

 



Chapter 4   Diffusion 

 138

When imposing currents at an electrode it is a good practice to monitor the 

voltage at that electrode as this will indicate whether or not the desired reaction is taking 

place. Sometimes the current imposed is too large which results in additional reactions 

being drafted in to fulfil the current requirement. This may also occur as a result of 

changes in concentration, diffusion coefficient or reaction kinetics at the surface of the 

electrode. The Sand equation describes these effects: 

 

           (4.1) 

 

Where τ is the transition time (i.e. time needed for the concentration of reactant species at 

the surface to fall to zero), n is the number of electrons transferred, F Faraday’s constant, 

A the area of the electrode, cbulk is the bulk concentration and I the current imposed at the 

electrode. Fig 4.6 shows what happens to the voltage when too much current is imposed 

(56). Monitoring the voltage also gives an indication of bubble formation when 

generating H2.  

 

 
Figure 4.6: (a) Current step imposed at the electrode. (b) Voltage response to the current 

step. The current step is too large so another reaction occurs to fill the current gap. 

Adapted from Bard and Faulkner (56). 
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Constant current generation is useful because it simplifies the mass transport 

measurement made by the ring-disc microelectrode. The reason for the simplification is 

that when imposing a constant current at the generator, changes in mass transport or 

reaction kinetics as well as changes in reactant concentration and diffusion coefficient 

will have little effect on the measurement made. This means that only the collector will 

detect the changes in mass transport. Variation in concentration of reactant and mass 

transport near the generator are the most likely changes in our application.  To illustrate 

the advantage of using constant current generation to limit the effects of changing 

reactant concentration, collector-generator measurements were made in two solutions 

with different Ru(NH3)6
3+/2+ concentrations (see Fig 4.7). We see that for different current 

steps at the generator (5,10 nA) the level collected is roughly the same. With constant 

voltage generation we see a ten fold difference in current (Fig. 4.4). 
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Figure 4.7: Current response at the ring following a constant current generation at the 

disc. Black trace represents a solution with a 10 mM concentration of Ru(NH3)6
3+2+, grey 

trace 1 mM concentration. Steps represent successive generation of 5 and 10 nA. 

Collector was held at 0.2 V vs. Ag/AgCl, the electrode had a disc diameter of 50 μm.   
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4.2 Features of the ring-disc electrode 
4.2.1 Feedback, shielding factor 
 The spatial arrangement of the ring-disc microelectrode means there are two 

electrodes in close proximity at which electrochemical reactions are taking places. If the 

electrodes are too close to each other, their diffusional fields may overlap. This can have 

a positive or negative influence on the current levels at the electrodes (135). When both 

electrodes are inducing the same reaction, for instance a reduction, the overlapping of 

diffusional fields will have a negative effect by lowering the current at both electrodes. 

This effect is called shielding and happens because both electrodes are competing for the 

same species. When the two electrodes are performing the reverse reactions such as an 

oxidation and reduction or a generation and collection, an overlap of the diffusion fields 

will have a positive effect. This is called feedback and results in an increase in the current 

at both electrodes. In feedback the product of the reaction at one electrode is the reactant 

for the reaction at the other electrode. An illustration of feedback and shielding is shown 

in Figure 4.8. In Fig 4.8 (c) we can see that the current at the disc generator electrode 

drops by more than 50 % as a result of shielding. Under feedback mode the increase in 

current is just below 25 %. 

 In our application the sensor is by default used in the feedback mode. By making 

the electrode spacing small the current response at both electrodes is thus often enhanced. 

This serves to improve the measurement resolution and the signal to noise ratios.  
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Figure 4.8: (a) Cyclic voltammogram of the ring and disc, each electrode was scanned 

separately. (b) Typical feedback trace, where the disc is generating Ru(NH3)6
3+ and the 

ring is collecting Ru(NH3)6
2+. The potential at the disc is scanned from 0.2 to -0.6 at 0.05 

mV/s, whilst the ring is held at 0.2 V. (c) Difference in generator current responses for 

different operating modes. Black curves represent the generator electrode response with 

feedback from the ring, blue curves are for the disc scanned alone and the red curves are 

for a disc shielded by the ring.  

 

4.2.2 Difference between ring and disc generating modes 
 The significant difference in size and shape between the ring and disc electrodes 

is a notable advantage of the ring-disc microelectrode. This difference has repercussions 

on the current levels at the electrodes as well as the collection efficiency measured when 

they are coupled. These differences are seen in Figures 4.9, 4.10 and 4.11 where both disc 

(a) (b) 

(c) 
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and ring generators are considered. In these experiments the voltage at the generator 

starts at 0.2 V and then is stepped in increments of 0.05 V from -0.1 to -0.3 V. The 

current density of the ring electrodes is always higher than that of the disc electrodes 

because of the larger contribution of radial diffusion at the rings. This radial diffusion 

also means that the collection efficiency when the ring is generating may be higher than 

when the disc is generating. This is the case in Fig 4.10 (c) and 4.11 (c), despite the fact 

that the generating current at these rings is less than the generating current at the discs. 

These differences are useful as they may provide ways of probing different aspects of the 

mass transport in tissue or be used to extend the dynamic range of a particular sensor. 
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Figure 4.9: Current response at a 25 μm disc diameter sensor under various operating 

modes. The generator and collector currents response are shown for different voltage 

steps applied to the generator (0.2, -0.1, -0.15, -0.2, -0.25, -0.3 V). The collector was 

always held at 0.2 V vs Ag/AgCl. The solution was 10 mM Ru(NH3)6
3+/2+ in 1 M KCl. 

(a) Disc generating mode, dark blue indicate the disc generator, light blue indicates the 

ring collector. (b) Ring generating mode, dark red indicates the ring generator, light red 

indicates the disc collector. (c) Resultant collection efficiency for the disc and ring 

generating mode. Note the CE traces for ring and disc generating overlap which is a 

coincidence due to the size of the electrode. 

(a) (b) 

(c) 
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Figure 4.10: Current response at a 50 μm disc diameter sensor under various operating 

modes. The generator and collector currents response are shown for different voltage 

steps applied to the generator (0.2, -0.1, -0.15, -0.2, -0.25, -0.3 V). The collector was 

always held at 0.2 V vs Ag/AgCl. The solution was 10 mM Ru(NH3)6
3+/2+ in 1 M KCl. 

(a) Disc generating mode, dark blue indicate the disc generator, light blue indicates the 

ring collector. (b) Ring generating mode, dark red indicates the ring generator, light red 

indicates the disc collector. (c) Resultant collection efficiency for the disc and ring 

generating mode (blue and red respectively). 

(a) (b) 

(c) 
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Figure 4.11: Current response at a 125 μm disc diameter sensor under various operating 

modes. The generator and collector currents response are shown for different voltage 

steps applied to the generator (0.2, -0.1, -0.15, -0.2, -0.25, -0.3 V). The collector was 

always held at 0.2 V vs Ag/AgCl. The solution was 10 mM Ru(NH3)6
3+/2+ in 1 M KCl. 

(a) Disc generating mode, dark blue indicate the disc generator, light blue indicates the 

ring collector. (b) Ring generating mode, dark red indicates the ring generator, light red 

indicates the disc collector. (c) Resultant collection efficiency for the disc and ring 

generating mode (blue and red respectively). 
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4.3 Conclusion 
Throughout this chapter we have investigated the behaviour of the collector-

generators under the influence of diffusion mass transport. The experimental techniques 

used to probe mass transports with the ring-disc microelectrodes were also introduced.  

 Some of the special features of the ring-disc microelectrode are presented; these 

include the shielding and feedback effects, both of which influence the level of current 

measured at the ring and disc electrodes. Feedback occurs in our measurements and we 

show how it is used to enhance the signal strength. 

 Constant current and constant voltage generation modes are discussed and their 

differences highlighted. For our application the constant current generation is shown to 

be generally superior to constant voltage generation because the generator signal is 

independent of mass transport, concentration and diffusion coefficient changes. This 

greatly simplifies the measurement of mass transport. 
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Mass transport measurements under convection 
and diffusion control  
 

 

 

 

 

 

________________________________________________________________________ 

Tissue perfusion involves both diffusion and convection mass transport. In this 

chapter we expose the ring-disc microelectrode to a number of situations in which 

controlled convective mass transport is taking place in the vicinity of the sensor. The 

effects of varying the electrode size, operating mode and flux at the generator are 

studied under jet impinging and tube flow. The sensor is also used to measure flow 

rates in tissue mimicking materials and pulsatile flows. The measurements made 

confirms that the ring-disc microelectrode is capable of monitoring changes in mass 

transport at the micron level. 
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5.1 Introduction 
Measuring flow using electrochemical methods is a well established principle. 

Levich has written a seminal book on the subject (155), the content of which has been 

made somewhat more accessible by others (56,156).  The field of microfluidics is where 

most current applications of electrochemical flow measurements are found.  

There are two ways of performing electrochemical flow measurements. The 

simplest method involves placing an electrode in a flowing solution containing an 

electroactive species. A sufficient amount of over-potential is applied to the electrode so 

that the reaction at the surface becomes mass transport limited. As the flow rate changes 

over the electrode, the movement of the electroactive species to and from the electrode 

will change. This leads to a change in the current observed at the electrode. In general an 

increase in current reflects an increase in the flow rate above the electrode (improved 

mass transport), whilst a decrease reflects a decrease in the flow rate (impaired mass 

transport). The changes in mass transport represent changes in the fluid boundary layer 

above the electrode surface. For thin boundary layers (i.e. fast flow) the mass transport 

due to convection is more significant than that due to diffusion thus the current increases. 

For thicker boundary layers diffusion is more significant and the current is lower. This 

method of measuring flow is simple as only one electrode is used. It has been used in a 

large number of applications such as turbulence measurements (157), microfluidics (158) 

or physiological flows (159,160). The main disadvantage with this method is that the 

measurements are very general in that all the changes in the system will affect the 

measurement. As a result, extracting flow parameters becomes difficult. For instance, 

changes in temperature will be perceived as changes in flow. In addition this technique 

only works if an electroactive species is present in solution, which in general means 

adding it to the solution. This is not always possible either because the volume of flow is 

too large or because the electroactive species would interfere (i.e. chemical processes). 

Some authors have circumvented this problem by monitoring dissolved oxygen in 

solution, although this has its limitations (i.e. changing concentrations will affect the 

currents, detecting oxygen can be tricky). Another disadvantage is that the measurement 

resolution achieved is rather poor. The only way to improve it is by having a number of 

different sized electrodes.  
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Using a single electrode to monitor flow is effective but a far better way is to use 

an electrode couple operating as collector-generators. In this technique the electroactive 

species is generated at one electrode and transported to the other by the prevailing mass 

transport mechanism in solution. As the mass transport changes the collector will collect 

more or less of the generated species so its current will increase or decrease. The 

collector-generator method is not affected by other changes in the system because the 

recording from both electrodes will be considered thus cancelling any baseline shifting 

such as temperature. The detection range is also much wider as small changes in flow 

will have much more effect on the transport of the tracer from the generator to the 

collector. There has been extensive use of collector-generators to measure flow. 

Currently the most popular electrode geometry is the dual band microelectrode because it 

is easily integrated into microfluidic applications and is easy to make. Other geometries 

such as disc arrays, the dual disc and ring-disc have also been used (56). The combined 

work of R.G. Compton (122,143-145,148,149,161-166) and C. Amatore (59,127,150-

152,167) on dual band microelectrode for flow measurements has significantly advanced 

the subject, although other contributions are noteworthy (126,168). A special mention has 

to be made regarding the series of articles by Amatore et al. on the in situ monitoring of 

the velocity profile in microfluidic channels using dual band microelectrodes 

(59,150,151). These describe how any flow profile can be derived from the 

measurements at the electrode couple, provided the electrode and channel dimensions are 

known. Comparable investigations will be presented in this chapter in which a number of 

flow environments were considered. The aim was to investigate the response of the 

sensor to a broad range of convective mass transport so as to improve its design for 

measuring tissue perfusion.  

The flow environments studied were tube flows, impinging jet flows and flow 

through porous media. Two redox couples were used in these experiments Ru(NH3)6
3+/2+ 

and H2
/+.  These studies demonstrated the versatile and remarkable flow detection 

capabilities of the ring-disc microelectrodes. In addition the design of the electrodes was 

improved by identifying the dynamic range of the sensor as well as the relationship 

between the sensor size and the flow detection capacities.   
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5.2 Impinging jet flow 
Impinging jets are well established in fluid mechanics, where they are exploited 

for their enhanced heat and mass transfer characteristics. These reasons have also 

motivated electrochemists to use them, although at significantly lower flow rates. It was 

pointed out in Section 3.3.1 that previously achieving well defined flow profiles over an 

electrode would have involved the use of a rotating disc or ring-disc electrode (56). 

However this technique is not suited to microelectrodes because of problems in placing 

the electrode at the centre of the disc. The main uses for impinging jets have been to 

study reaction mechanisms(169), investigate the effects of mass transport (76,121,170), 

for high performance liquid chromatography (HPLC) end column detection, flow 

injection analysis and capillary electrophoresis (90,171,172). In our application the flow 

arrangement used is similar to the kind used in HPLC where the sensor is placed at the 

end of a tube. The small size of the electrodes with respect to the size of the jet means 

that our arrangement is that of a micro-jet rather than a wall-jet, where the electrode area 

is larger than the jet impinging area. 

 

5.2.1 Material and methods 
Flow cell 

A polydimethylsiloxane (PDMS) cast was made to serve as a flow cell for this 

study. The basic design of the cast consisted of a 2 mm diameter glass capillary with two 

smaller sections of glass capillary branching off in succession. The branches were 

parallel to one another and formed a right angle with the main tube. This cast was placed 

in a shallow box into which PDMS was poured. The resultant flow cell is shown in Fig 

5.1. 

The PDMS (silicone elastomer, SYLGARD 184, Dow Corning) was prepared 

following the manufacturer’s instructions by thoroughly mixing one part of curing agent 

with ten parts of the base (by volume). The mixture was then degassed to remove bubbles 

for 10-20 min. It was then slowly poured into a suitable box containing the mould. If 

bubbles were generated during the pouring, the mixture was again degassed. The entire 

assembly was then cured for 2 hours at 70 °C. Ethanol was often used to detach the 

PDMS flow cell from the supporting box and also to remove the glass capillary tubing. 
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The flow cell was connected to the end of the HPLC column (reciprocating pump 

1050 series, Hewlett-Packard) with standard tubing and connectors. The reference and 

counter electrodes were placed upstream of the sensor which was inserted into the end of 

the flow cell. Usually the sensor was inserted 2-3 mm into the flow cell. For these 

experiments the sensor was encased in a pulled glass capillaries 1.5 mm in diameter. The 

sensor was held in the flow cell by micromanipulators, which enabled the sensor tip to be 

moved in all three dimensions (see Figure 5.1).   
 

 

 

 

 

 

 

 

 

 

          
Figure 5.1: (a) Impinging jet experimental set up with the sensor placed at the end of a 

PDMS flow cell also containing a Ag/AgCl reference electrode and a stainless steel 

counter electrode. The sensor positioning at the end of the pipe is controlled by an 

micromanipulator. (b) and (c) Close up of the flow cell, which contains two tubes with 

different diameters (1.5 and 2 mm) 
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Instrumentation 

An eight channel potentiostat CHI 1030 (CH Instruments Inc. Texas) was used to 

control the voltage at the ring-disc microelectrodes. The flow cell also contained a 

Ag|AgCl (3 mol dm-3 KCl) reference and stainless steel counter electrodes. 

 

Chemical Reagents  

Chemical reagents Ru(NH3)6Cl3 and KCl, (Aldrich) were used to make a solution 

of 10mM Ru(NH3)6Cl3 in 1M KCl. The solutions were deoxygenated by bubbling with 

nitrogen for 20 min prior to use. Demineralised and filtered water was taken from a Purite 

Select system (resistivity of ≥14 MΩ cm).  

 

5.2.2 Results and discussion  
 In these experiments the redox couple used is Ru(NH3)6

3+/2+, the generator 

electrode reduces Ru(NH3)6
3+ to Ru(NH3)6

2+, the collector performs the reverse reaction 

some distance away by oxidising the ruthenium (II) complex. The potentials at which the 

diffusion limiting reduction and oxidation happen are respectively -0.6 and 0.2 V vs 

Ag/AgCl. Both disc and ring generating modes were considered. A number of sensors of 

different dimensions were used in these experiments. Before the effect of flow rate could 

be investigated, the sensor had to be placed in the centre of the flow stream to ensure that 

the resultant impinging jet would be centred onto the electrode tip. Placing the sensor in 

the centre of the tube was not always sufficient to ensure that the sensor tip was at the 

centre of the flow profile because the sensor tip was not always at the centre of the pulled 

capillary. 

To centre the sensor tip, the disc and ring potentials were set to their respective 

values for generation and collection. The flow through the cell was set to a constant 

value, usually 1 ml/min. By moving the location of the sensor up and down and side to 

side it was possible to locate the point at which the collection efficiency was lowest. This 

in turn represents the location of the stagnation point, which in laminar tube flow occurs 

at the centre of the flow profile. When the sensor is placed anywhere but at the centre of 

the tube, the collection efficiency will be higher. Figure 5.2 illustrates the relative 

position of the sensor tip and the flow profile in the tube and how this can affect the 
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collection efficiency. Figure 5.3 shows a typical collection efficiency trace during the 

centring process. The centre was found iteratively by finding the horizontal then the 

vertical centre and then checking each direction to be certain of the accuracy. 

 
 

 

 

 

 

 

 

 

 

 

Figure 5.2 : (a) Schematic representation of the sensor in the flow cell. Sensor is in blue, 

the flow profile in the tube is represented in pink. The sensor is moved vertically or 

horizontally in the tube in order to have the sensor tip positioned at the point where the 

velocity is maximum. (b) Schematic representation of the sensor tip and the impinging jet 

flow onto it for a sensor that is well centred in the tube and (c) for a sensor that is 

eccentric. 
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Figure 5.3: Change in collection efficiency as the sensor tip is moved in the tube. The 

lowest CE value is reached when the tip is in line with the flow profile. The highest 

values occur when the tip is close to the tube wall. Since the sensor is extremely sensitive 

to movement, this method proved a very satisfactory way of aligning the sensor. Ripples 

in the trace are due to pulsatility of the flow. 

 

 Once the sensor tip has been centred, the investigation of the effects of flow on 

the collection efficiency were carried out. Figure 5.4 shows some typical raw data, where 

the collection efficiency is seen to drop every time the flow is increased in 1ml/min step 

increments. Beyond 4-5 ml/min the CE does not change significantly, the sensor has 

effectively reach its detection limit. The flow was then decreased in increments back to 

the starting flow rate of 0.1 ml/min. The ripples in the collection efficiency are the result 

of small variations in flow caused by the pump. 
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Figure 5.4: Change in collection efficiency with flow rate for a disc generating case. 

Flow is increased from 0.1 to 5 ml/min then decreased again in 1 ml/min step increments. 

The redox couple used is Ru(NH3)6
3+/2+

 in 10 mM concentrations. The sensor has 

dimensions r1 = 62.5 μm, r2 = 75 μm and r3 = 76 μm. 

 

 Figure 5.5, 5.6 and 5.7 further show the relationship between collection efficiency 

and flow rate for the disc generating and the ring generating cases respectively. The 

response of three sensors of different dimensions is shown. One can clearly see that the 

dimensions of the sensor influence the range of flow rates that can be detected. The 

influential dimensions are the collector size and how far it is from the generator, a 

thorough investigation of these variables is presented in Section 3.3.1. For each sensor 

used these dimensions are somewhat different, which explains the different flow 

detecting capacities. 
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Figure 5.5: Effect of flow rate on the current at the disc and ring. Disc generating, ring 

collecting mode for three electrodes with disc diameter 25, 50 and 125 μm. Ring current 

are represented by crosses, disc current are represented by circles. The redox couple used 

is Ru(NH3)6
3+/2+

 in 10 mM concentrations. 
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Figure 5.6: Change in collection efficiency with flow for a disc generating case. (a) 

Three sensors are used each of which has different dimensions. The electrode named 25 

Disc has dimensions r1=12.5 μm, r2=17.5 μm and r3= 17.7 μm, 50 Disc r1=25 μm, r2=32.5 

μm and r3= 32.7 μm, 125 Disc r1=62.5 μm, r2=75 μm and r3= 75.2 μm. The average and 

range of three trials are represented by the markers. (b) The solid lines represent the 

numerical simulations. 

(a) 

(b) 
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 Figure 5.7: Change in collection efficiency with flow for a ring generating case. (a) 

Three sensors are used each of which has different dimensions. . The electrode named 25 

Disc has dimensions r1=12.5 μm, r2=17.5 μm and r3= 17.7 μm, 50 Disc r1=25 μm, r2=32.5 

μm and r3= 32.7 μm, 125 Disc r1=62.5 μm, r2=75 μm and r3= 75.2 μm. The average and 

range of three trials are represented by the markers. (b) The solid lines represent the 

numerical simulations. 
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 The measurements shown in Figure 5.7 are for ring generating cases. In Section 

3.3.1 we presented numerical models of such cases (shown in Fig 5.7b), which predict 

that the collection efficiency of these sensors should drop significantly as the flow 

increases and that they should have difficulty in detecting flow beyond 2 ml/min (i.e. 

their CE is too close to 0%). This is not the case experimentally for the 25 and 50 m Disc 

sensors. The 125 Disc sensor exhibits the expected response (i.e. that predicted by the 

simulations Section 3.3.1) but not the other two. It is hard to pin point the reason for such 

a discrepancy, especially when for the disc generating case the numerical and 

experimental traces are in very good agreement. We believe the reason could be uneven 

electrode surfaces, which would shield regions between the ring and the disc in which the 

redox cycling could occur without being disrupted by the flow. Such issues have been 

reported by others working with thin rings and impinging jets (76). Further polishing of 

the electrodes was undertaken to try to eradicate the problem without much success. 

 

5.2.3 Conclusion 
We have investigated the behaviour of the sensor under controlled hydrodynamic 

conditions, through the use of jet flows impinging on the surface of the sensor. The 

collection efficiency of the sensor is seen to decrease as the flow rate increases. Sensors 

with different dimensions exhibit different responses to the same flow rates. This 

introduces the idea that each sensor has a particular flow detection range or dynamic 

range. By using the disc or ring as generator it is possible to have two very distinctive 

dynamic ranges owing to the significant difference in the shape of these two electrodes. 

Numerical work presented in section 3.3.1 indicates that the experimental results 

obtained for the ring generating cases are not as predicted. Sensors with 25 and 50 μm 

disc diameter did not exhibit the expected sharp decrease in collection efficiency with 

flow rate. The reasons for this discrepancies was not established although we believe the 

uneven surface of the electrode is to blame. 
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5.3 Tube flow measurements 
Laminar flow through tubes is well characterised and has been studied 

exhaustively (173,174). Tube flow is also easy to set up experimentally and is 

incidentally a fairly good approximation of flow in very small blood vessels. Tube flow 

therefore presented itself as an ideal test rig in which to investigate the flow measurement 

capacities of the sensor. 

 Flow studies in tubes are also widespread in electrochemistry. Many collector-

generator type studies have been reported, most of which make use of tubular band 

microelectrodes.  Flow injection analysis, capillary electrophoresis and high performance 

liquid chromatography are the techniques in which tubular flow measurements are being 

used. Work done with these electrodes is very similar to that done with dual band 

microelectrodes in channel flow. Numerical and experimental investigation of the effect 

of electrode dimensions and electrode flux on the flow detection capacities of these 

electrodes has been presented (141,147,175-177).    

 

5.3.1 Material and methods 
Flow cells 

A number of PDMS flow cells were made to serve as flow cells for this study. 

The basic design of the flow cell consists of a tube with three smaller tubes branching off 

in succession. All of the branches are parallel to one another and form a right angle with 

the main tube (see Fig 5.8). Different tube diameters were tested ranging from 2 mm to 2 

cm. The flow cell that was used predominantly, however, had a tube diameter of 8 mm.  

To make the cast, sections of plastic tubing were used. It was found that when all 

sections of the cast were held together, the flow cell were less likely to fail. In most cases 

the pieces of tubing were stuck together with glue (glue gun) before being placed in a 

small shallow box. PDMS was then poured into the box and cured as described in the 

previous section (Section 5.2.1). 
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Figure 5.8: Schematic representation of the steps involved in making the flow cells and 

pictures of the flow cells made. Reference (Ag/AgCl) and counter (stainless steel) 

electrodes were always placed downstream of the sensor in the flow cell with the 

reference closest to the sensor. 

 

 



Chapter 5   Convection 

 162

 Flow rig 

Two types of arrangements were used to force the fluid through the flow cell, 

hydrostatic pressure head or an HPLC pump.  

For the hydrostatic pressure head arrangement, a 5 L tank of KCl buffer was 

connected to the flow cell by 2 m length tubing, 0.5 m of which were kept straight just 

upstream of the flow cell to allows the flow to develop Calculation of the Reynolds 

number in the tube and entry length required shows that in the most extreme case the 

flow becomes fully developed after 0.1 m (Re ranges from 10 to 80 depending on the 

flow rate). The buffer was collected after the flow cell and pumped back into the 5 L tank 

using a peristaltic pump (200HC, HR flow inducer, Watson Marlow Limited). The flow 

rate was changed by varying the valve opening of the 5 L tank.  

When an HPLC pump (1050 series, Hewlett-Packard) was used the length of 

connecting tubing used was shorter but the 0.5 m of straight tubing upstream of the flow 

cell was retained for the reasons outlined above. 

Flow rate measurements were made for each experiment with volumetric beakers 

and a stop watch and compared to the flow rate indicated by the pump. 

The sensor was held in place in the flow cell with a micromanipulator, this 

enabled a controlled positioning of the sensor in the tube. The convection term above the 

sensor can then be described in terms of the boundary layer that has formed on the 

surface of the sensor. Figure 5.9 illustrates the different setups used. 
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Figure 5.9: Schematic representation of the flow rig used. (a) Shows the setup when a 

HPLC pump is used to drive the flow through the flow cell. (b) Shows the setup when a 

hydrostatic pressure head is used to drive the flow. (c) Shows a schematic of the flow cell 

and the location of the sensor, reference and counter electrode. D is the diameter of the 

tube, a is the depth to which the sensor has been lowered in the tube. At the wall a = 0. 

 

 Instrumentation 

An eight channel potentiostat CHI 1030 (CH Instruments Inc. Texas) was used to 

control the voltage at the ring and disc microelectrodes. The flow cell also contained a 

Ag|AgCl (3 mol dm-3 KCl) reference and stainless steel counter electrodes.  

 

Measurements 

With the sensor placed half way into the tube a/D = 0.5, the generator potential is 

set between -1 and -1.5 V and collector electrode potentials are set to 0.2 V vs. Ag/AgCl. 

Potentionstat 

0.5 m 
Pump 

(b) 

Tank Potentionstat 
Hydrostatic 
pressure  
head (mm Hg) 0.5 m 

(a) 

Pump 

Sensor 
Reference Counter 

D 
a 
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At these potentials hydrogen is being generated and collected respectivly. Only disc 

generating cases were considered in these experiments, this is because the disc generating 

case is less susceptible to electrode polishing problems.  Recordings of collection 

efficiency were then made in a continuous fashion whilst the flow rate was being changed 

in step increments from 0 to 8 ml/min. 

 

5.3.2 Results and discussion 
Usually the recordings took 10 to 20 s to reach to their steady state value when the 

flow rate was altered as shown in Fig 5.10. As the flow rate was increased the collection 

efficiency decreased, owing mainly to a decrease in the collector current. Figure 5.11 

summarises the results obtained for a disc generating case. The two traces represent 

measurements made with sensors of different dimensions, a 50 μm and a 125 μm disc 

diameter sensor. The measurements of collection efficiency were taken from averages of 

the steady state curves. The drop in collection efficiency with increasing flow rate 

describes how the H2 concentration profile around the collector changes. With increasing 

flow more H2 is washed away before it can reach the collector. When comparing the 

measurements made by the two sensors, it becomes clear that beyond a certain flow rate 

their collection efficiency no longer drops. This limit varies with the size of the ring-disc 

electrodes and effectively describes the dynamic range of the sensors. We observed these 

effects in the previous section with impinging jet flow. A number of authors using dual 

band collector-generators in channel and tube flow have also reported different dynamic 

limits for different sensor sizes (145,178). This indicates that the sensor dimensions can 

be specifically chosen to suit a given range of flow rates. This was investigated 

numerically in Section 3.3.2 
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Figure 5.10: Changes in collection efficiency as the flow is varied. (a)The sensor is 

placed perpendicular to the flow direction. H2 is the redox couple used with a sensor with 

disc diameter 50 μm. (b) and (c) show the transient to the steady state value after the flow 

rate has been changed. The sensor used had a 50 μm disc diameter located at a/D=0.5. 

(a) 

(c) (b) 
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Figure 5.11: Change in collection efficiency with flow for two sensors of different 

dimensions (50 and 125 μm disc diameter). Only disc generating cases are considered 

and the redox couple used is H2. The difference in detection range for each sensor is 

clearly seen. The electrodes were positioned at a/D=0.5. 

 

 In the following section we return to using Ru(NH3)6
3+/2+

 as the redox couple. 

This is done in order to show how different levels of generator applied voltage or current 

will influence the measurements of flow. Such an analysis could be done with H2, of 

course, but because of the formation of bubbles at high generator potentials the 

interpretations of the results would be more complicated. Also Ru(NH3)6
3+/2+ undergoes a 

simple one electron transfer from the outer sphere, making it well suited to such 

investigations. The experimental setup is the same as described in the previous 

paragraphs. 
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It is well established and has been highlighted throughout this thesis that the level 

of flux at the generator electrode will influence the collection efficiency. In the diffusion 

limit, the flux at a microelectrode will have a significant radial component described as 

the edge effect. When the reaction is rate limiting, the flux is predominantly normal to the 

surface of the electrode. Because of the coupling between the generator and the collector, 

any change in the direction of the flux will influence the collection efficiency. To 

investigate this, we applied different potentials to the generator (-0.1, -0.2 and -0.3 V) 

whilst maintaining the collector at the diffusion limiting potential (0.2 V vs Ag/AgCl). 

Note that the formal redox potential of Ru(NH3)6
3+/2+ is -0.19 V vs Ag/AgCl. 

Subsequently different currents were applied to the generator (-1, -5, -10, -50 nA) and the 

collector was again at the diffusion limit (i.e. applied potential 0.2 V). The relationship 

between current and voltage is shown in Figure 5.12 and shows how applying different 

voltages or currents will influence the flux at the electrode. 
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Figure 5.12: Current voltage characteristics of a 50 μm disc electrode in 10 mM 

Ru(NH3)6
3+/2+. The blue arrows show the voltage applied to the disc (-0.1, -0.2, -0.3 V) 

and the resultant current it yields. Green arrows show the current applied to the disc (-1, -

5, -10, -50 nA) and the corresponding voltage. 
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 Figure 5.13 shows how the collection efficiency changes with flow for different 

applied potentials and Figure 5.14 is for different generator applied current. The overall 

response of the sensor to flow seems independent of applied voltage or current. However 

the level of collection efficiency increases as the reaction goes from being rate limiting to 

diffusion limiting, this occurs for applied potentials that are beyond -0.19 V, the formal 

redox potential. When applying a fixed current to the generator, we expected to see more 

spread between the curves, for instance applying 5 or 10 nA should be well below the 

diffusion limit and the collection efficiency should reflect this, but it did not. At low flow 

rates an increase in collection efficiency was observed which was not expected. The 

increase could be due to the generated species being gently forced onto the collector. 

Alternatively the generator may have been recessed slightly, a small amount of 

convection may be improving the mass transport within the recess. 
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Figure 5.13: Change in collection efficiency with flow for different applied voltages at 

the disc generator. The collector is always held at the diffusion limiting case of 0.2 V.  

Ru(NH3)6
3+/2+ was used as redox couple (10 mM in 1M KCl), it has a formal oxidation 

potential of - 0.19 V.  
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Figure 5.14: Change in collection efficiency with flow for different applied currents at 

the disc generator. The collector is always held at the diffusion limiting case of 0.2 V.  

Ru(NH3)6
3+/2+ was used as redox couple (10 mM in 1M KCl), it has a formal oxidation 

potential of - 0.19 V. 

 

We now return to experiments where H2/H+ is used as redox couple. Having 

established that the sensor is capable of distinguishing between large flow variations (i.e. 

on the order 1 ml/min), it was essential to test the flow resolution that was achievable at 

lower flow rates. To do this we attempted to measure changes in flow rate across the 

diameter of the tube by changing the depth of the sensor in the tube. The change in flow 

due to the velocity profile in the tube should be detectable with sufficient measurement 

resolution. The experimental results are shown in Figure 5.15 and highlight the versatile 

measurement capacities of the sensor. The collection efficiency does indeed drop as the 

sensor is advanced into the tube. Being able to monitor small changes in flow will be 

especially useful when flow measurements are made in damaged tissue where the flow is 

predominantly slow. 
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Figure 5.15: Experimental measurement of the change in collection efficiency as the 

sensor is advanced into the tube. The averages and range of three trials are shown The 

sensor used had a disc diameter of 50 μm, the flow rate was held at 1 ml/min. 

 

In Figure 5.16 the sensor depth was further advanced into the tube until it reached 

the opposite wall. When this is done we see that the collection efficiency decreases, 

stabilised then decreases even further. What is happening is that the sensor is effectively 

disrupting the flow by constricting the area through which the fluid can flow and thus 

increasing the velocity locally. This is detected by the sensor as a drop in the collection 

efficiency. The flow through the tube in these conditions is undoubtedly more 

complicated as a result this experiment was only undertaken as an illustration of the 
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behaviour of the sensor rather than as a proper characterisation and to highlight that care 

must be taken not to constrict the flow cell.  
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Figure 5.16: Variation in the collection efficiency as the sensor is advanced through the 

tube. The sensor starts outside the tube and is advanced all the way to the opposite wall 

(i.e. a/D = 1). The flow rate is maintained at 1 ml/min and the sensor used has a disc 

diameter of 125 μm. The tube had diameter of 8 mm and the electrode had an outer 

diameter of 5 mm. 

 

It is important to note that having the sensor perpendicular to the flow is probably 

not the best way to use the ring-disc microelectrode for flow detection. This is because 

portions of the sensor will not be used. Far better assemblies are the band-band, disc-disc 

or tubular electrodes which can be placed inline with the flow. If we consider the case 
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when the disc is generating as in these experiments, when convection is significant the 

portion of the ring that is upstream from the disc will have trouble collecting the H2, 

whilst the portion of the ring downstream from the disc will have the advantage of having 

H2 advected onto it. As the flow rate increases the portion of the ring upstream that will 

not be collecting H2 increases. Figure 5.17 illustrates this effect. 

 

   
 

   
 

Figure 5.17: Schematic representation of the concentration profile over the ring-disc 

electrodes under different flow conditions when the disc is generating. Flow direction is 

from left to right. Colours indicate concentration of H2, dark red indicates maximum 

concentration blue indicates minimum concentration. 

 

5.3.3 Conclusion 
We are able to measure overall changes in flow rate within tubes. Measurements 

show that the collection efficiency drops with increasing flow rate. The response of the 

sensor to changes in flow is rapid, on average the steady state is reached 20 seconds after 

the flow rate has been changed. Sensors with different dimensions have different flow 

detection limits.  

The effects of generator current density on the measurements were also 

investigated, we found no significant change in the response to flow or detection range 

No flow Moderate flow High flow 

Side view

Top view Disc 

Ring 
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for different electrode fluxes. However the collection efficiency reaches higher levels at 

the diffusion limiting case than at the rate limiting case.  

 Finally the sensor was used to measure the changes in flow velocity across the 

radius of the tube, demonstrating that the sensor is capable of detecting small changes in 

flow, although the effect of blockage of the flow can affect the results. 

 

5.4 Measuring pulsatile flow 
Blood flow is pulsatile in nature, as the blood reaches the extremities of the body 

and the vessels get smaller the pulse is damped but still must be considered. The sensor 

was able to detect pulsating flow coming from the pumps (see Figure 5.18). This was the 

case even when very accurate “pulse free” pumps were used such as those found on 

HPLC systems (dual-headed reciprocating pistons with large amounts of control 

optimization of the pressure and flow rate). Looking in detail at these measurements we 

realised that the measurement sensitivity of the sensor could be used to measure pulses of 

different frequencies. This highlights the fact that the sensor has a good temporal and 

flow resolution.  
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Figure 5.18: Sensors measurements of the pulse produced by the pump. Disc generator 

currents are shown. The pulse frequency increases with increasing flow rate, only small 

amplitude changes are seen. 

   

These fortuitous measurements of pulses motivated a more thorough 

investigation, which was carried out with pumps that have very accurate pulsatile settings 

specially designed to mimic the activity of the heart. A sensor was placed in one of the 

branches of a model circulatory system so that the surface of the sensor was 

perpendicular to the flow. Disc generating ring collecting cases were considered 

exclusively. The recordings for different pulse frequencies are shown in Fig 5.19. It 

seems that using the collection efficiency trace to identify the pulse may be too 

complicated. This is because both the generator and collector currents are affected by the 

pulse. The collector current “picks up” two components of the pulse. The first is at the 
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generator, where the generation of hydrogen is subject to the pulse. The second comes 

from the interval between the generator and the collector, in which time the hydrogen in 

solution will have been affected by the pulse. The second contribution makes the current 

response at the collector slightly out of phase with that at the generator. As a result, when 

the collection efficiency is considered the results appear more complex than when only 

the generator current is considered. In some ways a single electrode would be more 

useful for the measurements of pulses than an electrode couple.  

Moreover, numerical simulations of the flow above the electrode would have to 

be considered to obtain a quantitative understanding of the pulse, this was unfortunately 

beyond the scope of this thesis.  
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Figure 5.19: (a) Effect of pulse on the collection efficiency for a sensor with a disc 

diameter of 50 μm. The measurements of three frequencies are shown. In the first column 

the pulse has a frequency of 1/6 Hz, in the second column the frequency is 1/3 Hz, and 

2/3 Hz for the third column. (b) Shows the current at the generator (disc) for the three 

frequencies considered and (c) shows the current at collector (ring). 
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5.5 Flow through tissue mimicking materials; porous media 

gels and tissue scaffolds. 
Flow through tissue is complex and intricate due to the random like arrangement 

of capillaries, larger vessels, and extracellular tissue. An experimental way of modelling 

such flows is to consider a porous media with a network of interconnecting pores.  

Many porous materials have been developed as biomaterials for application 

within the human body (i.e. bone grafts, tissue scaffolds, artificial organs etc.)(179,180). 

These materials are designed to mimic human tissue and as a result their properties 

(porosity, gas diffusion coefficients, water content etc.) are similar to those of tissue, 

which make them ideal for carrying out control tests for the sensor.   

The measurement of flow through porous medium has been notoriously hard to 

achieve. MRI (181-183), ultrasound (184), and to an extent laser Doppler (185) and 

classical electrochemical techniques (159) are currently used to provide overall 

measurements. Small scale or localized measurements are harder to achieve with such 

methods because their resolution or penetration is limited. Incidentally, these are the 

same reasons why these techniques are not well suited to monitor perfusion on the 

cellular level.  

In this section we have investigated the flow measurement capacities of the ring-

disc microelectrodes embedded in different tissue mimicking materials. Not knowing 

how the sensor would perform we investigated a wide range of materials from gels to 

foams in order to correlate our measurements with key material properties which we 

believe will be encountered in tissue (i.e. the influence of gas diffusion coefficients, 

porosity etc.). 
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5.5.1 Gels 
Materials and methods 

Two different gels were used in these experiments: 
• Gelatin 

• Agar 

The reason for choosing these gels is that they form structures that are similar to 

tissue along with the fact that they create dense hydrated media. They have also been 

used extensively as tissue phantoms in MRI and ultrasound characterisations 

(159,186,187). 

Collagen is the most widely used tissue derived polymer. It is present in almost all 

mammalian tissues (i.e. skin, bone, cartilage, tendon etc.). Gelatin is derived from 

collagen. Gelatin gel is formed simply by changing the temperature of the solution 

containing it. To make the gel 15-30% gelatin powder (Sigma) was dissolved into 1M 

KCl solutions (mixtures by weight).  
Agar gel is a type of marine algal polysaccharide, which forms thermally 

reversible gels (188). The physical structure of the gel can be controlled by using a range 

of agarose concentrations, which result in various pore sizes. To make the 1-10 % gel 

agarose (99.99% Sigma) was dissolved in 1M KCl solutions and heated to simmering 

temperatures, then left to cool in the fridge (mixtures by weight). The gel forms upon 

cooling. 

Once the gels were formed circular sections were excised and placed in the hole 

of the flow cell in which the sensor is inserted. The sensor was then placed above the gel 

and was pushed down so that the lower face of the gel layer was flush with the tube wall. 

A description of the assembly is shown in Figure 5.20. Initially it had been hoped that the 

gel could be placed within the tube, so as to have flow through the gel. It was also 

envisaged that small size tubes could be cast into the gels, again to allow flow through 

the gel. Unfortunately neither option worked out in practice as the gels decomposed 

under the direct influence of flow, even at low flow rates.   
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Figure 5.20: Schematic representation of the flow cell with a layer of gel or porous 

material placed below the sensor.  

 

Results and discussion 

Working with the gels in flowing solutions was somewhat tricky as they often 

dissolved, especially when low concentrations were used. It also soon became clear that 

the sensor was not capable of detecting changes in flow when a layer of gel was placed 

beneath it. We tried different thicknesses of gel, 2, 1 and 0.5 mm. However none were 

thin enough to enable the detection of flow. Thinner films were achieved but they would 

disintegrate in the flow.  A larger electrode (2 mm disc diameter Pt) was then used to 

assess if it was indeed a probing volume issue. This time the solution flowing through the 

flow cell was saturated with H2, the macroelectrode was simply collecting hydrogen from 

the solution through the gel. In this case H2 could be detected when the thickness of the 

gel was below 1.5 mm. This means that the gel layer limited the detection of H2 to 1-1.5 

times the radius of the electrode. with our sensor this would have meant producing a layer 

of gel that was between 25 and 50 μm thick. Detecting flow beyond the practically 

achievable gel layer thicknesses is therefore not possible with the sensors used. Larger 

sensors with larger probing volumes would have to be made but this fall outside the aim 

of the project. So our investigation of gels as tissue mimicking materials was abandoned.  
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5.5.2 Porous media and tissue scaffolds 
Materials and methods 

Three types of porous materials were used in this study 

• Polyurethane foams 

• Melonin 

• Dialysis tubing  

 

Pure polyurethane reactive foams of different concentrations were donated to us 

by The Regenerative Medicines and Nanotechnologies group at Imperial College (Dr 

Stevens) see Fig 5.21.  

  

 

Figure 5.21: (A) Photographic and SEM imaging of direct reactive polyurethane foams.  

(B). The porous structure is observed more closely using SEM. The imaging reveals that 

the nanocomposite scaffold had an interconnective porous structure (mean pore size = 

151µm ± 3.6 µm) 

 

Melolin consists of a highly absorbent cotton and polyester fibers. Melolin is used 

in wound dressings to absorb the exudate released by the wound. When wet this material 

is quite dense as a result of the fibers swelling and obstructing the pores. The use of this 

material in wound care was the main motivation for working with it. 

Dialysis tubing is a type of semi or partially permeable membrane tubing made 

from regenerated cellulose or cellophane. They are used to monitor the chemistry of the 

extracellular space in living tissue. They are designed to mimic a “blood capillary” in that 

they absorb components of the extracellular fluids as a result of concentration gradients 
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(189). Bundles of tubes all oriented perpendicular to the flow were used in these 

experiments, they provided a complex matrix of pores and permeable membranes through 

which solutions could flow. 

 In these experiments the tissue mimicking material could be placed directly in the 

flow field without being displaced or damaged. A schematic of the flow cell is shown in 

Figure 5.22. 

 

 

 

 

 

 

 

Figure 5.22: Schematic representation of the flow cell with a layer of porous material 

placed below the sensor.  

 

The sensor was placed a quarter of the way down the tube so it was surrounded 

from all sides by foam. The sensor is therefore probing the flow within the material. A 

pump drives the solution through the flow cell which also contains a reference and 

counter electrode placed in the fluid downstream of the sensor. 

 

Results and discussion 

 Figure 5.23 show the effect of increasing the flow rate on the collection efficiency 

for different materials. As the flow increases the CE decreases, however the relative 

value of the CE for different materials is different. The CE is low in porous materials 

because most of the H2 is being washed away and therefore less is being collected. In less 

porous materials, the H2 is less mobile and more is being collected which increases the 

CE. Figure 5.24 further highlights this point by showing the response of the sensor in two 

polyurethane foams of different porosity. The effect of flow is clear and the different CE 

level as a result of material porosity is relatively constant for different flow rates.  

 

Fluid flow 

Ag/AgCl  

Counter  

Sensor  

Foam  



Chapter 5   Convection 

 182

 

 
Figure 5.23: Change in collection efficiency with flow for a sensor placed in materials of 

different porosity. The sensor used is a 50 μm diameter operating is the disc generating 

mode. 

 
Figure 5.24: Change in collection efficiency with flow for a sensor placed in two 

polyurethane foams of different porosity. The sensor used is a 50 μm diameter operating 

is the disc generating mode. 
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5.5.3 Conclusion 
Tissue mimicking materials were used in this section to investigate the response 

of the sensor in an environment that is close to what we expect to encounter in tissue. 

Gels were not suited to this investigation because they were too dense and 

decomposed under the effects of flow. Larger sensors would have been capable of 

detecting flow beyond the practically achievable gel thickness, however using larger 

sensors is not the aim of this thesis. 

Flow measurements in foams and porous media were achieved. A large range of 

flow rates were measured in different porous materials. From these measurements we 

find that the collection efficiency is low in porous materials whilst in less denser 

materials the collection efficiency is higher. 

 This investigation presents the potential of the sensor in monitoring flow in 

complex structures something which is currently beyond the reach of more classical 

techniques such as MRI and ultrasound.  

  

 5.6 The hydrogen wash in / out technique 
The hydrogen wash in/out technique is a well established tissue perfusion 

measurement technique also referred to as the hydrogen clearance technique. It was first 

established in 1964 by Aucland et al (190) although earlier work by Kety and Schmidt in 

1945 had pioneered the idea of introducing an inert gas (i.e. nitrous oxide) into the brain 

to monitor blood flow (36). Since then the hydrogen wash in/out technique has been used 

extensively and has significantly contributed to our understanding of microscopic blood 

flow. Young has written a good review of the technique and its numerous applications 

(191). This technique has mostly been used on animal models but can be used in humans 

if properly setup. 

The basic concept of the technique is to polarographically monitor the arrival and 

departure of a bolus of hydrogen through tissue. To do this, a platinum electrode is placed 

in the tissue of interest. Hydrogen is then introduced into the breathing air of the animal 

or dissolved H2 is injected intravenously. The potential of the electrode is set sufficiently 

positive to oxidise all the H2 that comes into contact with its surface (i.e. 0.2 vs 

Ag/AgCl). As the H2 arrives in the tissue, the electrode current will rise; this is the wash 
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in curve. When the current at the electrode reaches a steady state the hydrogen supply is 

turned off and the current drops; this is the wash out curve.  

Because of the similarity of this well established technique with the one we have 

developed, we are able to use the same sensor to preform both our measurements and the 

H2 clearance measurement. Only the disc electrode is used for the hydrogen wash in 

method. As the sensor is not changed, one measurement can be made after the other, thus 

the location of the measurement is the same and the comparison is very accurate. 

 

5.6.1 Materials and methods 
 The experimental setup is the same as in the previous section, the electrode 

arrangement in the flow cell is shown in Figure 5.22 The only notable addition to the 

experimental protocol is the preparation of H2 saturated solutions. Initially this was done 

electrochemically by passing a substantial current through a large Pt mesh working 

electrode to an equally large Pt counter electrode. This was done in a cell with two 

barrels separated by a frit, which was used to limit the mixing of the solutions and the 

gases. In practice however this did not work well and mixing of the solutions took place. 

In addition due to the high currents used and the KCl present in solution chlorine gas was 

being produced at the anode.  

Better results were achieved by bubbling H2 gas through KCl solutions using a 

gas collection jar. Different bubbling times were investigated, 30 min being the most 

effective. Despite thorough sealing of the collection jar, the concentration of H2 in 

solution was variable and the solutions had to be used soon after the bubbling.  

 

5.6.2 Results and discussion 
 H2 wash in/out technique is characterised by a wash in period followed by a wash 

out period. In the wash in section the current rises sharply then plateaus as a result of H2 

arriving then saturating the tissue in which the electrode is placed. During the wash out 

section the current drops back to zero because the supply of H2 has been shut. Figure 5.25 

shows a typical hydrogen wash in and the subsequent wash out curve for the arrival and 

departure of hydrogen from a tissue mimicking material. Two flow rates were 

investigated: 5 and 1 ml/min (see label on the graph). One can see the influence of flow 
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rate on the amplitude of the current as well as its influence on the steepness of the wash 

in and wash out curves. With increasing flow rate the current amplitude increases, which 

indicates that more H2 is reaching the electrode. The shape of the wash in and wash out 

curve also helps to describe the effect of flow rate. A slower wash in and wash out is 

characteristic of slow flow rates whist a faster one is characteristic of high flow rates. We 

have to note however that the curve shown in Figure 5.25 never reaches a steady state. 

We find that the current rises then drops rather than reaching a plateau, we believe this is 

due to the H2 diffusing out of the solution.  

Quantifying the level of flow from these curves is possible and can be done in a 

number of theoretical ways (39). Greenbaum provides one of the most experimentally 

relevant methods (192). It relies on the method of moments to quantitatively describe the 

wash in curve and does not require a steady state to be achieved. This decreases the time 

needed for each experiment but also it makes possible measurements of perfusion in very 

ischemic tissue where achieving a steady state H2 current is notoriously difficult. 
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Figure 5.25: Typical hydrogen wash in/out curve for a Pt electrode placed in a 

polyurethane foam. The peak on the left is for a flow rate of 5 ml/min, whilst the peak on 

the right is for a flow rate of 1ml/min. Each peak can be broken down into two parts (1) 

the wash in period during which the H2 is introduced into the system, this section of the 

curve is characterised by a rise then a steady state current plateau. (2) The supply of 

hydrogen is turned off and the wash out curve is observed, during which the H2 is 

removed from the vicinity of the sensor. The sensor used had a disc diameter of 50 μm.  

 

 In Figure 5.26 the influence of material porosity on the H2 wash in measurement 

is investigated with two polyurethane foams of different densities. As with our sensor we 

expect this method to be able to distinguish between materials of different porosity 

because the porosity of the material would influence the mass transport within it. This is 

the case, for a porous material the amplitude of the wash in curve is high and the rise is 

steep. Whereas for a less porous material the maximum current reached is lower and the 

rate of wash in and wash out is much slower. This technique is therefore also capable of 

detecting differences in material porosity. The tissue analogy of a porous material is one 
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where many blood vessels are carrying blood and the transport of nutrients and 

metabolites is fast. A less porous material would represent a tissue where blood flow is 

impaired. 

 
Figure 5.26: Hydrogen wash in/out curves for two foams of different density. The flow 

rate was 5ml/min and the sensor used had a disc diameter of 50 μm. 
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It must be said, however, that the hydrogen wash in/out technique has some notable 

disadvantages when compared to the method we have developed. These are: 

• Temporal resolution 

• Introducing hydrogen into the system.  

• Quantifying the measurements 

 

The poor temporal resolution of the hydrogen wash in/out technique is its main 

drawback. Figure 5.25 shows this very clearly, one can see it takes 1500 s for two 

measurements to be made, this sort of time scale is well beyond the biological response 

timeframe and as a result key events are not seen when this technique is used to monitor 

perfusion. 

 The delivery of hydrogen into the tissue is another problem. Firstly because of the 

risks associated with handling large quantities of the gas. Secondly the arrival of blood is 

impaired in poorly perfused tissue and as a result the arrival of hydrogen will also be 

impaired. Reaching a steady state current value is also affected by the delivery of 

hydrogen as seen in both Figure 5.25 and 5.26. In some cases measurements are not 

possible because H2 never makes it to the electrode. It is precisely in these tissues that 

measurements of perfusion would be most informative.  

 Quantifying the measurements made in terms of blood flow is somewhat 

contentious using the hydrogen wash in/out technique. The approximations used to 

estimate blood flow from the wash out curves are not always true. Namely the 

assumption that arterial H2 concentration is zero and that the wash out is exponential 

when it is often polyexponential. As a result misleading data are sometimes reported 

(192).  
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5.7 Conclusion 
 Characterisation of the ring-disc microelectrode under controlled convective mass 

transport have been carried out in this chapter. A number of different flows were 

investigated, namely: impinging jet flow, pipe flow, pulsatile flow and flow through 

porous media.  

In all flow regimes the collection efficiency of the sensor is seen to decrease as 

the flow rate increases. This is because less of the generated species is able to reach the 

collector since it is being washed away. 

The dimensions of a sensor will influence its response to flow. Each sensor has a 

dynamic range beyond which changes in flow are indiscernible. By carefully choosing 

the dimensions of a sensor, it is possible to maximise a detection range of the sensor. In 

addition by using the ring or the disc as generator, it is also possible to study different 

aspects of the flow regime. This makes efficient use of the intrinsic differences in shape 

between the two electrodes that make up the sensor. 

The response of the sensor to changes in flow is rapid, on average the steady state 

is reached 20 seconds after the flow rate has been changed. The effects of current density 

on the measurements were also investigated. We found no significant change in the 

response to flow or detection range for different electrode fluxes. However the collection 

efficiency reaches higher levels when in the diffusion limiting case than in the rate 

limiting case.  

The response of the sensor to porous materials, a model for tissue, is good. 

Materials of different porosity can be differentiated by the sensor in the form of changes 

in the collection efficiency. 

Finally we attempted to compare some of the measurements made with the ring-

disc microelectrode with another perfusion measurement technique; the hydrogen wash 

in/out technique. We found that this technique is able to perform similar flow 

measurements to the ones made with our sensor. However some significant limitations 

exist with the method (poor temporal resolution and safety). Such limitations are not 

encountered with the ring-disc microelectrode and therefore help to emphasise its 

potential. 
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Mass transport measurements in vitro 
 

 

 

 

 

 

 

 

 

_______________________________________________________________________ 

The work described in this chapter pertains to the use of the sensor in vitro. In the 

first part the work done to prepare the sensor for use in vitro is describe. The tissue 

response to the sensor as well as the response of the sensor to the tissue is 

considered. In the second part we present measurements made in rat, rabbit and 

human tissue as well as a short study of tissue perfusion using the perfused rabbit 

ear model. These measurements are used as a proof of principle of the sensor and 

the tissue perfusion measurement technique developed throughout this thesis. 
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6.1 Preparing the sensor for use in vitro    
6.1.1 Biocompatibility and fouling 

The tissue perfusion sensor developed is an invasive sensor, in that it has to be 

inserted into the tissue of interest to perform the measurements. This has a number of 

consequences, one has to consider the effect the sensor has on the tissue as well as the 

effect the tissue has on the sensor. We start by considering the influence the sensor may 

have on the tissue. 

 When an object is inserted into tissue it will have to displace or slice through 

cells, blood vessels and connective tissue (see Fig 6.1). This can result in damage to the 

tissue, which in turn can lead to a forced or unnatural cellular response (193). The 

measurements made following this are stimulated and are not representative of 

physiological circumstances. In practice after a sensor is introduced into tissue it is left to 

sit before any measurements are made, this is referred to as equilibrating the tissue to the 

sensor (194). If the sensor is too large, the tissue surrounding it may never behave 

normally. Research in this field has focused on the damage caused by stab wounds (195) 

or needles wounds (196,197). More recently, the effects of placing electrodes or 

microdialisis tubing into tissue have been studied and were shown to cause oedema and 

disruption to the microcirculation (198-200). The work of Adrian Michael provides a 

good overview of the subject and further highlights how inserting a sensor into tissue can 

lead to erroneous measurements (201). For our application, there are two key findings in 

this body of research. The first is that if the object is smaller than 200 μm then the 

damage to tissue is restricted to the cells directly adjacent to the sensor. The other 

important finding is that if the object has a sharp tip, the damage is far greater than if it 

has a rounded tip. 

The sensors we have produced have diameters well below 200 μm, thus alone 

they should cause limited damage when inserted into tissue. However, manipulating a 

sensor of the order of 25 μm is not an easy task and as a result the sensors have to be 

encased in a stronger and unfortunately larger housing. Usually electrochemical probes of 

this size are encased in glass capillaries, with the wire either left protruding from the 

glass tip or polished flat. However, for the versatile applications for which the sensor is 

currently being used, this arrangement would not be rugged enough. We have found that 
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the most suitable housing for the sensor is a hypodermic needle, which is familiar to 

medical personnel and patients. The manufacturing process described in Chapter 2 

remains the same only the sensor wire has to be insulated to prevent it from being short 

circuited by contact with the needle. Figure 6.2 shows a sensor encapsulated into a 

hypodermic needle. The use of needle sensors will cause damage to the tissue. However 

if the needle has a rounded tip and is inserted delicately the damage can be minimised as 

highlighted in Fig 6.1. 

 
Figure 6.1: A transverse section of tibialis anterior muscle stained with haematoxylin and 

eosin at 100 magnification. The track of the electrode in the centre of the field is 

surrounded by minimal cell damage. There is slight distortion and extravasation of blood 

cells around the electrode (192). The electrode was placed in a 23 gauge needle.  

 

 

 

 

 

 

 

 

Figure 6.2: Sensor encased in a hypodermic needle. 
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We now consider how the tissue may damage the sensor. When inserted into 

tissue the sensor will face two types of cellular response; biocompatibility and fouling. 

Both have negative consequences on the measurements and should be addressed. The 

subject of sensor interactions with tissue has been well reviewed by Frost and Meyerhoff 

(202) as well as Wilson and Gifford (203). 

Biocompatibility refers to the defence mechanism our body has developed to 

protect itself from foreign bodies. When a foreign object enters the body it is rapidly 

surrounded by albumin and fibrinogen (204). These will form a small semi permeable 

barrier but also signal the presence of the foreign object. Immunogenic cells will then 

gather around the object to try and break it down chemically. If this does not succeed, 

they signal for a collagen encapsulation to take place. This has the effect of chemically 

and physically isolating the object from the surrounding cells. Eventually blood vessels 

will form around the encapsulation to maintaining the encapsulation indefinitely (see Fig 

6.3). For our measurements, such an outcome would limit our perfusion measurement 

capabilities because the volume probed would encompass the fibrous encapsulation (i.e. 

fibrous layer are typically 20 μm thick after 3 weeks (205)). 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: Steps that lead to the encapsulation of a sensor as a result of the response of 

the tissue to foreign objects. Leukocytes appear on the sensor within hours and are soon 

followed by phagocytosis events, fibrous encapsulation and new blood vessels appear 

within a week. Taken from ref (202) 
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 Fouling is a phenomenon that is particular to electrochemical sensors as it relates 

to the blocking of the electrode surface by protein and lipids or their absorption onto the 

surface (206-208). The main effect of fouling is to reduce signal strength. The factors that 

influence fouling are electrode material, electrode geometry, applied electric field and the 

surrounding environment (209). Despite extensive studies of the subject not all the 

aspects of fouling are understood (202,203,210). What is clear, though, is that eventually 

a sensor will foul, it is important therefore to be able to delay this inevitability. 

 Biocompatibility and fouling may have up to three effects on the response of the 

sensor (i) altering the diffusion coefficient of species reacting at the surface, (ii) influence 

the conductivity of the electrode and (iii) change the electrocatalysis properties of the 

sensor.  

To investigate these effects the sensors were subjected to albumin (bovine serum) 

as a surrogate for tissue. Methods of protecting the sensor from the biological 

environment were also investigated.  

 

The fouling of the electrode surface by albumin 

Electrode surface chemistry is recognised to play a central role in fouling. 

Throughout this thesis we have systematically acid cleaned our electrodes by potential 

cycling from 1.5 to -1.5 V in 0.5M H2SO4 for 15 min, followed by 15 min at -1.5 V. The 

end result of this process is to leave the electrode surface clean (211). 

To investigate the effect of the cleaning process and the protection it could 

provide against fouling, sensors were scanned in 1M PBS solution with 4% albumin. This 

involved cyclic voltammograms for 1 hour between the generation and collection 

potentials of hydrogen (i.e. -1.5 and 0.3 V). Albumin is the main protein of blood plasma 

and provides a suitable alternative to blood for testing the fouling of sensors. The cyclic 

voltammograms for a 125 μm disc in albumin solution is shown in Figure 6.4a. where the 

current level is seen to drops with time. There are three reasons that could explain the 

drop in current: 

• A shift in the reference electrode 

• Impaired mass transport 

• Slowing down of the surface kinetics 
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Since we do not drive the H2 reaction to mass transport limiting levels, we cannot tell 

from the data in Fig 6.4a which is the source of the shift. 

To investigate the causes of the drop in current seen in Fig 6.4a, we ran cyclic 

voltammograms with the sensor in albumin solution which contained either 10 mM 

Ru(NH3)6
3+/2+ or 10 mM Fe(CN) 6

4-/3-. If the drop in current is due to the shifting of the 

reference electrode, then a shift in E0 should be seen. If it is a mass transport issue, then 

the limiting current of both species should drop. If it is a kinetic issue, then the peak 

separation should change. The results are shown in Figure 6.4.b for Fe(CN)6
4-/3-

 and 6.4.c 

for Ru(NH3)6
3+/2+. 
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Figure 6.4: Repeated cyclic voltammograms in solutions containing 4 % albumin in 1 M 

PBS. Scan rate was 0.05 V/s and the sensor had a disc diameter of 125 μm. (a) Hydrogen 

is being generated. For plots (b) the solution also contains 10 mM Fe(CN)6
4-/3-, (c) the 

solution contains 10 mM Ru(NH3)6
3+/2+. Black arrow shows the shift in the peak current 

with successive cyclic voltammograms. 
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From Fig 6.4 one can deduce that the decrease in current observed is not due to the 

voltage at the reference electrode drifting to more positive value. This is established by 

monitoring the formal redox potential which does not change significantly when either 

Ru(NH3)6
3+/2+ or Fe(CN)6

4-/3+ is used. Scans in Fe(CN)6
4-/3-

 show a clear decrease in 

current Fig 6.4 b. With successive CVs, the peak to peak separation is increasing and 

therefore the kinetics of the reaction are becoming more sluggish. When Ru(NH3)6
3+/2+ is 

used as the redox couple, the diffusion limiting current increases slightly and the peak 

separation does not change. Mass transport can therefore be rule out as the cause for the 

decrease in the current at the electrodes. The cause therefore appears to be kinetic. From 

the work of Guo et al. it is know that albumin binds irreversibly to Pt to form a uniform 

monolayer (212). They also suggest that the absorption of albumin is enhanced by 

positive potentials. Our investigation would tend to suggest that the redox species and its 

binding site on platinum are also important considerations. This helps explain why 

fouling is observed when generating H2 but not when using Ru(NH3)6
3+/2+. 

 Further investigation into the effects of albumin on the sensor is presented in 

Figure 6.5 In this experiment, cyclic voltammograms were performed on the electrode for 

12 hours in a solution containing 4 % albumin with 10 mM Ru(NH3)6 
3+/2+ in 1M KCl. 

Monitoring the current at the start, middle and end of the cycling shows that initially the 

current drops but eventually stabilises. This is the case for both Ru(NH3)6 
3+/2+ and H2 

generation currents. It seems that the initial two hours of the immersion in albumin are 

most detrimental to the current response. However beyond this the electrode current is 

stable for hours (tested up to 16 hours). With this in mind it is possible to design an 

experiment in such a way that the sensor can be acclimatised to the tissue environment 

before any measurements are made, thus limiting the effects of fouling.  
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Figure 6.5: Effect of albumin on the current voltage response of a 50 μm disc electrode 

cycled for 12 hours at a scan rate of 0.1 V/s. The solution consisted of 10 mM Ru(NH3)6 

3+/2+ in 1M KCl with 4 % albumin. (a) Close up of the Ru(NH3)6 
3+/2+ current voltage 

response at different times, red trace is the first scan, green trace is after 6 hours and blue 

trace is after 12 hours (blue and green trace overlap). (b) Close up of the hydrogen 

generation current with time. 

 

The results presented above provide a simple way of dealing with albumin. 

However when placed in living tissue or in contact with blood for significant length of 

time (i.e. hours) the sensor will be faced with a multitude of other foreign body 

responses. These have been shown to significantly deteriorate electrode current 

responses, it is therefore most likely that the sensor will have to be actively protected. 

There are many methods used to overcome electrode biocompatibility and fouling issue, 

namely surface modification, local drug delivery or membrane coating. In our case the 

most suitable method is to coat the sensor with a semi-permeable membrane. These have 

been shown to prevent protein absorption and favour positive cellular responses (i.e. cell 

growth), whilst allowing smaller molecules (i.e. H2) to reach the electrode surface. As 

(b) 

(a) 
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well as improving the selectivity of analytes, membranes can also be engineered to 

improve biocompatibility. To this effect four coating materials were studied: 

• Polyvinyl-chloride 

• Nafion 

• Poly(sodium 4-styrenesulfonate) poly-L-lysine 

• Poly-ethylene-glycol 

These coating material were selected because of their reported success in dealing with 

fouling (213-228). The outcome of this investigation is not presented in this thesis 

because the results drawn were conflicting and difficult to interpret. It was found that 

adding a membrane to the electrode resulted in a drop in current and a drop in collection 

efficiency. When the coated sensors were subjected to albumin the current and collection 

efficiency increased. The increase in current and CE when subject to albumin is hard to 

interpret as it suggests that the mass transport of the species involved in the reactions has 

improved as a result of the albumin. Membrane thickness and geometry was also hard to 

quantify and therefore reproduce. Unfortunately not enough experiments were carried out 

to assess the reproducibility of these measurement, and draw adequate conclusions. 

 For the initial application of the sensor, membrane coatings would be useful but 

not crucial. It has been shown that the sensor can cope with the presence of proteins for 

hours as long as the sensor is “acclimatised”. The biocompatibility and fouling 

mechanism present in tissue is strongly dependent on the foreign body response, this 

however only occurs in intact organisms. The initial applications of the sensor are in 

excised tissue and organs through which buffer not blood is being pumped. As a result it 

is likely measurements with the sensor will be possible for hours before the current 

responses begin to decrease significantly. 

 

Potentiostats and galvanostat    

As well as considering how the sensor should be packaged and protected from the 

tissue, the potentiostats and galvanostat needed for the measurement should also be 

suitable for use in medical application. The biggest risk is passing a high current through 

the patient. Thankfully the low currents involved in electrochemical measurements mean 

this is not really a consideration, nevertheless to stay on the safe side the potentiostats and 
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galvanostat are designed with a floating ground, which can be connected to an insulated 

trolleys. The instruments is connected to a laptop PC via an analogue to digital converter. 

The manufacturing of the potentiostats and galvanostat was done by GBE designs 

Ltd.(UK) according to our specifications (see Fig 6.6). 

     
Figure 6.6: Picture of the first prototype of the two potentiostats and galvanostat.  

 

Hydrogen reaction 

 The sensor relies on the electro-generation and collection of hydrogen gas to 

operate. The mechanisms involved in this process were described in Chapter 1. In this 

section we revisit these with particular focus on the consequences of inducing such 

reactions in tissue. 

Variations in water concentrations around the sensor would influence the 

generation of hydrogen; low concentrations being most problematic as they result in low 

signal levels. Fortunately, despite changes in water concentrations in tissue the levels 

never drop below molar concentrations. At such concentrations, generating hydrogen is 

not limited by water concentration but more commonly by bubble formation. We can be 

confident that water concentration is not a concern. With regards bubble formation, the 

hydrogen generation is limited to levels that fall below the onset of bubbles. Bubbles are 

clearly noticeable on cyclic voltammograms traces as high amplitude current fluctuations. 

Usually this occurs beyond -1.5 V on the disc and a bit earlier on the ring. 

An important consideration with regards to the reactions occurring at the 

electrodes is to assess how they may change the pH of the tissue. This happens because 



Chapter 6  In vitro 

 201

of the production of OH- molecules at the generator. Of course the collector reverses this 

reaction but does not collect all the product, thus there is a net increase in OH- around the 

sensor, which will increase the pH. At the generator’s counter electrode oxidation 

reactions are taking place, their exact nature cannot be accurately described but the most 

likely products are oxygen, chlorine and protons. If the two electrodes are close together 

the production of H+ ions at the counter should balance the OH- products from the 

generator. Placing the working and counter electrodes in close proximity may not always 

be feasible however. 

Equally as important to consider is the pH levels in tissue and the effect this may 

have on the generation. At low pH the excess presence of H+ ions means H2 can be 

formed without splitting water. At high pH, water has to be split. The governing reactions 

at low pH are: 

 

2H+ + 2e-            H2 

Or  

2 H3O+ +2e-                H2 +2H2O 

 

whilst in neutral and basic solutions the following reaction prevails: 

 

2H2O +2 e-           H2 +2OH- 

 

The normal physiological pH value in tissue is 7.4, in ischemic situations tissue 

pH can drop (pH 6). The drop in pH is mainly caused by carbon dioxide build up, which 

is metabolised as carbonic acid. It is likely that our sensor will be used in tissue that is 

ischemic as well as in healthy tissue. Changes in pH are therefore likely to occur in the 

vicinity of our sensor. The effect of changing the pH near the sensor was investigated by 

measuring the collection efficiency in solutions of different pH. Figure 6.7 shows how 

the collection efficiency changes when pH changes. The potential applied to the electrode 

was constant -1.1 V. As the pH goes from 5 to 8 the collection efficiency drops by 5%. 

The transition from one reaction to the other is clearly seen. We believe the change in 

collection efficiency is due to the difference in diffusion coefficient of water and 
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hydrogen ion. Changes in pH in tissue occur more slowly than changes in blood flow, 

thus it may be possible to overlook the effects of a change in pH which would appear as a 

shift in the baseline CE value. Also large changes in pH occur only in extreme cases of 

tissue trauma. Still, this issue is worth bearing in mind.  
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Figure 6.7: Change in collection efficiency with solution pH for a fixed applied potential 

of -1.1 V. Sensor used has a disc diameter of 125 μm. The trace shows averages and 

range n=3.  

 

6.1.2 Conclusion 
 The work done to prepare the sensor for use in vitro has been presented. This has 

involved investigating the effects the sensor will have on the tissue and the effects the 

tissue will have on the sensor, the so called fouling and biocompatibility issues.  

When the sensor is left in an environment containing albumin it will eventually 

succumb to fouling. However, after being subject to albumin for two hours the drop in 

current is limited and remains stable for up to sixteen hours. 
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We have also shown how the sensor and instrumentation are packaged in order to 

limit the influence of the measurement on the tissue and patient.  

 

6.2 In vitro experiments 
The following sections describe the application of the ring-disc microelectrode in 

biological tissue for monitoring tissue perfusion. These experiments showed that the 

sensor is capable of measuring cellular level perfusion in a continuous fashion. The 

experiments also highlighted some of the unique features of the sensor discussed 

throughout this thesis. 

Two types of experiments are presented; the first shows the sensor response to 

different types of tissue, the second shows the sensor being used to monitor perfusion in 

perfused rabbit ears. 

 

Krebs buffer 

All experiments with tissue used Krebs buffer to maintain the tissue and cells alive. To 

make a litre of Krebs buffer the following chemicals were combined into a volumetric 

flask: 

6.84 g NaCl 

0.35 g KCl 

0.3675 g CaCl2.2H2O 

0.144 g MgCl2 

0.166 g NaH2PO4H2O 

2 g Sodium carbonate 

2 g Glucose 

The solution made was then continuously bubbled with 95 % O2 and 5 % CO2. 

 

6.2.1 Rat, rabbit and human tissue 
In this section we present the measurements of mass transport made with the 

sensor in different tissue types. Rat, rabbit and human tissue were tested and showed 

good response. In these experiments no convection is present; instead the sensor is 
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measuring diffusion of H2 through the tissue. These experiments serve two purposes; first 

they prove the sensor can work in different tissues and secondly they provide 

measurements of collection efficiency in a large variety of tissues. The level of collection 

efficiency measured in these unperfused tissues is the maximum value expected for that 

particular tissue. Once convection is present in the tissue, the measured CE will be lower. 

A database of CE values is thus being compiled, it will serve as guidance for subsequent 

experiments where the tissue is perfused. 

 

Rat and rabbit tissue 

The rat and rabbit tissue were acquired from Imperial College animal house, the 

organs and tissue samples required were delivered in oxygenated Krebs buffer. In general 

the organs (liver, lung, heart and kidney) were cut into sections and the tissue samples 

(fat, muscle, connective, epithelial etc.) were placed in a large Petri dish containing Krebs 

buffer which was continuously bubbled with 95% O2 and 5% CO2. The buffer covered ¾ 

of the samples. Needle sensors were used in these experiments along with an Ag/AgCl 

wire reference electrode (separated from the solution by an agar seal) and a stainless steel 

needle counter electrode. All the electrodes could thus be inserted into the tissue. It was 

found that the reference electrode needed to be quite close to the working electrode 

(within 1 cm) to limit resistance artefacts. 

Potential steps were used to measure collection efficiencies in the different 

tissues. In these experiments only disc generating cases were considered, the ring 

collector potential was always at 0.2 V. The generator potential followed a sequence of 

50 s at 0.2 V then 50 s at -1.5 V, this sequence was repeated for 3-5 cycles. So for 50 s no 

H2 was generated followed by 50 s when it was. 

The collection efficiency for a sensor placed in rabbits heart muscle and fat is 

shown in Figure 6.8 (a). The current response at the collector is shown in (b) and that of 

both collector and generator are seen in (c). In different tissues the collection efficiency 

response is different although the final or steady state level is similar. Measurements in 

the buffer reach a steady state fastest followed by, the heart muscle tissues and then the 

fat. The time needed to reach steady state is dependent on the diffusion of H2, slower 

diffusion coefficients will lead to a slower CE steady state response. The current 
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responses shown in Fig 6.8(b) and (c) also provide some useful information about the 

environment in which the sensor is placed. In the buffer the level of current at the 

generator and collector are highest. They are lower in the muscle tissues and are at their 

lowest in the fat. This current level is directly related to the water concentration in the 

tissue and contributes further to our understanding of the tissue environment. These 

results also correlate with the model prediction discussed in Section 3.2.2. 

Experiments in rat tissue exhibited comparable and reproducible results in terms 

of collection efficiency and current levels. Unfortunately only a single rat was available 

for the experiments, so we cannot comment about the consistency of these trends in rat 

tissue. 
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Figure 6.8: (a) Transient change in collection efficiency for different rabbit tissues. The 

sensor used had a disc diameter of 125 μm. (b) Transient change in collector current 

(ring) for different rabbit tissues. (c) Transient change in collector and generator currents 

for different rabbit tissues.  

 

 

 

(b) 

(c) 

(a) 

140x10-9 

-2x10-6 
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Human tissue 

 Tests in human tissue were performed in the Blond McIndoe Institute, East 

Grinstead,UK, which specialises in wound care. The tissue was supplied post-operatively 

and was less than a day old. Sections of viable tissue were selected and consisted of the 

epidermis, dermis and sometimes the fat layer (see Fig 6.9). To keep the cells alive, the 

tissue was bathed in Krebs  buffered . Measurements of perfusion were made by placing a 

sensor firmly onto the surface of the tissue. An Ag/AgCl reference electrode and a 

platinum mesh counter electrode were placed in the vicinity of the sensor as sketched in 

Figure 6.9.       

                                 
Figure 6.9: Left hand diagram shows the experimental setup, with the tissue sample 

placed in Krebs. The sensor was firmly positioned onto the surface of the skin layer being 

investigated, Ag/AgCl and platinum mesh counter were placed in the solution. Right 

hand diagram shows a schematic representation of the different layers of human tissue, 

the epidermis, dermis and the fat.  

 

Before starting the measurements in tissue, cyclic voltammograms were 

preformed to assess if the buffer interfered with the recordings. We found no indication 

of electro-activity at the potentials at which the collector and generator were set. 

The collection efficiency values obtained for different skin layers are shown in 

Figure 6.10 (a). On the epidermis the CE is high, significantly higher than in solution. 

Fat 

Sensor 
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Taken alone this measurement indicated that hydrogen is not diffusing easily in this 

tissue. Measurements in the fat / dermis layer, on the other hand, display CE values that 

are a few percentages higher than those obtained in the buffer. This indicated that 

hydrogen diffuses readily in these tissues; almost as well as in aqueous solution. 

Figure 6.10 (b) shows the currents obtained at the collector and generator 

electrodes when the sensor was placed either on the epidermis or the dermis / fat layer. 

We can clearly see that when measurements are made in the buffer, the current values are 

high. These then drop both for the dermis and the epidermis. The currents are particularly 

low for the epidermis layer. These low currents indicate lower water concentrations in the 

tissue, despite the skin being submerged in buffer.  

Not only do we see that the different layers of skin alter the way in which H2 

diffuses, we find that the water content of the different layers changes and is much lower 

than in the buffer. In the animal tissue experiments, we showed there were differences in 

electrode currents between the tissues and the buffer, but not to the extent that we see 

with the human epidermis and to a degree the fat /dermis layer. The lack of freshness or 

the impermeable nature of the skin may be to blame.     
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Figure 6.10: (a) Collection efficiencies measurements for different layers of human skin. 

The sensor was a 50 μm disc diameter sensor. Disc generating mode. (b) Variation in 

electrode current in the different layers of human skin. Measurements were made with a 

50 μm disc electrode. Note absolute electrode current are plotted. Error bars shows the 

range of five trials. 

 

The Blonde McIndoe Institute specialises in burns and their treatment. We 

therefore investigated the effects of scalding the tissue on the collection efficiency 

(a) 

(b) 
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measurements. The scalding was done by dipping bits of tissue into boiling water, usually 

for no longer than ten seconds. The measurements of collection efficiency in scald and 

un-scaled tissue are shown in Figure 6.11. We see that once the tissue is scald the 

collection efficiency drops both for the epidermis and the dermis layer. The current 

values for both collector and generator are seen to rise after the scalding (see Fig 6.11). 

These measurements indicate that after scalding the tissue H2 and water can diffuse more 

easily. We believe this is because the proteins and structure of the tissue have been 

denatured by the scalding, the barriers to motion are therefore less important and the H2 

and water can move around more freely. 
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Figure 6.11: (a) Variation in collection efficiency for the different layers of tissue and 

the effect scalding the tissue has on the measurement. (b) Collector (ring) and generator 

(disc) current in different scald and un-scald tissues. The sensor used had a disc diameter 

of 50 μm. Note absolute electrode current is plotted. 

 

6.2.2 Perfused rabbit ear 

The perfused rabbit ear is a model that is often used to study perfusion and the 

microcirculation (229-234). The rabbit ears is a good model because the vasculature of 

the ear consists of a large artery that runs along the centre of the ear before bifurcating to 

(a) 

(b) 
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smaller vessels and eventually dense network of capillaries that cover the ear. The 

presence of large and small scale blood vessels means complex blood flow conditions can 

be studied using the ear (i.e. pharmacology, vasodialation/constriction, ischema, 

perfusion etc. (229,230,233,234)). Figure 6.12 shows a schematic of the rabbit ear 

vasculature and close up pictures of the capillary beds.  

 
Figure 6.12: (a) Drawing of main features the rabbit ear vasculature, dorsal view. Black 

solid vessels represent arteries, veins are in white. Rectangle on the right indicates the 

area in which fig 6.12(b) was taken. (b) Cast of the vasculature in the ear of an adult 

rabbit. A refers to arteries, V to veins, the scale bar represents 100 μm (taken from (235)). 

 

The ears were removed from five dead New Zealand white rabbit of varying ages 

(the rabbits were being killed for other experiments). Once removed, the main artery was 

cannulated so that Krebs buffer could be pumped through the ear. Krebs was flushed 

through the ear as soon as possible to prevent coagulation of the blood and blocking of 

the vessels. When the Krebs was first flushed through the ear, the displacement of the 

blood was clearly seen and served as a good visualisation of state of the vasculature. 

Figure 6.13 shows pictures of the experimental arrangement and details of the location of 

the sensor in the ear. 
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Figure 6.13: Pictures of the rabbit ear in the experimental setup. The location of the 

sensor, reference, counter electrodes and cannula are highlighted.  
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 Hydrostatic pressure was used to force the buffer through the vasculature of the 

ear rather than a pump, as it was easier to maintain an accurate pressure. A 1 L flask was 

placed at predefined heights. The Krebs buffer in the flask was bubbled with 95% O2 5% 

CO2. A 2 mm diameter tubing was used to connect the flask to the cannula. A long 

section of this tubing was submerged in a heating bath upstream of the ear, so that the 

solution entering the ear was close to 37 °C. The small diameter of the tubing was useful 

as it meant there was only a relatively small volume of fluid between the flask and the 

ear. Two three-way valves were also placed at different locations in the flow rig, to allow 

more flexible access to the tube (i.e. for removing bubbles in the tubing, injecting 

solutions etc.) 

The experiment consisted of measuring the change in collection efficiency with 

changes in the pressure head of the perfusate. Hydrogen wash in/out curves were also 

collected using the disc electrode at the same location in the ear (the sensor was not 

moved). The range of pressure heads was from 150 to 22 mm Hg, systolic and diastolic 

pressures in the rabbit ear are reported as 110/80 mmHg (236).  

Collection efficiency measurements were relatively easy to make, and changes in 

pressure were easily detected. Figure 6.14 shows a typical collection efficiency trace, 

where the effects of changing the perfusate pressures are clearly seen. As we have come 

to expect, the collection efficiency drops with increasing pressure. In Figure 6.14.a the 

pressure is increased then decreased in steps. Each time the pressure is changed, the CE 

responds accordingly. The time scale of the response is worth considering. This response 

is not a sensor response, which occurs over milliseconds. The delayed response to a 

change in pressure is caused by the latency in the ear vasculature. The measurements 

were made in capillary beds, at the extremity of the vascular tree. It takes time for 

pressure changes in the main artery to be reflected in the capillaries and longer still for 

tissue perfusion to change beyond the capillaries. Other physiological events may also 

contribute to the delay such as vasodilatation or contraction. This is because the tissue is 

living, the ear cannot therefore, be considered as a passive network of vessels. Figure 

6.14.b shows this response in more detail. It takes around 60 s for the majority of the 

change in CE to occur when the pressure is changed from 70 to 22 mm Hg. The ripples 
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observed in the trace could be electrical noise, or they could be due to small scale mass 

transport variations in the vicinity of the sensor. 
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Figure 6.14: (a) Changes in collection efficiency due to changes in perfusate pressure. 

Measurements are made in a perfused rabbit ear with a sensor with a 50 μm disc 

diameter. (b) Close up of the change in collection efficiency when the perfusate pressure 

is decreased from 70 to 20 mm Hg. 
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 The effects of turning the flow on and off (Figure 6.15) were also investigated. 

When the flow is on, the collection efficiency drops, rising again once the flow is 

switched off. There is some drift in the signal, the cause of this is yet unclear. The time 

response is again very interesting. A slow recovery to high CE values is observed once 

the flow has been turned off. This response then gets faster with successive on/off 

transients. The slow recovery when the flow is turned off is representative of a diffusive 

mass transport. The on transient is faster because of convection.  
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Figure 6.15: Change in collection efficiency as the flow into the ear is turned on and off. 

Green arrows indicate the moment when the flow was turned on, blue arrows when the 

flow was turned off. The sensor had a 50 μm disc diameter. 

 

We also perfused the muscle at the base of the rabbit ear. To do this a catheter 

containing Krebs solution was inserted directly into the muscle, which subsequently 

swelled as it filled with buffer. This type of experiment can only be done once as it is 

very hard to force the solution out of the muscle once it is in. Figure 6.16 shows the 

response obtained. The response is slow and progressive.  
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Figure 6.16: Decrease in collection efficiency following the perfusion of muscle tissue. 

The sensor has a 50 μm disc diameter, the pressure head was 144 mm Hg.  

 

In addition to the collection efficiency experiments, hydrogen wash in 

measurements was performed. This was done to validate the measurement made with the 

collector generator technique and to compare it with a well established tissue perfusion 

measurement technique. The hydrogen clearance experiments were a little trickier to do. 

The main problems were the changing concentration of the saturated hydrogen solution 

and the non-physiological way in which the hydrogen is introduced into the tissue.  

As discussed in Section 5.6.1 the concentration of hydrogen in the saturated 

solution changes even when placed in a sealed glass container. This complicated the 

experiments. The first injections of solution had high hydrogen content but subsequent 

injections had far less. This meant the signals were often low and noisy. 

Another problem encountered relates to the way the hydrogen solution is 

administered to the ear. Using hydrostatic pressure to deliver the H2 solution was taking 

too long to reach the sensor in the tissue. One had to resorte to injecting the solution 

directly into the ear through the cannula. The injection was done slowly but the pressure 

and flow rate are probably higher than physiological values. As a result, the wash in 

curve cannot be used. Typically 2 ml volume of solution were injected. Once the 

144 mmHg 
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injection is complete, the hydrostatically driven flow to the ear is resumed. The resultant 

wash out curve is therefore at physiological levels of pressure and can be used to 

compare with the collection efficiency measurements. Figure 6.17 shows H2 wash out 

curves for two different driving pressures. For high hydrostatic pressures the wash out 

occurs over  

60-70 s. For low pressure the wash out curve is much more drawn out as it takes longer 

for the hydrogen to leave the region surrounding the sensor (i.e. >200 s). These 

measurements confirm the collection efficiency results. We have to note, however, that 

the current levels in the H2 wash out method are rather low and that the temporal 

resolution is poor. 
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Figure 6.17: Hydrogen wash out curves for different prefusate pressures in the rabbit ear. 

Arrows indicate the time at which H2 was introduced into the ear by injecting H2 

saturated solution through a cannula into the main artery. Measurements were made with 

a 50 μm disc electrode placed in of the ear capillary bed. 
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6.3 Conclusion 
In the first part of this chapter, the work done to prepare the sensor for use in vitro 

was presented. The influence the sensor may have on tissue, the damage it may cause as 

well as the influence the tissue may have on the sensor were discussed (i.e. 

biocompatibility and fouling). The steps taken to limit the damage to the sensor and the 

tissue were also investigated. These include packaging the sensor and subjecting the 

sensor to albumin for 2 hours prior to testing. 

In the second part of the chapter, we applied the sensor to biological tissues. 

initially in conditions with no convection. It was found that the sensor is capable of 

detecting differences in tissue water concentration as well as differences in hydrogen 

diffusion. These differences were most noticeable between scald and un-scald human 

tissues. Subsequently the sensor was tested in perfused rabbit ears. In this model, 

convection is present and the sensor was placed in capillary beds where it was able to 

detect a range of changes in perfusate pressure.  

These measurements show that the sensor is capable of detecting changes in tissue 

perfusion in a continuous fashion while simultaneously supplying additional information 

about the state of the tissue.   
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The focus of this thesis has been the development of an electrochemical tissue 

perfusion sensor. Tissue perfusion describes the movement of respiratory gases, nutrients 

and metabolites within tissue. It is a mass transport mechanism that occurs on the cellular 

level. Poor tissue perfusion is associated with a large number of serious health problems, 

yet our understanding of poor perfusion is limited, mainly because current measurement 

techniques do not provide sufficient resolution. 

In this work a novel approach to measuring tissue perfusion was proposed and 

developed. It relies on the electrochemical generation and collection of hydrogen gas 

within tissue. This technique is superior to existing tissue perfusion measurement 

techniques for three reasons: (i) continuous measurement capabilities, (ii) measurements 

on the cellular level and (iii) the use of a diffusible and inert tracer as a marker of 

perfusion. The pair of microelectrodes used to generate and collect H2 are made of 

platinum and have a ring-disc shape with an outer diameter below 150 μm. 

The work presented in this thesis can be divided into four parts, the achievements 

in each part having significantly contributed to the outcome of the work:  

To make these ring-disc microelectrodes a novel fabrication technique was 

developed. This method is based on an inverted cylindrical sputter coater. The machine 

built produced extensive length of “ring-disc” wire which then only needed to be cut to 

the desired length, connected and insulated. The thickness of the coating applied to the 

wire was dense, uniform and accurately controlled. The electrodes produced displayed 

good electrochemical behaviour. Overall this fabrication method is a significant 

improvement on the current techniques used to make ring-disc microelectrodes and the 

possibilities that emerge from this process are noteworthy. 

A number of numerical models of the ring-disc microelectrode under diffusion 

and convection mass transport modes were presented. These models were mainly used to 

inform the design of the electrodes and to probe the behaviour of the sensor under various 

operating conditions. In general experimental measurement shows good agreement with 

the numerical predictions. 

Extensive experimental testing of the ring-disc microelectrode was carried out 

under diffusion and convection mass transport modes. These experiments were designed 

to investigate the mass transport measurement limits of the sensor under conditions that 
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are likely to be present in tissue. It was shown that detailed and precise mass transport 

measurement were possible under a variety of circumstances. The measurement limits 

were shown to be strongly dependent on the size of the electrodes and the way in which 

the sensor is operated (disc or ring generating, level of overpotential use to generate H2 

etc.).  

Finally a selection of in-vitro experiments were undertaken, these were used as a 

proof of concept. Overall these experiments showed that continuous and cellular level 

measurements of tissue perfusion are possible using the method developed, which was 

the aim of this work. The potential use of the sensor to distinguish between tissue types is 

also a significant outcome of this work. The sensor was able to measure changes in tissue 

perfusion within the capillary beds of perfused rabbit ears. A number of measurements in 

animal and human tissues were also undertaken and showed that the sensor was able to 

provide detailed information about mass transport in these tissues as well as a way of 

differentiating between the tissues. 

This work has shown that the ring-disc microelectrode is well suited to 

monitoring tissue perfusion on the cellular level. It now remains to be tested more 

extensively on animal or human models. This is now being undertaken as part of the 

commercialisation partnership with IPSO BIO Ltd.  

The design process undertaken in this thesis does suggest that each application 

will require a specific sensor geometry and operation to yield optimum measurements. 

For long term implantation application the coating of the sensor is essential, the work 

alluded to in Chapter 6 regarding the coating of the sensor will have to be extended in 

order to guarantee stability of the sensor in such applications. Finally the interpretation of 

the measurement made with the sensor will also have to be investigated as the formal 

relationship between collection efficiency and capillary blood flow rate was not proposed 

in this work. I envision that the standard blood flow measurement unit ml/g/min, may 

prove too general to describe the type of measurement made by the sensor; instead the 

rate of mass transport may provide a more suitable measure of tissue perfusion. 
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Appendix 1: Additional component drawing used when building the coater 

 

 

 



Appendix   

 243

Appendix 2: Additional picture of the ring-disc electrodes 
 

 
Figure 1: SEM pictures of the different ring-disc electrodes. Both have 50 μm disc 
diameter and 7.5 μm ring-disc spacing, the ring is larger in (a) than it is in (b). Particles 
on the electrode are bits of gold, which were initially deposited to perform the imaging. 
The gold had to be removed and replaced by carbon because it was too thick, 
unfortunately it was not entirely removed 
  

 
Figure 2: SEM picture of the coated wire. (a) In the lower left hand corner the insulator 
seems to have burnt off. (b) Close up of the coated Pt wire, the integrity of the Pt film is 
seen to be good. 
 
 
 
 

(a) (b) 

(a) (b) 
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Appendix 3: Sample code used in the numerical modelling of the ring-disc 
electrode. (Jet impinjing, disc generating, varying r2 and the Pe number) 
 
clear 
 
c=1 
 
while c<10 
a=1+c/10 
b=a+0.1 
marcel=1 
while marcel<10 
  
% COMSOL version 
clear vrsn 
vrsn.name = 'COMSOL 3.2'; 
vrsn.ext = ''; 
vrsn.major = 0; 
vrsn.build = 222; 
vrsn.rcs = '$Name:  $'; 
vrsn.date = '$Date: 2005/09/01 18:02:30 $'; 
fem.version = vrsn; 
 
% Geometry 
carr={curve2([0,1],[0,0],[1,1]), ... 
  curve2([1,a],[0,0],[1,1]), ... 
  curve2([a,b],[0,0],[1,1]), ... 
  curve2([b,20],[0,0],[1,1]), ... 
  curve2([20,20],[0,20],[1,1]), ... 
  curve2([20,0],[20,20],[1,1]), ... 
  curve2([0,0],[20,0],[1,1])}; 
g1=geomcoerce('solid',carr); 
 
fem.const = {'xref','25e-6', ... 
  'tref','0.8224', ... 
  'Dm','Dt*tref/(xref^2)', ... 
  'Da','7.6e-10', ... 
  'Dt','Da*exp((Ea/R)*(1/293-1/T))', ... 
  'T','293', ... 
  'Ea','13000', ... 
  'R','8.3145', ... 
  'Pe',marcel, ... 
  'k','Pe*Dt/xref^2'}; 
 
% Geometry 
clear s 
s.objs={g1}; 
s.name={'CO1'}; 
s.tags={'g1'}; 
 
fem.draw=struct('s',s); 
fem.geom=geomcsg(fem); 
 
% Initialize mesh 
fem.mesh=meshinit(fem); 
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% Initialize mesh 
fem.mesh=meshinit(fem, ... 
                  'hmaxedg',[2,0.005,4,0.005,5,0.005]); 
 
% Application mode 1 
clear appl 
appl.mode.class = 'FlConvDiff'; 
appl.mode.type = 'axi'; 
appl.assignsuffix = '_cd'; 
clear bnd 
bnd.type = {'N0','Nc','C','C'}; 
bnd.c0 = {0,0,0,1}; 
bnd.ind = [1,4,3,1,3,1,2]; 
appl.bnd = bnd; 
clear equ 
equ.D = 'Dm'; 
equ.v = '-2*k*z'; 
equ.u = 'k*r'; 
equ.ind = [1]; 
appl.equ = equ; 
fem.appl{1} = appl; 
fem.sdim = {'r','z'}; 
fem.border = 1; 
fem.outform = 'general'; 
fem.units = 'SI'; 
 
% Multiphysics 
fem=multiphysics(fem); 
 
% Extend mesh 
fem.xmesh=meshextend(fem); 
 
% Solve problem 
fem.sol=femlin(fem, ... 
               'solcomp',{'c'}, ... 
               'outcomp',{'c'}); 
 
% Save current fem structure for restart purposes 
fem0=fem; 
 
%intergrate 
Idisc(marcel,c)=postint(fem,'2*pi*r*(ntflux_c_cd)', ... 
           'dl',[2], ... 
           'edim',1); 
 
 
% Integrate 
Iring(marcel,c)=postint(fem,'2*pi*r*(ntflux_c_cd)', ... 
           'dl',[5], ... 
           'edim',1); 
 
        
       CE(marcel,c)=-(Iring(marcel,c)/Idisc(marcel,c))*100 
    
      marcel=marcel+1 
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   end 
   c=c+1 
end 
 
 
DgenPe_1to10_R2_1to2_CE=CE 
DgenPe_1to10_R2_1to2_Idisc=Idisc 
DgenPe_1to10_R2_1to2_Iring=Iring 
 
save('DgenPe_1to10_R2_1to2_CE','DgenPe_1to10_R2_1to2_CE') 
save('DgenPe_1to10_R2_1to2_Idisc','DgenPe_1to10_R2_1to2_Idisc') 
save('DgenPe_1to10_R2_1to2_Iring','DgenPe_1to10_R2_1to2_Iring') 
 
 
 


